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Abstract: Side-blotched lizards (Uta stansburiana) play a biological rock-paper-scissors game 47 
in which three differently colored male morphs utilize alternative mating strategies.  We identify 48 
the genetic basis of this polymorphism, which was previously posited to arise from three alleles 49 
at one locus.  Orange usurper and blue mate-guarder morphs are associated with two divergent 50 
haplotypes in the regulatory region of the sepiapterin reductase gene, but yellow sneaker morphs 51 
appear to arise via phenotypic plasticity from the same genetic background as blue-morphs.  Our 52 
simulations show that rock-paper-scissors dynamics can better maintain a polymorphism with a 53 
genetic system of two-alleles plus plasticity than with a three-allele system.  This form of 54 
balancing selection that combines genetic determination with phenotypic plasticity expands the 55 
possibilities for how stable polymorphisms arise in nature. 56 

57 
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Main Text:  58 

Introduction 59 

Phenotypic differences within species allow adaption to novel environments and the 60 
formation of new species so it is important to understand the factors that generate and 61 
maintain this variability (1-5).  Species can exhibit distinct morphs that differ across multiple 62 
traits such as coloration and behavior (2, 6-11).  Understanding how morphs coexist within a 63 
population can reveal the selective forces that maintain variation within species (6, 12, 13).  64 
Balancing selection on morphs has been investigated for decades in a population of side-65 
blotched lizards (Uta stansburiana) where three color-morphs are observed, each associated 66 
with a distinct male mating strategy (Fig. 1A, Fig. S1).  The competitive dynamics amongst 67 
these morphs were the first known example of a biological rock-paper-scissors game (6).  68 
Orange-throated males can dominate blue males and control large territories with many 69 
females because of their greater testosterone levels and endurance (14, 15).  Blue-throated 70 
males guard females to reduce extrapair paternity, giving them an advantage over yellow-71 
throated males that obtain most of their reproductive success via extrapair matings (15).  72 
Yellow-throated males do not defend a territory but rather sneak onto other males’ territories 73 
to obtain mates, which works well in the large territories of orange males (6, 15). Each 74 
morph has high fitness when one competitor morph is common, low fitness when the third 75 
competitor is common, and morph frequencies cycle over time (6, 16, 17).  Research on side-76 
blotched lizards has been influential for understanding how polymorphic strategies are 77 
maintained (6, 17-19) and how morphs can differ across a suite of traits including coloration, 78 
behavior, hormone levels, and brain morphology (6, 14, 15, 20-22).   79 

Genetic studies of polymorphic species have revealed much about the development of their 80 
complex phenotypes and how multiple traits such as coloration and behavior can vary 81 
together (7-11, 23).  Morphs often arise from a "supergene" in which genetic differences 82 
across multiple genes are linked as a result of suppressed recombination, typically via a 83 
chromosomal inversion (7, 9, 10, 23).  However, other genetic mechanisms could give rise to 84 
complex morph phenotypes, such as a single pleiotropic gene that affects multiple traits (11, 85 
24) or two unlinked loci that affect different morph phenotypes (8).  In addition, phenotypic 86 
plasticity can generate differences in morphology and behavior similar to those observed 87 
amongst genetically determined morphs (1, 4, 25-28) and can affect how morphs are 88 
maintained in a population (1, 28).  Therefore, the role and interaction of genetic and 89 
environmental factors needs to be determined to understand how polymorphic phenotypes 90 
develop. 91 

Here we investigate the genetic basis of the color-morphs observed in side-blotched lizards to 92 
understand how they develop and how the rock-paper-scissors system evolved.  Determining 93 
the genetic basis of the polymorphism is also critical for clarifying how it is maintained, 94 
because the evolutionary dynamics of the morphs have typically been modeled with their 95 
phenotypes arising from a single locus with three alleles (29).  This three-allele model has 96 
been the foundation for decades of field and theoretical studies on U. stansburiana (6, 16, 17, 97 
30, 31).  Although some heritability of coloration has been observed (30, 31), the genetic 98 
basis of the color polymorphism has remained unresolved (29).  Below we determine the 99 
genetic system underlying the color-morphs and update the models describing their 100 
evolutionary dynamics. 101 

   102 
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Results 103 

The three morphs exhibited distinct throat colors (Fig. 1A, S1).  The orange and yellow 104 
colors likely arise from pigments, whereas the blue is likely structural coloration (8, 20, 32, 105 
33).  We first investigated the genetics of the orange and blue-morphs, because they had the 106 
most distinctive color phenotypes (Fig. S1E-F) and potentially different mechanisms 107 
generating their coloration. 108 

 We assembled two genomes, one for an orange-morph and one for a blue-morph.  We 109 
then performed a genome-wide association study with 44 orange and 45 blue-morphs chosen 110 
from a single population for their distinctive phenotypes.  No genome-wide differentiation 111 
was detected between the morphs (Fig. S2).  Instead, a single genetic region was highly 112 
associated with the orange versus blue-morph phenotype for both reference genomes (Fig. 113 
1B, S3A-B, S4A-B).  The strongest associations (Pmin = 7 x 10-19) were located upstream of 114 
the gene for sepiapterin reductase (SPR).  Only weak associations were observed in the SPR 115 
coding region (Pmin = 0.003, (29)).  The SPR gene is involved in two pathways relevant to the 116 
morph phenotypes (Fig. S5).  First, SPR helps synthesize tetrahydrobiopterin, which is an 117 
essential cofactor for the enzymes that synthesize dopamine, adrenaline, noradrenaline, 118 
melatonin, and serotonin (34, 35).  Second, SPR is part of the pathway for synthesizing 119 
pteridine pigments (36) and an orange drosopterin pteridine pigment has been found in throat 120 
skin of orange-morphs, but not in blue-morphs (20).  Also, structural variation upstream of 121 
SPR was associated with orange and white-morphs in the distantly related European common 122 
wall lizard (Podarcis muralis) (8).  The dual role of SPR could therefore allow a color signal 123 
to be coupled with differences in hormones or neurotransmitter levels that affect behavior 124 
(Fig. S5, (29)). 125 

