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In the late 1980s, S. J. Gould proposed a thought experiment 
that focused on the roles of determinism and contingency in 
shaping biological diversity: if you could replay the tape of life, 

would you get the same result?1 For decades since, understanding 
the circumstances and mechanisms that produce repeatable evo
lutionary outcomes has been a major focus of evolutionary bio
logy. Now, in the face of rapid global ecosystem alteration, Gould’s 
Gedankenexperiment provides a fundamental framework for 
understanding species’ response to anthropogenic change. Large
scale urbanization poses some of the most difficult challenges to 
wildlife in the Anthropocene epoch. Cities now host the major
ity of a growing human population, and the magnitude and geo
graphic extent of urbanization will continue to grow and intensify. 
As a result, wildlife will contend more heavily with the novel and 
extreme environments posed by urban landscapes. A major con
sequence of urbanization is ecological homogenization, wherein 
urban environments across the globe are more similar to each other 
than they are to their respective adjacent native habitats2. This envi
ronmental similarity begs the question: do species that successfully 
colonize cities follow predictable evolutionary paths to success in 
these novel environments?

While recent studies have revealed significant effects of urban
ization on community composition3, gene flow4,5 and phenotypic 
variation6–12, the mechanisms driving urban adaptation and the pre
dictability of evolutionary outcomes in this context remain largely 
unexplored. In this study, we investigate the evolutionary mecha
nisms driving thermal adaptation to urban environments in a wide
spread lizard species (Anolis cristatellus) that has independently  

colonized several cities across Puerto Rico. Anolis cristatellus is a 
classic model for thermal biology13,14 and has become a focal sys
tem for understanding morphological and functional adaptation 
to cities9,15. We explore physiological adaptation to elevated urban 
temperatures (urban heat island effect)16, which can impact organ
ismal performance, physiology and evolution17,18, to gain a better 
understanding of how adaptive divergence and plasticity modify 
temperaturedependent function in urban landscapes.

Results and discussion
We studied anole lizards from paired urban and forest sites in four 
municipalities across Puerto Rico (Fig. 1, Supplementary Table 1 
and Supplementary Fig. 1). Genomic admixture analyses revealed 
population boundaries that are coincident with the municipality of 
origin (Fig. 1a). Urban–forest population pairs within municipali
ties displayed higher admixture (90.8–99.9%) than was observed 
across municipalities (<1.0–9.1%), suggesting that the urban popu
lations represent independent colonization events (Supplementary 
Methods 5). Urban areas had significantly warmer thermal envi
ronments compared to nearby forest sites (linear mixedeffects 
model: χ = 925.19, P < 0.001; Supplementary Fig. 3), typified by 
warmer minimum winter temperatures (+0.656 °C across all 
municipalities), maximum summer temperatures (+0.294 °C) 
and mean annual temperatures (+0.459 °C). Additionally, city liz
ards occupied habitats with higher daily operative temperatures 
(Te) and perch temperatures (PTEMP) than forest lizards (linear 
mixedeffects model: Te = 3.401 ± 0.260 °C, χ = 105.550, P < 0.001; 
PTEMP = 2.819 ± 0.343 °C, χ = 53.725, P < 0.001; Fig. 1b,c). Urban  
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lizards also experienced higher body temperatures (BTfield) than those 
in forests (linear mixedeffects model: BTfield = 3.660 ± 0.345 °C, 
χ = 78.658, P < 0.001; Fig. 1d), suggesting that behavioural ther
moregulation is insufficient to buffer urban populations against 
elevated city temperatures (Aguadilla: BTfield and Te, n = 32; PTEMP 