 High levels of sequence divergence were observed between the two genomes in the 126 
associated region upstream of SPR (Fig. 1C).  Each genome had large regions of sequence 127 
not found in the other genome, with most of the genome-specific DNA resulting from the 128 
insertion of LINE transposable elements, primarily L2 and RTE-BovB elements (Fig. 1C).  129 
The orange and blue-morph genome sequences were colinear at both a broad (Fig. S6A) and 130 
local (Fig. 1D) level around the region of top association, which showed that the morph 131 
phenotypes were not associated with a genetic inversion.  The U. stansburiana contig with 132 
SPR was broadly colinear with chromosome 5 of the eastern fence lizard (Sceloporus 133 
undulatus) (Fig. S6B), but little homology was observed to the upstream region in the orange 134 
and blue genomes, indicating that both associated-regions were highly divergent (Fig. S6C-135 
D). 136 

 We further investigated the genetic basis of the color-morphs by genotyping 44 orange, 137 
45 blue, and 20 yellow-morphs for the two divergent haplotypes observed at the SPR 138 
associated region, which we refer to as the orange (O) and blue (B) haplotypes.  The 139 
genotypes were based upon haplotype data obtained from PacBio sequencing of long-range 140 
PCRs of the SPR region and from Illumina short-read data that could establish the 141 
presence/absence of the divergent haplotypes.  All orange-morphs (44/44) had two O-142 
haplotypes (OO) whereas blue-morphs typically (42/45) had at least one B-haplotype (OB or 143 
BB, Fig. 1E). The overall pattern suggests a simple genetic basis in which orange-morphs are 144 
homozygous for the O-haplotype and blue-morphs have a B-haplotype that is dominant to the 145 
O-haplotype.  There were three OO blue-morphs, which could indicate a more complex 146 
genetic basis, but all blue-morphs with photos had a B-haplotype so the anomalous samples 147 
could reflect a field categorization error (29).  Yellow-morphs have been categorized as 148 
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having two different phenotypes (31, 37), with some having all-yellow throats and others 149 
having yellow over most of their throats except for a light blue patch at the base of the throat 150 
(“blue-yellow” phenotype, Fig. S1C).  All blue-yellow males had at least one B-haplotype 151 
(10/10, Fig. 1E).  The majority of all-yellow males had at least one B-haplotype (6/10), but 152 
some individuals had two O-haplotypes (4/10).  These OO yellow-morphs were smaller than 153 
other males (Fig. S7), so their yellow coloration could be a transient phase of their color 154 
development (29).  Most yellow-morphs have blue-yellow phenotypes (proportion over 23 155 
years of field data = 77% blue-yellow) so if the genotype proportions that we observed are 156 
representative (i.e. 100% blue-yellow + 60% all-yellow morphs), this would mean that 157 
roughly 91% of yellow-morphs have at least one B-haplotype.  Therefore, the vast majority 158 
of yellow-morphs have a B-haplotype and are genetically similar to blue-morphs.  159 

 Long-term balancing selection is expected to maintain high levels of genetic diversity.  160 
To study this, we first characterized variation among 48 B-haplotypes and 108 O-haplotypes.  161 
There were large regions of haplotype-specific DNA (Fig. 2A) and many additional alignable 162 
nucleotides were fixed between haplotypes (Fig. 2B, S8A).  Most of these fixed differences 163 
were in a region that had high linkage disequilibrium (Fig. S8C) and lacked shared 164 
polymorphisms between the haplotypes (Fig. 2B), suggesting an absence of recombination 165 
between the haplotypes.  This non-recombining region contained the variants with the 166 
highest association to morph phenotypes and also TE insertions that were fixed in each 167 
haplotype (i.e. all TEs in the blue-unique regions and the intervening orange-unique region 168 
(Fig. 1C, 2A).  Levels of nucleotide diversity measured across all haplotypes peaked within 169 
and directly adjacent to the non-recombining region (Fig. 2C), consistent with it being under 170 
balancing selection.  B-haplotypes had less genetic variation than O-haplotypes, suggestive 171 
of a recent selective sweep on the B-haplotype.  We next compared the nucleotide diversity 172 
of the SPR-region (excluding haplotype-specific DNA) to estimates of nucleotide diversity 173 
from across the rest of the genome.  The SPR-region had substantially elevated nucleotide 174 
diversity (π = 0.0490, Fig. 2D) compared to other genomic regions (mean = 0.0046, min = 175 
0.0002, max = 0.0175). 176 