n = 32; Arecibo: BTfield and Te, n = 20; PTEMP, n = 40; Mayagüez: 
BTfield and Te, n = 36; PTEMP, n = 36; San Juan: BTfield and Te, n = 41; 
PTEMP, n = 16). These divergent thermal environments support the  
urban heat island effect and may promote differential selection on 
thermal performance.
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Fig. 1 | urban lizards experience higher temperatures and display great heat tolerance than their forest counterparts. a–d, Patterns of admixture across 
sample localities in Puerto Rico (d) support largely independent colonizations of urban areas (grey circles) from forest source populations (black circles) 
in Mayagüez, Aguadilla, Arecibo and San Juan (Aguadilla: forest n = 16, urban n = 16; Arecibo: forest n = 21, urban n = 20; Mayagüez: forest n = 18, urban 
n = 18; San Juan: forest n = 16, urban n = 25). Individuals collected within cities display higher operative temperatures (a), perch temperatures (b) and body 
temperatures (c) than their forest counterparts, supporting the urban heat island effect. e, Heat tolerance (CTmax) was higher in lizards collected in cities 
(open circles) than in those collected from forest areas (closed circles).
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To test for differences in thermal performance, we estimated heat 
tolerance (critical thermal maximum, CTmax

19) of lizards from each 
site (Aguadilla: forest n = 16, urban n = 16; Arecibo: forest n = 21, 
urban n = 20; Mayagüez: forest n = 18, urban n = 18; San Juan: forest 
n = 16, urban n = 25) and found that urban lizards maintained func
tion at significantly higher temperatures than their forest counter
parts (linear mixedeffects model, 0.8247 ± 0.1771 °C, χ2 = 20.093, 
P « 0.001, effect size = 0.337; Fig. 1e). To identify potential genetic 
contributions to this difference, we conducted parallel scans of 
genetic differentiation (fixation index, FST) between urban and for
est populations within each municipality, using RNAsequencing 
(RNAseq) data (Aguadilla: forest n = 11, urban n = 16; Arecibo: 
forest n = 18, urban n = 16; Mayagüez: forest n = 18, urban n = 18; 
San Juan: forest n = 11, urban n = 21). We found a single FST peak on 
chromosome 1 to be significantly divergent between three urban–
forest pairs (Arecibo, Mayagüez and San Juan: bootstrap, P < 0.01; 
Fig. 2). In each case, divergence within the identified genomic 
region (~30 Mb) was greatest at the same locus: arginyltransfer 
RNA synthetase (RARS). AminoacyltRNA synthetases catalyse the 
first step of protein biosynthesis and play a vital role in maintain
ing the fidelity of protein translation20. Aggregation of intracellular 
misfolded proteins, which occurs under environmental stress, can 
result in severe molecular damage to cells (proteotoxicity). Genetic 
variation within arginyltRNA synthetase has been shown to  

correlate with reduction in proteotoxicity and greater resilience 
under abiotic stress21.

We identified four nonsynonymous polymorphic sites within 
RARS (singlenucleotide polymorphisms (SNPs) 575, 796, 1673 and 
1853; Fig. 3), one of which (SNP 1673) showed a significant differ
ence in allele frequency between forest and urban habitats across all 
populations (Fig. 2). The 1673C/C genotype increased by 21.6% in 
urban habitats (equality of propositions test: forest, 65.6%; urban, 
87.2%, χ2 = 5.034, d.f. = 1, P = 0.012) while heterozygous individuals 
(1673G/C) decreased by 20.4% (equality of propositions test: forest, 
31.2%; urban, 10.9%, χ2 = 3.819, d.f. = 1, P = 0.025; Fig. 3a). Only one 
1673G/G individual was found in each habitat across the sampled region. 
The minor allele results in an amino acid change from threonine to 
serine at amino acid residue 558 (AA558) of the RARS gene, which 
is adjacent to a predicted proteinbinding region22 (AA556–557).  
To understand whether individuals possessing a serine residue 
at AA558 may be at a functional disadvantage when exposed to 
warmer urban temperatures, we searched for genotype–phenotype 
correlations with CTmax within and between habitat types. Indeed, 
we found a significant difference in thermal plasticity between gen
otypes (linear model, P = 0.038), with 1673C/C individuals display
ing a greater difference in CTmax between habitats (Fig. 3b). As a 
result, individuals with the 1673C/C genotype had higher CTmax (lin
ear model, P = 0.028) than heterozygotes within urban heat islands. 
The elevated frequency of the highplasticity genotype within cities 
suggests that selection on ancestral variation of thermal plasticity 
(genetic accommodation) may play a significant role in local adap
tation to urban heat islands.

We next explored transcriptomewide patterns of gene expres
sion and genetic differentiation associated with thermal diver
gence between forests and cities. Wildcaught lizards from each site 
were acclimated to common forest body temperatures in the field 
(25.4 ± 0.614 °C) for 48 h, then exposed to a single 2h acclimation 
treatment: either maintained at average forest body temperatures 
(25.4 ± 0.614 °C) or exposed to average urban body temperatures 
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Fig. 2 | Chromosome 1 of the crested anole genome contains a region 
with significantly higher levels of genetic divergence than genome-
wide average. Grey crosses represent FST values for SNPs across the 
chromosome; coloured circles represent FST values within 5-Mb windows 
estimated between four forest–urban pairs: Mayagüez (light green),  
San Juan (light blue), Aguadilla (dark green) and Arecibo (dark blue). Pie 
charts represent major (white) and minor (black) allele frequencies at  
non-synonymous polymorphic sites within arginyl-tRNA synthetase in 
urban and forest habitats. One polymorphic site (amino acid 1673Thr/Ser,  
indicated by an asterisk and shaded box) shows a significant shift in 
allele frequency (8.4%) between habitats (equality of proportions test: 
χ2 = 2.9063, d.f. = 1, P = 0.044). Aguadilla: forest: n = 16, urban n = 16; 
Arecibo: forest n = 21, urban n = 20; Mayagüez: forest n = 18, urban n = 18; 
San Juan: forest n = 16, urban n = 25). Genetic divergence indicated by 
vertical dashed lines; bootstrap FST, P < 0.01.
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Fig. 3 | a single non-synonymous variant within arginyl tRNa synthetase 
is associated with greater heat tolerance in urban habitats. a, Individuals 
with C/C genotypes at RARS position 1673 are significantly over-
represented in cities compared to forests, while C/G individuals are 
significantly under-represented (equality of proportions test). Only one 
G/G individual was found in either habitat. b, C/C genotypes display 
greater plastic response of CTmax when exposed to urban developmental 
temperatures and higher CTmax within cities than C/G genotypes. 
Individuals are displayed in bins of 0.2 °C. *P < 0.05; ***P < 0.01; NS, 
no significance (P > 0.05) based on linear model analyses. Forest C/C 
genotype n = 21, forest C/G genotype n = 11, forest G/G genotype n = 1, 
urban C/C genotype n = 41, urban C/G genotype n = 5, urban G/G 
genotype n = 1. Black bars represent group means and lines connecting 
bars represent the slope of change across habitat types (genotype-by-
environment interaction: *P < 0.05).
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(32.09 ± 3.1 °C) measured in the field. We dissected whole skeletal 
muscle from the hind limbs for transcriptome sequencing. Hind 
limb skeletal muscle was chosen as the focal tissue due to its key role 
in power generation and coordination during temperaturedepen
dent locomotion in lizards. Using DESeq2 (ref. 23), we identified 
groups of genes displaying patterns of regulatory divergence that 
may have resulted from selection on ancestral variation effecting the 
mean, slope and/or direction of thermal response between forest 
and urban lineages (Supplementary Methods 6 and Supplementary 
Fig. 14). We identified 818 differentially expressed genes between 
forest and urban lineages when exposed to the forest treatment 
(forest DE), 421 after exposure to the urban treatment (urban DE)  
and 286 genes differentially expressed across both treatments (con
stitutive DE; Fig. 4). Using weighted gene correlation network 
analysis (WGCNA24) we identified coexpression modules, which 
represent groups of genes that probably interact in the same regula
tory networks24. WGCNA analyses identified seven coregulatory 
modules of the skeletal muscle transcriptome (hereafter identified 
as Modules 1–7). Of these, four modules were significantly associ
ated with individual variation in CTmax (linear mixedeffects model, 
P < 0.01: Modules 2, 3, 5 and 6). CTmaxassociated modules were 
enriched for 21 biological processes associated with RNA process
ing and transcription, immune system function, chromosome con
densation and cellular differentiation (Supplementary Table 4).