 The strong association between morph phenotypes and the upstream-region of SPR 177 
suggests that regulatory changes likely generate morph phenotypes.  Therefore, we 178 
investigated whether the morphs differed in expression of the SPR gene (Fig. 2E, S9, (29)).  179 
The morphs had significant differences in SPR expression in colored throat skin (Fig. 2E, R2 180 
= 0.30, F2,21 = 6.0, P = 0.0087).  Blue-morphs had higher expression than orange-morphs 181 
(Fig. 2E, P = 0.0062), but no significant differences were observed in the other two morph 182 
comparisons unless a single outlying yellow-morph data point was excluded, in which case 183 
the difference between blue and yellow-morphs was also significant (P = 0.0221).  SPR 184 
expression levels were even better explained by a model that took SPR-region genotypes into 185 
account (Fig. S9A, R2 = 0.36, F2,21 = 7.5, P = 0.0035), because the genotypes helped explain 186 
variation among yellow-morphs, with individuals with a B-haplotype having higher 187 
expression than OO individuals (e.g. the outlying yellow-morph was BB).  Compared to 188 
orange-morphs, blue-morphs and individuals with a B-haplotype had increased expression of 189 
SPR in colored skin relative to noncolored skin (Fig. S9C, D), so heightened levels of SPR 190 
accompany the formation of blue coloration (Fig. S5, (29)).  B-haplotypes were expressed at 191 
higher levels than O-haplotypes in individuals heterozygous for both haplotypes (Fig. 2F, 192 
S9E-F, K).  This haplotype-specific expression supports a cis-regulatory mechanism (38), 193 
which is strong evidence that the O and B-haplotypes differentially regulate the expression of 194 
SPR. 195 
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 We inferred a phylogeny for multiple O and B-haplotypes to reveal the evolutionary 196 
history of the SPR-region and to examine whether there were any subtypes of either 197 
haplotype that were associated with different phenotypes.  The two haplotypes were deeply 198 
divergent from each other (Fig. 2G, S10), as expected under long-term balancing selection 199 
(5).  There was no evidence that genetic differences among O-haplotypes result in different 200 
phenotypes, because the O-haplotypes found in heterozygous blue-morph individuals and the 201 
three anomalous OO blue-morphs did not form distinct phylogenetic clusters from O-202 
haplotypes in orange-morphs.  Instead, the blue and orange-morphs were only distinguished 203 
by the presence/absence of the B-haplotype, which is dominant to any O-haplotype in 204 
generating blue-morph phenotypes.  Importantly, we also found that the haplotypes from 205 
yellow-morphs did not form a distinct genetic cluster within either the O or B-haplotypes.  206 
This observation rejects the hypothesized three-allele model, which requires a third genetic 207 
group that differentiates yellow-morphs from the other two morphs.  208 

A new model for the genetics of the polymorphism and the development of the yellow-209 
morph phenotype was needed.  We hypothesized that the yellow-morph phenotype arises 210 
from developmental phenotypic plasticity wherein lizards with a B-haplotype that are unable 211 
to acquire a territory express yellow coloration and adopt a sneaker strategy, but express blue 212 
coloration if they acquire and defend a territory.  This two-allele model with plasticity was 213 
supported in several ways (29).  First, prior field observations and experiments have noted 214 
that some yellow-morphs can irreversibly transform to a blue-morph phenotype late in the 215 
breeding season, typically coincident with the opening of a territory (14, 21).  Second, blue 216 
and yellow-morphs have similar SPR genotypes (Fig. 1E) and are not distinguished by a 217 
distinct type of O or B-haplotype (Fig. 2G), so both morphs can arise from the same genetic 218 
background at SPR.  Third, yellow-morphs could potentially arise from variation at other 219 
genes than SPR, but genome-wide association tests with yellow-morphs failed to reveal any 220 
additional candidate genes (Fig. S3C, D), including the BCO2 gene (Fig. S4C, D) that gives 221 
rise to yellow-morphs in P. muralis (8), which makes a multilocus model unlikely.  Fourth, 222 
we compared the predictions of the two and three-allele models to 14 years of field surveys 223 
of the polymorphism.  The two-allele model predicts a positive correlation in the frequency 224 
of the blue and yellow-morphs within a year because they share the same genetic basis, but a 225 
highly negative correlation between these morphs and orange-morphs (Fig. 3A, S11).  In 226 
contrast, the three-allele model predicts a weak negative correlation among all morphs, 227 
because an increase in the frequency of one allele necessitates a decrease in the frequency of 228 
the other alleles.  The field data clearly matched the predictions of the two-allele model with 229 
plasticity, because it showed a positive correlation between the frequencies of the blue and 230 
yellow-morphs (Fig. 3B, F1,12 = 5.92, P = 0.032) and highly negative correlations between 231 
the frequencies of these morphs and the frequency of orange-morphs (Fig. 3B, F1,12 = 18.10, 232 
P = 0.001; Fig. S11). 233 

 Our new understanding of the genetics and development of the morphs necessitated a 234 
reevaluation of how the mating strategy polymorphism is maintained, because prior studies 235 
(6, 17, 19) used an incorrect genetic model.  Our goal was to determine whether rock-paper-236 
scissors fitness dynamics can maintain diversity in a two-allele system, with one allele giving 237 
rise to two different phenotypes via irreversible plasticity.  We first tested a series of 238 
deterministic models with orange-morphs arising from homozygotes for the O-haplotype, 239 
yellow-morphs arising from a proportion of all individuals carrying a B-haplotype, and blue-240 
morphs arising from the remaining individuals with a B-haplotype.  The parameters of 241 
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frequency-dependent selection on the morph-phenotypes were determined by prior field 242 
studies on male territorial interactions and paternity (6, 15, 19).  243 