Differentially expressed genes were disproportionately repre
sented in CTmaxassociated modules when compared to the remainder  

of the transcriptome (Fisher’s exact test: forest DE, P < 0.001; con
stitutive DE, P < 0.001; urban DE, P = 0.004; Fig. 4a), suggesting 
involvement in thermal tolerance. SNPs within each of these can
didate gene sets showed elevated genetic divergence (FST) between 
urban and forest populations in Arecibo (Student’s ttest: forest 
DE, P = 0.02; constitutive DE, P = 0.002; urban DE, P = 0.005), 
Mayagüez (Student’s ttest: forest DE, P < 0.001; constitutive DE, 
P = 0.019; urban DE, P = 0.018) and San Juan (Student’s ttest: forest 
DE, P = 0.017; constitutive DE, P « 0.001; urban DE, P = 0.015) when 
compared to the remainder of the skeletal muscle transcriptome 
(nonDE, n = 10,129, bootstrap subsampled; Fig. 4b). The repeated 
shifts in allele frequency observed in these genes support a hypoth
esis of rapid parallel polygenic selection in urban populations.

To search for further evidence of selection on regulatory varia
tion in these genes, we conducted a common garden experiment in 
which we reared lizards from ancestral (forest) and derived (urban) 
lineages from egg to adulthood under common conditions (aver
age age, 2.9 yr; range, 2.4–3.1 yr, dams and sires collected from 
Mayagüez; forest n = 7, urban n = 9). We exposed lizards from both 
lineages to the 2h acclimation treatments outlined previously. 
We then searched for evidence of cryptic heatinduced variation 
within forest lineages, which may be the target of selection within 
urban heat islands. We found that differentially expressed genes in 
forest lizards displayed greater relative variance (∂2

forest/∂2
total) after 

exposure to urban temperatures when compared to cooler forest 
temperatures (Welch’s twosample ttest: forest DE, urban DE and 
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Fig. 4 | evidence of adaptive regulatory divergence between lizards in urban and forest habitats. a, The proportion of each co-expression module 
(identified through WGCNA) comprising differentially expressed genes in our thermal acclimation candidate gene sets. Each candidate gene set is  
over-represented in modules associated with variation in heat tolerance (CTmax, Fisher’s exact test, P < 0.01). b, Genetic divergence (FST, mean ± 1 s.e.m.) 
between urban and forest habitats among our three candidate gene classes (forest DE genes (white), constitutive DE genes (black) and urban DE 
genes (red)) compared to the remainder of the skeletal muscle transcriptome (non-DE genes (grey)). Asterisks indicate candidate gene sets displaying 
significantly higher genetic divergence than the transcriptome-wide background (non-DE genes) (Welch’s two-sample t-test, P < 0.05). c, Relative gene 
expression variance (mean ± 1 s.e.m.) of non-DE, forest DE, constitutive DE and urban DE gene sets in lizards from forest lineages raised under common 
laboratory conditions exposed to forest (C, circles) and urban (H, triangles) temperature treatments. d, Relative gene expression variance of urban  
(U, triangles) and forest (F, circles) lizards raised under common laboratory conditions after 2-h heat exposure (mean ± 1 s.e.m.). Significant differences 
(Welch’s two-sample t-test, P < 0.05) are indicated by asterisks. Forest DE n = 818, constitutive DE n = 286, urban DE n = 421, non-DE genes n = 10,129 
(bootstrap subsampled to equal DE gene set size for each comparison).
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constitutive DE, P < 0.001; Fig. 4c). This is a trend not observed 
across the remainder of the skeletal muscle transcriptome (Welch’s 
twosample ttest, nonDE genes: P = 0.995). Furthermore, we 
found evidence of urban temperaturespecific adaptive regulatory 
refinement in urban lineages: city lizards displayed lower relative 
expression variance than forest lizards after heat exposure (Welch’s 
twosample ttest: forest DE, P = 0.03; constitutive DE, P « 0.001; 
urban DE, P « 0.001; Fig. 4d), a pattern not observed in nonDE 
genes (Welch’s twosample ttest, P = 1). Together, these results 
are consistent with adaptive refinement of gene expression within 
urban habitats, in which cryptic heatinduced regulatory variation 
in ancestral forest lineages is targeted by natural selection after colo
nization of urban heat islands25.

Conclusion
This study presents evidence of rapid and repeated adaptive physi
ological modification associated with independent colonization 
of multiple urban heat islands. The observed patterns of parallel 
selection at the RARS gene and its association with heat harden
ing suggest proteotoxicity as a potential mechanism of heatinduced 
physiological dysfunction that may be a common target of selection 
in hightemperature environments. Furthermore, parallel signa
tures of polygenic selection across divergently expressed genes sug
gest repeated urban adaption of multiple physiological networks. 
Further study is needed to understand how these regulatory net
works contribute to individual variation in thermal performance 
and how selection modifies their components during local adap
tation. Given that the crested anole occurs in a variety of thermal 
environments throughout undisturbed areas across Puerto Rico13,14, 
it is likely that temperatureinduced selection has also influenced 
local adaptation within this species over longer evolutionary time 
frames. Selection on this standing variation is likely to have fuelled 
the observed patterns of parallel adaptation observed herein. Taken 
together, our findings suggest that urbanization can drive highly 
repeatable adaptive evolutionary responses within complex physi
ological networks at the genetic, regulatory and phenotypic levels.

Methods
Measurements. All reported measurements were taken from distinct samples 
unless otherwise noted in Methods. All animal experiments were approved by the 
University of Massachusetts Boston under IACUC protocol no. 2012001.

We sampled 150 adult male A. cristatellus from paired urban and forest sites 
in four municipalities in their native range in Puerto Rico: Aguadilla, Arecibo, 
Mayagüez and San Juan (Supplementary Table 1 and Supplementary Fig. 1). We 
sampled lizards with nooses as encountered at each site between the approximate 
hours of 08:00 and 19:00. Urban lizards tend to be more active in the morning 
and late afternoon, with activity rapidly decreasing around noon. Forest lizards 
tend to have an opposite activity pattern, where they are more active in the middle 
of the day than early in the morning or late in the afternoon. While we have not 
analysed these behavioural patterns, the temporal patterns of lizard capture reflect 
these trends rather than temporally restricted sampling efforts. Immediately upon 
capture, we measured body temperature using a digital Omega thermometer 
(HH12B) with custom type K thermocouple and probe inserted into the cloaca. We 
then placed lizards into cloth bags for transport to a common field laboratory, where 
they were housed individually in plastic containers before thermal tolerance trials.

Thermal microhabitat. We measured perch and operative temperatures at the site 
of capture immediately after capture. Perch temperature was measured using an 
Extech infrared surface thermometer. Operative temperature, the environmentally 
determined temperature of an organism that is not physiologically or behaviourally 
regulating its body temperature, was measured using copper models painted matte 
light brown (similar to A. cristatellus body colouration). We placed models on the 
perch site at the location where the lizard was first observed until the temperature 
reading remained constant for a minimum of 1 min (equilibration typically 
occurring after 1–5 min).

We adjusted operative temperatures based on calibrations to actual lizard body 
temperatures26. We recorded the temperature of the copper model used for all field 
measurements and adult male A. cristatellus under varying thermal environments 
in the field and in the laboratory. Under both field and laboratory conditions, 
body temperature was strongly correlated with model temperature (R2 = 0.921). 
The linear relationship between body temperature and model temperature was 

TB = 6.455 + 0.749TM. We therefore adjusted operative temperatures obtained in 
the field according to this relationship. Since model calibration may impact the 
magnitude of differences between groups observed, we tested alternative model 
calibrations under different conditions to verify that the decision to calibrate based 
on field and laboratory conditions combined did not impact our main finding, 
that urban lizards have significantly higher operative temperatures (details in 
Supplementary Methods 3).