The deterministic models showed that two alleles can be maintained by frequency-244 
dependent selection in the form of a rock-paper-scissors game with the plastic generation of 245 
two phenotypic strategies (Fig. 3C-E, S12-S14).  The two alleles were maintained across a 246 
wide range of possible proportions of the yellow sneaker morph, but the system was 247 
dominated by the orange allele when the yellow-morph proportion was at low values (Fig. 248 
3D, S12), which shows that a minimum proportion of yellow-morphs is necessary for the 249 
polymorphism to exist.  The population genetic models (Fig. S12-S13) and a game 250 
theoretical analysis (Fig. S15, (29)) both showed that there are many yellow-morph 251 
proportions in which a rare orange or rare blue + yellow allele can invade a population of the 252 
opposite type and lead to a stably maintained polymorphism.  A rock-paper-scissors game 253 
based on asexual, fixed strategies exhibits frequency oscillations (39, 40) and morph 254 
frequency cycles have been observed in side-blotched lizards (6, 19).  Some versions of our 255 
two-allele model did exhibit frequency cycles (Fig. 3E, S13H, S14B,D).  The six-generation 256 
cycles observed in one version of the two-allele model (Fig. 3E) are more similar to the five-257 
year cycles observed in nature (6, 19) than the 44-generation cycles of the three-allele model 258 
(Fig. S14J).  Additional factors such as density-dependent selection on the color-morphs in 259 
females (41) or climatic effects on morph frequencies (17) could also play a role in 260 
generating cycles.   261 

 Prior theory suggests that plasticity could affect the stability of a rock-paper-scissors 262 
game (39, 42, 43).  We added genetic drift to the models to compare the stability of the two 263 
and three-allele models (Fig. 3F, S16).  The two-allele model was more stable than the three-264 
allele model with yellow-morph proportions of 30-60% and with yellow-morph proportions 265 
of 70-80% for small population sizes (Fig. 3F).  A two-allele model that optimized the blue 266 
and yellow-morph proportions relative to the orange-morph frequency had the highest 267 
stability.  In some cases, there were dramatic differences in stability.  At a population size of 268 
100, the three-allele model lost an allele in 91% of the trials, the two-allele model with 40% 269 
yellow-morphs lost an allele in 3% of the trials, and the optimized two-allele model always 270 
maintained the polymorphism.  These results show that for a broad range of conditions the 271 
two-allele model with plasticity is superior to the three-allele model at maintaining a genetic 272 
polymorphism and that plastic adjustments of morph frequencies within a generation can 273 
further promote stability. 274 

 275 

Discussion 276 

 Our study provides important insights into the genetic basis and evolution of polymorphic 277 
phenotypes.  First, complex morph phenotypes need not arise from a supergene.  Side-278 
blotched lizard morphs do not arise from a chromosomal inversion that links coloration and 279 
behavioral genes, but instead from variation at a single gene that could couple differences in 280 
hormones or neurotransmitters with distinct throat-colors via pleiotropy.  Although 281 
supergenes are a common mechanism for the origin of morphs (7, 9, 10, 23), our results and 282 
similar observations in other polymorphic species (11, 24) suggest that pleiotropic effects of 283 
key regulatory genes are sufficient for generating distinct morph phenotypes.  Second, 284 
convergent genetic evolution among distantly related species can generate color-morphs, as 285 
demonstrated by SPR being associated with polymorphism in both U. stansburiana and P. 286 
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muralis (8), which diverged ~179 million years ago (44).  Studies of birds suggest that 287 
morphs often arise from different genes (7, 10, 11, 23), but our results and studies of 288 
butterflies (45, 46) suggest that certain genes may be repeatedly coopted to generate color-289 
morphs. 290 

Our results also broaden our understanding of how multiple behavioral strategies are 291 
maintained within a population.  Our models demonstrate that the maintenance of genetic 292 
diversity by a rock-paper-scissors game does not require that all the strategies are genetically 293 
determined and that the stability of the system is enhanced by having plastic strategies.  294 
Phylogeographic study of the side-blotched lizard morphs showed that although the 295 
polymorphism has been lost eight times, the color-morphs are geographically widespread and 296 
have been maintained for millions of years (5), which is consistent with the system being 297 
highly stable.  Examples of rock-paper-scissors dynamics in other species remain rare (47-298 
50) and theory suggests that three genetically-determined strategies will often exhibit 299 
unstable dynamics (51).  However, our findings expand the potential for the rock-paper-300 
scissors game to maintain biodiversity by recognizing that plastic strategies can be part of the 301 
game and can promote its stability.  There are many species with three male mating strategies 302 
that involve a degree of plasticity (25-28) and the side-blotched lizard polymorphism was 303 
initially contrasted to two such species (52).  We revealed that side-blotched lizard morphs 304 
have more in common with species that have plastic strategies than was formerly recognized.  305 
Therefore, the maintenance of polymorphism via a rock-paper-scissors game may apply to a 306 
much broader array of species than was previously envisioned.   307 

Plasticity could not only help maintain morphs, but it could also facilitate the evolution of 308 
biological rock-paper-scissors games.  A genetically determined rock-paper-scissors game 309 
requires at least two mutations to generate three strategies, but sequential evolution of these 310 
mutations would be difficult since only two strategies in a population would be unstable (e.g. 311 
the evolution of paper in a population of rock would lead to the loss of rock).  This difficulty 312 
is removed if two strategies arise from the same genetic background because of plasticity, 313 
which might easily occur if behavioral differences accompany morphological changes during 314 
development or if there are conditional strategies (1, 28).  Plastic strategies can be maintained 315 
even with unequal fitness if they are conditionally expressed and increase the fitness of 316 
individuals in that condition (1, 28) (e.g. sneaker males may have lower fitness than 317 
territorial males, but if a male lacks a territory, sneaking is better than zero fitness).  Rock-318 
paper-scissors games could thus evolve either in a plastically dimorphic population if a new 319 
mutation generates a third fixed strategy (Fig. S12F, L; S15), or in a monomorphic 320 
population if a new mutation generates two additional strategies via plasticity (Fig. S12D, J; 321 
S15).  Thus, plasticity facilitates the simultaneous generation of the three strategies needed 322 
for a rock-paper-scissors game, so plastic phenotypes should be integral to many additional 323 
biological examples of this game. 324 