Geographic information system analyses. We analysed land cover and climate data 
for each site in ArcGIS (ArcMAPv.10.4.1). We created a circular buffer of radius 
500 m around the centroid of each sampled area and extracted land cover (NLCD 
v.2011 (ref. 27)) and climate data (BIOCLIM WorldClim 2 at 30s resolution28) 
for each site within these buffers. We confirmed that urban sites were dominated 
by ‘developed’ land cover and forest sites by ‘forest’ and ‘natural’ land cover 
(Supplementary Fig. 2). We conducted a principal component analysis (PCA) on 
percell values of five BIOCLIM climate variables in R: mean annual temperature 
(BIO1), maximum temperature of the warmest month (BIO5), minimum 
temperature of the warmest month (BIO6), mean temperature of the warmest 
quarter (BIO10) and mean temperature of the coldest quarter (BIO11). We tested 
for differences between urban and forest populations in significant principal 
components using linear mixedeffect models with municipality as a random 
effect. Urban sites had lower values for PC1 compared to forest sites (χ = 925.19, 
P < 0.001), indicating higher average temperatures, but did not differ from forest 
sites for PC2. Urban and forest sites showed clear separation along PC1 in all 
municipalities, except for Aguadilla (Supplementary Fig. 3).

Common garden and acclimation. In August 2013, we transported 50 male–female 
pairs of adult A. cristatellus from two sites (one urban, one forest; 100 lizards in 
total) in Mayagüez, Puerto Rico to the University of Massachusetts Boston animal 
care facility. We paired male and female lizards within their respective populations 
and collected eggs twice weekly from August 2013 to April 2014. Eggs were placed 
in hydrated vermiculite in an incubator at 28 °C. Upon hatching, we moved 
lizards to individual cages containing a wooden perch and plant (Calissia repens). 
In August 2016, we transported an additional 15 adult male A. cristatellus from 
an urban and forest site in Mayagüez (n = 30) to the same animal facility at the 
University of Massachusetts Boston. Lizards were similarly placed in individual 
cages with a single plant and perch. Common conditions for both common garden 
lizards and wildcaught lizards consisted of a constant day/night temperature of 
26.5 °C, a 13h daylight schedule and twicedaily misting in the 8 weeks leading 
up to the thermal tolerance trials. We fed lizards every 3–4 d with vitamindusted 
crickets, and rearranged cages regularly within the facility to minimize any effect of 
localized thermal variation within the room.

Thermal tolerance and acclimation. We measured four thermal phenotypes: 
critical thermal minimum (CTmin), environmental voluntary maximum (EVM), 
panting threshold (PT) and critical thermal maximum (CTmax) in the three 
treatment groups: wildcaught in situ, 8week acclimation and common garden. 
Lizards in the wildcaught in situ group were allowed to acclimate for 24 h to 
common conditions before thermal performance assays. On the first day of the 
experimental, protocol animals were subjected to experimental cooling. Animals 
were cooled by 1 °C min–1, periodically flipped onto their backs and stimulated with 
forceps to initiate a righting response. The temperature at which a lizard could not 
right itself after 30 s was deemed its CTmin.

Following CTmin trials, animals were given 24 h to recover at room temperature 
before experimental warming. Animals were heated at 1 °C min–1. The temperature 
at which an animal first attempted to escape the testing container was recorded 
as EVM. The temperature at which an animal first began to gape and pant during 
heating was recorded as its PT. The temperature at which an animal was no longer 
able to right itself 30 s after being flipped onto its back was recorded as its CTmax. 
After CTmax trials, lizards were immediately cooled in a roomtemperature water 
bath and again given 24 h of recovery time before thermal acclimation experiments. 
For each phenotype, we used linear mixedeffects models to assess the significance 
of habitat (forest versus urban) effect, using municipality of origin as a random 
variable (see Supplementary Methods 4 for CTmin, EVM and PT results).

Following recovery from thermal tolerance trials, we placed animals at 
random into one of three acclimation conditions. Lizards assigned to the forest 
temperature (25.4 ± 0.614 °C) group were euthanized immediately after the 
recovery period, which took place at forest ambient temperature. Lizards assigned 
to the forest night temperature treatment (15.49 ± 1.82 °C) were placed in a cooler 
for 2 h before euthanasia. Lizards assigned to the urban temperature treatment 
(32.09 ± 3.1 °C) were placed under heating lamps for 2 h before euthanasia. 
Ambient air temperature was recorded throughout the acclimation period. 
Lizards were anaesthetized using 5% vapourized isoflurane and euthanized via 
cervical dislocation. Skeletal muscle tissue was taken from hindlimbs immediately 
following euthanasia, placed in RNAlater and stored at −80 °C.

RNA extraction and transcriptome preparation. We extracted total RNA from 
130 homogenized skeletal muscle samples using Qiagen RNeasy Fibrous Tissue 
Kits. Each sample was taken from a single limb. Messenger RNA transcriptome 

NatuRe eCology & evolutIoN | www.nature.com/natecolevol

http://www.nature.com/natecolevol


Articles NATuRe ecOlOgy & evOluTiON

libraries were prepared and sequenced at the W. M. Keck Center for Comparative 
and Functional Genomics at the University of Illinois ChampaignUrbana. We 
performed 100base pair (bp) singleend sequencing using the Illumina Hiseq 4000 
platform. Sequencing resulted in an average of 22,044,929 reads per transcriptome 
(s.d., 2,620,745 reads). We used Trimmomatic29 to filter the resultant sequences 
based on quality. Sequence quality was assessed for each read in a 4bp sliding 
window. Sequences were trimmed when Phred33 quality scores fell below an 
average of 15 within the window. Adaptor sequences, if detected, were removed. 
Qualitycontrolled sequences were then mapped to the Anolis carolinensis 
genome30 using Tophat2 (ref. 31). Raw read counts were normalized by library size 
using the cpm function in edgeR32. These values were quantile normalized and log 
transformed for gene coexpression network analyses.

Sequence filtering and analyses. We aligned cleaned RNAseq reads to the Anolis 
carolinensis reference genome with STAR v.2.5.b2 (ref. 33) using a singlepass 
approach with Ensembl v.90 annotations34. We retained reads that were uniquely 
mapped with fewer than ten mismatches. Alignment files were processed with 
Picard v.2.1.1, and variants were called with the GATK HaplotypeCaller and 
GenotypeGVCF v.3.5 (ref. 35) using the recommended RNAseq parameters 
(stand_call_conf 20 stand_emit_conf 20 —dontUseSoftClippedBases). 
Variants were filtered for binary SNPs, genotypes with quality ≥ 20, minor 
allele frequency ≥ 5% and <20% missing data (FST scans) or no missing data 
(PCA and ADMIXTURE). We performed PCA analysis using ADEgenet 2.1.1 
(ref. 36) (Supplementary Fig. 8). We performed ADMIXTURE analyses using 
ADMIXTURE 1.3.0 (ref. 37) for models representing variable number of genetically 
distinct source populations (K = 1 to K = 9) after converting VCF files to PLINK 
using VCFtools 0.1.15 (ref. 38). Crossvalidation error was minimized for K = 4 
(Supplementary Fig. 9). Results for lower K values showed population admixture 
consistent with geographical proximity, and results for higher K values showed 
partial differentiation between the natural and urban populations at each locality.