 325 
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                                         618 
Fig. 1:  Morph phenotypes and associated genetic region.  (A) Color phenotypes of the orange, blue, 619 
and yellow-morphs.  (B) Genetic associations with orange versus blue-morph phenotypes.  Red line = 620 
multiple-testing correction threshold.  (C) Alignment of the blue and orange-morph genomes in the 621 
associated region (bottom two rows) showing identical positions (gray), differences (black), and gaps 622 
(horizontal lines).  The regions above show the SPR coding-region (yellow), alignable sequences between 623 
genomes (green), and sequences restricted to the blue-genome (blue) and orange-genome (orange).  The 624 
top row shows transposable elements (TEs) colored by the repetitive element family, with the class of TE 625 
given before the family name.  Arrows: top associated positions (red) and primer locations for long-range 626 
PCR (black).  (D) Alignment of the orange and blue-morph genomes at the SPR coding-region (purple) 627 
and divergent-region upstream of SPR (orange).  (E)  Morph genotypes for the O and B-haplotype.   628 
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 629 

Fig. 2:  Genetic diversity, expression, and evolution of the SPR region.  (A) Top: Overview 630 
of the alignment of 48 blue and 108 orange haplotypes showing positions that were: invariant 631 
(gray), variable (black), primarily gaps (white), unique to blue/orange haplotypes (blue/orange), 632 
and fixed differences (red). (B) The number of fixed differences (red) and shared polymorphic 633 
sites (black) between the blue and orange haplotypes.  (C) Nucleotide diversity (π) for 1000 bp 634 
windows along blue, orange, and both (black) haplotypes, with gaps as lines.  (D)  Genetic 635 
diversity of the SPR region (red arrow) relative to other genomic regions.  (E)  SPR expression in 636 
colored-throat skin.  Boxes show the 25th-75th percentiles with a line for the median, minimum/ 637 
maximum with whiskers, and a point for an outlier. P-values = post-hoc comparisons. (F)  638 
Haplotype-specific expression in colored skin within individuals heterozygous for the O and B-639 
haplotypes. Lines connect the data from an individual and the colors show blue versus yellow-640 
morphs.  (G)  Phylogeny of SPR-region haplotypes with associated morph phenotypes (circles) 641 
and the SPR-region genotype of the individual.  642 
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 643 

Fig. 3:  Morph frequencies, maintenance, and stability. (A) Predicted relationships between 644 
the frequencies of different morphs from the 3-allele model (black) and 2-allele model with 645 
different proportions of yellow-morphs arising from B-haplotype individuals (red lines).  (B) 646 
Correlations in morph frequencies observed in the field data (blue line). The red line is the two-647 
allele model prediction with 64% of B-haplotype individuals becoming yellow-morphs as 648 
estimated from the field data.  (C) Simulation using a two-allele model with 40% of B-haplotype 649 
individuals becoming yellow-morphs in each generation.  (D) The allele and phenotype 650 
frequencies observed after 10,000 generations in simulations starting with equal allele 651 
frequencies and varying the fixed proportion of yellow-morphs in the two-allele model.  (E) 652 
Simulation with a two-allele model in which the proportion of blue/yellow-morphs was 653 
optimized in each generation but then offset so that 30% more individuals become blue-morphs.  654 
Morph fitness was estimated based on territory-overlap data, whereas other panels used paternity 655 
data.  (F) Stability at different population sizes of the two-allele model with fixed proportions of 656 
yellow-morphs across generations (colored lines) or optimized within a generation (gray) 657 
compared to the three-allele model (black).  The Y-axis is the proportion of 1000 trials in which 658 
the polymorphism was maintained for 1000 generations.  659 
  660 
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Materials and Methods 691 
Field sampling 692 