We performed FST genome scans with Stacks 1.47 (ref. 39), using the AMOVA 
method40 for FST and a sigma parameter of 5 Mb for smoothing (Supplementary 
Methods 8). Only a single region (surrounding RARS in the main test) displayed 
significant differentiation between urban and forest habitats. Additionally, we 
ran 28 iterations of TREEMIX under varying SNP blocking (k = 1, 10, 30 and 
100) and migration edge (m = 1–6) parameters to determine robust signals 
of phylogeographic relatedness among, and gene flow between, populations 
(Supplementary Methods 5). The prevailing tree topology across the parameter 
space supports sites within municipalities as sister taxa, supporting our hypothesis 
of independent colonization events from neighbouring forest sites (Supplementary 
Fig. 9). There is evidence of significant gene flow from the urban San Juan site 
into the urban site in Arecibo. However, across all parameter space allowing for 
multiple migration events, gene flow from the forest site in Arecibo is twice as high 
as that from the urban site in San Juan. No other robust evidence of urban–urban 
gene flow is apparent within the parameter space. Taken together, these TREEMIX 
results support our ADMIXTUREbased findings (Fig. 1) and the observed 
clustering of individuals based on PCA (Supplementary Fig. 8)—all of which 
support independent colonization of each urban site from adjacent forest habitats 
with little to no gene flow occurring between city populations.

We empirically assessed genetic diversity within our dataset using the 
1,000 genes expressed most frequently to estimate the transcriptomewide rate of 
substitution (Supplementary Methods 8). The total length of coding sequences for 
these genes was 981,024 bp (mean 986.9 bp for 994 genes with an annotated coding 
sequence), comprising 7,087 synonymous and 1,029 nonsynonymous SNPs (7.22 
and 1.04 kb–1, respectively). In comparison, the RARS locus contains 16 synonymous 
and 4 nonsynonymous SNPs in 1,992 bp, which is not significantly different from 
that expected based on background values (Fisher’s exact test, P = 0.60 and 0.16, 
respectively). Sequence alignment for the 14th exon of RARS (Chr1:112,573,087–
112,573,334) comprising the Chr1:1:112,573,302 A/G Ser/Asn SNP shows that reads 
align without indels and with few mismatches in this region (Supplementary  
Fig. 19), which supports the reliability of our alignments and SNP calling.

Identification of differentially expressed genes. We used DESeq2 (ref. 23) to identify 
three classes of genes that were differentially expressed in situ between urban  
and forest habitats. Differentially expressed genes were categorized by the 
temperature under which lineagespecific divergence was observed. These  
groups are represented by several potential patterns of divergence  
(see Supplementary Methods 6 for detailed explanation of theoretical patterns 
of regulatory divergence). We also used DESeq2 to estimate logfold differential 
expression between lizards from urban and forest lineages born and raised in 
the laboratory and lizards captured in the wild, then deacclimated to common 
laboratory conditions for 8 weeks. We built multiple linear models to estimate the 
percentage of variation observed in situ that was explained by variation observed in 
laboratoryborn and deacclimated individuals. For each linear model, we used the 
absolute value of logfold differential expression between urban and forest habitats.

Identification of co-expression modules associated with heat tolerance. We used  
WGCNA to identify the regulatory architecture of the skeletal muscle transcri
ptome de novo. based on patterns of expression correlation amongst genes across 

individuals within the study. Pairwise Pearson correlations between each pair 
of genes were used to create signed regulatory networks in WGCNA24. We first 
used Pearson correlations to identify and remove outlier samples (Supplementary 
Fig. 15). We then computed an adjacency matrix and used a softthresholding 
approach to approximate a scalefree topological network (Supplementary Fig. 16). 
Topological overlap was used to create a cluster dendrogram based on hierarchical 
clustering (Supplementary Fig. 17). We identified regulatory modules as branches 
of the resulting cluster tree using the dynamic treecutting method24, and correlated 
modules (R2 = 0.75) were merged for downstream analyses. To identify regulatory 
modules associated with CTmax, we summarized module expression using a 
PCA of gene expression for each module with the blockwiseModules function 
in WGCNA. Eigengenes were calculated as the first principal component (PC1, 
variance explained = 0.524 ± 0.46) of regulatory variation for each module24. We 
used module eigengene values to test for associations between module expression 
and CTmax by Pearson correlation with the cor function of WGCNA. Statistical 
significance (P value) for correlations was determined by a Student’s asymptotic test 
using the function corPvalueStudent. We corrected for multiple testing by applying 
a false discovery rate correction41.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Sequence and metadata associated with this study have been deposited at NCBI 
under project no. PRJNA592594.
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