Samples of U. stansburiana were collected from our focal study population near Los 693 
Banos, CA (36.98761798 N, -121.0476778 W).  Animals were collected under California 694 
Department of Fish and Game permits to B. Sinervo (CDFW 3879395-4, 033138010, SC-3574) 695 
and Pauline Blaimont (CDFW SC-12852) following U.C. Santa Cruz IACUC protocols 696 
(Sineb1203, Sineb1404, Sineb1503, Sineb1703, and Sineb1802).  Tissue samples collected from 697 
one blue and one orange-morph (Fig. S1) were used to assemble a reference genome for each 698 
morph. To generate RNA-Seq data, we collected eight males of each of the three morphs during 699 
a single field season, each displaying prominent orange, blue, or yellow throat coloration (Fig. 700 
S1A).  Throat skin and brain samples were collected from these males, which were separately 701 
preserved in RNAlater at 4°C overnight and at -80°C thereafter.  Additional tissue samples were 702 
obtained from tail tips preserved in ethanol that were collected as part of the mark-recapture 703 
study of morph dynamics at the focal study population.  We generated genome resequencing data 704 
for samples from 45 blue, 45 orange, and 10 yellow-morphs that were chosen to maximize their 705 
phenotypic differences.  Blue-morph individuals had dark blue covering most or all of their 706 
throats (i.e. scored as “bb” according to the phenotype codes used by the Sinervo lab, see 707 
Supplementary Text), orange-morphs had throats covered by orange (i.e. scored as “oo” 708 
according to the phenotype codes used by the Sinervo lab), and yellow-morphs had light yellow 709 
and white covering their throats, sometimes with a tiny amount of light blue at the base of their 710 
throats (all-yellow phenotype; i.e. scored as “yy” according to the phenotype codes used by the 711 
Sinervo lab).  Orange and blue-morph samples were chosen so that equal numbers of each morph 712 
were sampled from a particular year and approximately equal numbers were sampled from 713 
particular rock outcrops within each year to avoid any temporal or spatial genetic structure 714 
potentially being correlated with the morph phenotypes.  Eight of the yellow-morph samples 715 
were from a single year because they were the same individuals used for obtaining RNA-Seq 716 
data, with the remaining two samples collected from different years.  We also used ten samples 717 
of yellow-morphs with the blue-yellow phenotype (i.e. yellow over most of their throats except 718 
for a light blue patch at the base of the throat; scored as “by” according to the phenotype codes 719 
used by the Sinervo lab, Fig. S1C) to generate PCR amplicons used in PacBio sequencing.  720 
 721 
Color phenotype data and analyses 722 
 Color measurements were taken with an Ocean Optics spectrometer (either a 723 
USB2G1740 or a JAZ model).  We measured the coloration of the 24 lizards (8 of each morph) 724 
used to generate RNA-Seq data, as well as an additional 1 yellow, 4 orange, and 4 blue-morphs 725 
that were part of our genome wide association study.  Color measurements taken from four 726 
regions of the throat (Fig. S1D) were averaged for subsequent analyses.  We used PAVO (54) to 727 
plot the colors of the lizards in Commission Internationale de l'Éclairage (CIE) xyz color space 728 
along the x and y axes (these two axes are sufficient for capturing the color since z = 1-x -y).  For 729 
the x and y axes of coloration, we calculated the average Euclidean distance of each individual 730 
yellow-morph to all the orange-morph individuals and separately to all the blue-morph 731 
individuals.  We then tested whether yellow-morphs with or without B-haplotypes differed in 732 
their distances to orange and blue-morphs in color space using an ANOVA in the car R-package 733 
(55). 734 
 735 
Reference Genomes 736 
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 Liver and tail tissue from a blue-morph was extracted with a modified salt extraction 737 
protocol (56) that included an overnight digestion along with 50 µg of RNaseA to allow for 738 
accurate DNA quantification.  Illumina libraries were made following the standard 739 
manufacturer’s protocol with insert sizes of 250, 500, 800, 2000, 5000, 10,000, and 20,000 bp.  740 
Libraries were sequenced with 150 bp PE reads for insert sizes 800 bp or less and with 50 bp PE 741 
reads for the larger insert sizes.  Sequencing was done on an Illumina HiSeq 2000.  The number 742 
of usable bases obtained was 123.6 Gb for the 250 bp insert size, 26.8 Gb for the 500 bp insert, 743 
33.4 Gb for the 800 bp insert, 36.22 Gb for the 2000 bp insert, 14.15 Gb for the 5000 bp insert, 744 
9.0 Gb for the 10,000 bp insert, and 9.62 Gb for the 20,000 bp insert.  The genome was 745 
assembled with Platanus (57) with the default parameters.  Kgf (v1.16) (58) and GapCloser 746 
(v1.10.1) (58) were used with default parameters to close intra-scaffold gaps using paired-end 747 
reads from the libraries that had insert sizes ≤ 800 bp.   748 
 Tail and heart tissue from an orange-morph was extracted with a Circulomics Big DNA 749 
Tissue Kit, which yielded DNA with an average size of 33 kb. A HiFi library prep of the sample 750 
was done at the University of California, Davis Genome Center (supported by NIH Shared 751 
Instrumentation Grant 1S10OD010786-01) where it was sequenced on one PacBio Revio 25M 752 
SMRT cell, which yielded 6,325,409 reads with a mean length of 11,424 bp and mean quality of 753 
35.  Adapters were removed with HiFiAdapterFilt (59) and the genome was assembled with 754 
hifiasm (60).   755 
 We searched for structural genetic changes (e.g. inversions) by aligning the contig with 756 
the SPR gene from the orange-morph genome to the scaffold with the SPR gene from the blue-757 
morph genome with Lastz 1.04.22 with parameters gfextend, chain, gapped, and strand=plus 758 
(61). We took the reverse complement of the orange-morph contig to have it match the overall 759 
orientation of the blue-morph scaffold before making a dotplot of the alignment.  We performed 760 
a second Lastz alignment for the local area around the SPR region of interest (i.e. Fig. 1D), 761 
which started 10 kb before the morph-associated upstream region and ended 10 kb after the end 762 
of the coding region of SPR.  Before the local area alignment, we filled in two gaps in the blue-763 
morph genome sequence with PacBio amplicon data obtained for the SPR region for the blue-764 
morph genome lizard (see below).   765 

We searched for structural changes and homology between the U. stansburiana genomes 766 
and the divergent Sceloporus undulatus genome (62).  We made Lastz alignments of the SPR 767 
regions in the orange and blue-morph genomes to the region with SPR in the S. undulatus 768 
genome using the same parameters for Lastz as described above. The SPR gene is at positions 769 
192,627,655-192,632,06 on chromosome 5 of the S. undulatus genome.  We downloaded from 770 
Genbank a one megabase (Mb) region of S. undulatus chromosome 5, which had the SPR gene at 771 
positions 627,655-632,064 within that region so that we could relate the alignment of the 1 Mb 772 
region back to the position of SPR in the full chromosome.  Preliminary inspection of the 773 
alignments to S. undulatus revealed a small number of misalignments at the very beginning at 774 
very end of the alignments (for the orange-morph genome alignment there were 16 regions at the 775 
beginning and 15 at the end, and for the blue-morph genome alignment there were 26 regions at 776 
the beginning).  These misalignments (likely due to alignments to transposable elements) were 777 
removed before visualizing the remaining regions.  We visualized the alignment of the orange-778 
morph genome to the 1 Mb S. undulatus region to assess large scale homology and any structural 779 
changes between the genomes.  We then did a visualization of the alignment in a local region 780 
around the SPR region to assess whether there was homology between the SPR upstream and 781 
coding regions in the orange and blue-morph genomes to S. undulatus and whether either 782 
genome showed higher similarity to S. undulatus.  To do the local visualization, we paired down 783 
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the alignment to the S. undulatus region to only include a region going from 15,000 bp upstream 784 
of the SPR gene (to account for the ~10,000 bp associated region upstream) to 5000 bp 785 
downstream of the SPR gene. 786 

We visualized and annotated the local region around SPR by aligning regions in the 787 
orange and blue-morph genomes around SPR with Geneious Prime® 2024.0.7 788 
(https://www.geneious.com) with a 65% similarity cost matrix in a global alignment, a gap open 789 
penalty of 30, and a gap extension penalty of 0.  The location of the SPR gene was determined by 790 
alignment of RNA-Seq data (see below) and BLAST (63) searches of the genetic region in 791 
Genbank (64).  We used RepeatMasker (65) to identify transposable elements in the orange and 792 
blue genome sequences using an rmblast search of vertebrates.   793 
 794 
Genome resequencing data and analyses 795 
 DNA was extracted with the salt extraction protocol described above in the Reference 796 
Genomes section. Samples were standardized to 16 ng/µL DNA in 100 µL low-TE and sonicated 797 
for 12 minutes with a Bioruptor UCD-200 (Diagenode) machine set on the low setting for 30 798 
seconds on and 30 seconds off.  Sonicated DNA was run on an agarose gel to check if the 799 
average size was ~350 bp with the majority below 600 bp.  Additional sonication was performed 800 
if necessary. Then 96 µL of the sonicated DNA underwent a double-sided size-selection with 801 
lab-made solid-phase reversible immobilization (SPRI) beads (66) with 0.5x beads used for 802 
right-side selection and 0.65x for left-side selection, which resulted in the maintained DNA 803 
being predominantly between 300-600 bp.  Libraries were constructed with a KAPA Hyper Prep 804 
kit with quarter reaction sizes and Illumina unique dual indexes.  Samples typically went through 805 
a single cycle of PCR, but three libraries went through two additional cycles of amplification.  A 806 
pool was made with 10 ng of DNA from each sample, which was sequenced on an Illumina 807 
MiSeq Nano 150 bp PE run to check the pooling.  The samples were repooled, checked again on 808 
a Nano run, and then sequenced on two 150 bp PE Illumina NovaSeq 6000 S4 lanes. Sequencing 809 
was done at QB3 Genomics at University of California, Berkeley (Berkeley, CA, 810 
RRID:SCR_022170). 811 
 We used HTStream v 1.3.0 (https://github.com/s4hts/HTStream) to: 1) calculate 812 
summary statistics about the reads, 2) exclude phiX sequences, 3) remove PCR duplicates, 4) 813 
remove adapter sequences and merge any overlapping reads, 5) filter out any remaining 814 
contamination using a file containing the Illumina adapter sequences and the indexes used for 815 
barcoding, 6) remove low quality bases with a window size of 10 bp and a quality threshold of 816 
20, 7) trim off sequences containing N characters, and 8) remove any reads that were smaller 817 
than 20 bp.  Cleaned reads were mapped to our reference genomes using BWA-MEM 0.7.17-818 
r1188 (67).  Samtools was used to generate, merge, sort, and index bam files of the mapped reads 819 
(68).  Read groups were added with Picard v. 2.23.4 (http://broadinstitute.github.io/picard/) and 820 
reads surrounding indels were realigned with GATK v3.6 (69).  Quality control was assessed 821 
with FastQC v 0.11.8 (70) on the unmapped reads, Qualimap v.2.2.1 (71) on the mapped reads, 822 
and MultiQC version 1.1 (72) was used to summarize the results of these programs.  We 823 
observed an average coverage of 5.2x with a minimum of 3.5x and a maximum of 7.6x. 824 
 We use ANGSD v. 0.933-79-gda26ba4 (73) for a variety of population genetic analyses 825 
as described below.  ANGSD was typically used with the following filters to focus on sites in the 826 
genome with high quality data.  The filtering only included sites with a minimum mapping 827 
quality of 20, with a minimum base quality of 20, estimated to be polymorphic with a P-value of 828 
0.000001, that had a minimum depth of 1 and maximum depth of 100 per individual, estimated 829 
to be in Hardy-Weinberg equilibrium with a P-value cutoff of 0.0001, and that were not triallelic.  830 
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The filtering also: 1) only considered pairs of reads where both reads mapped correctly, 2) only 831 
considered reads that mapped uniquely, 3) included the "remove bads" filter, 4) did base 832 
alignment quality (BAQ) calculations to consider whether there were alignment issues with the 833 
read (74), and 5) the map quality was adjusted to account for excessive mismatches by setting 834 
the -C flag to 50. 835 
 We used NgsRelate (75, 76) to determine the pairwise relatedness (77) among the 100 836 
samples that we sequenced.  We generated the input file for NgsRelate with ANGSD with our 837 
typical quality filters (as described above).  In addition, for the NgsRelate analysis, we only 838 
considered sites with data from all 100 individuals and that had a minor allele frequency greater 839 
than or equal to 0.4, which was done to reduce the number of sites and thereby reduce the 840 
memory requirements for NgsRelate.  The NgsRelate analysis revealed that two samples had a 841 
pairwise relatedness of 1, which indicated that they were likely from the same individual that 842 
was caught in two consecutive years.  We only used one of these two samples in subsequent 843 
analyses, which led to a decrease in the orange-morph sample size from 45 to 44 individuals.   844 
 We performed a Principal Component Analysis (PCA) on the 99 samples of the morphs 845 
(i.e. 44 orange, 45 blue, and 10 yellow-morphs) with the ngsCovar function of ngsTools (78). 846 
The input genotype file for ngsCovar was generated in ANGSD with our typical quality filters 847 
plus additional filters to only consider sites with data from a minimum of 50 individuals, sites 848 
that had a minor allele frequency greater than or equal to 0.05, and genotypes were only called 849 
with a posterior probability above 0.95. We observed that individuals with pairwise relatedness 850 
values above 0.1 (as determined by NgsRelate) grouped together as outliers in plots of the first 851 
12 principal components (Fig. S2).  We therefore used the first 12 principal components as 852 
covariates in our genome-wide association tests (see below) to control for relatedness among 853 
samples. 854 
 We tested for an association between the morph phenotypes and single nucleotide 855 
polymorphisms (SNPs) in the genetic data with a method that takes uncertainty in genotype calls 856 
into account (79).  This test was implemented in ANGSD with our typical quality filters plus 857 
additional filters to only consider sites that had a minor allele frequency greater than or equal to 858 
0.05, genotypes were only called with a posterior above 0.95, and the sites needed to have data 859 
from at least 45 individuals for the test between orange versus blue-morphs and 28 individuals 860 
for tests of blue versus yellow and orange versus yellow-morphs.  We converted the likelihood 861 
ratio statistic to P-values with the pchisq function in R (80).  When making Manhattan plots of 862 
the full genome data, the sites were filtered to only include associations with a P-value < 0.001 863 
for ease of plotting, but all sites were included for localized plots of the association (i.e. Fig. S4) 864 
and quantile-quantile plots (i.e. qqplots) of the distribution of the P-values (Fig. S3).  We used 865 
the Dunn-Šidák method (81) to calculate the threshold P-value of significance based upon the 866 
total number of sites in each association test. We ordered the contigs by their size in the 867 
Manhattan plot that used the orange-morph genome.  We visualized localized plots of the 868 
associations for: 1) the orange versus blue-morph phenotypes around the SPR region and 2) 869 
orange/blue versus yellow-morph phenotypes on Contig 12 where the beta-carotene oxygenase 2 870 
(BCO2) gene is located, which is associated with yellow-morphs in Podarcis muralis (8).  We 871 
determined the location of the BCO2 gene by a BLAST search of the mRNA of BCO2 from the 872 
Sceloporus undulatus genome (Genbank locus ID: XM_042474882) against the U. stansburiana 873 
orange genome. 874 
 We used ANGSD to obtain estimates of genetic diversity along the genome.  We first 875 
generated per site allele frequency likelihoods with most of our typical quality filters, except that 876 
no polymorphism filter was done (to preserve low frequency variants) and BAQ calculations 877 
were omitted (to speed up the computational time).  We then obtained a maximum likelihood 878 
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estimate of the site frequency spectrum from 200 million sites in the genome.  The site frequency 879 
spectrum was used to calculate the nucleotide diversity (the average number of pairwise 880 
differences, π), which was calculated in 10 kb windows with a step size of 10 kb.  We filtered out 881 
windows that had fewer than 8000 sites with data within the window. 882 
 883 
PacBio amplicon data and analyses 884 
 We designed primers to amplify the SPR haplotypes via long-range PCR (forward 885 
primer: /5AmMC6/gcagtcgaacatgtagctgactcaggtcacGCATGTAGAAGAGCAAGCCCCAAT; 886 
reverse primer: 887 
/5AmMC6/tggatcacttgtgcaagcatcacatcgtagCGGCGTTGTTGACCAGGAGGAG). 888 
The forward primer was designed to a highly conserved (i.e. only 1 bp different) region of DNA 889 
between the lizard Sceloporus undulatus (62) and U. stansburiana as revealed in a Lastz (61) 890 
alignment of the scaffolds containing the SPR gene in each of these species.  The reverse primer 891 
was placed at the end of the first exon of the SPR gene.  Both primers included additions for 892 
PacBio amplicon sequencing (indicated in the primers above by the lower-case text and text 893 
between the backslashes).  Primer characteristics such as melting temperature were assessed with 894 
Primer3 (82) in Geneious.  PCR reactions were 10 μl in total volume and contained 1X 895 
PrimeSTAR GXL Premix (Takahara Bio), 0.3 μM of each primer, and 20 ng of genomic DNA.  896 
A touchdown protocol was used that began with an initial denature at 95°C for 5 minutes, then 897 
had 20 cycles of 98°C for 10 seconds, an annealing temperature that began at 68°C for 5 898 
seconds, but that decreased by 0.5 °C per cycle, and an elongation at 72°C for 9 minutes.  899 
Following the touchdown phase were 20 additional cycles where the annealing temperature was 900 
kept constant at 58°C.  The PCR ended with a final hold at 72°C for 20 minutes.  PCR products 901 
were assessed on an agarose gel and reamplified if there was poor amplification or only a single 902 
band was observed in the initial PCR.  The PCR products were then cleaned with SPRI beads 903 
and dual-indexed by a second 20 μl PCR reaction with similar PCR conditions except that 5 μM 904 
of each indexing primer was used and the PCR reaction was done for just 20 amplification 905 
cycles.  Sets of 96 PCR reactions were pooled together by combining equal masses of DNA from 906 
each PCR reaction.  Then equal masses of DNA from each pool were combined into a final pool.  907 
DNA fragments less than 5000 bp were removed by a 3.1X diluted Ampure-bead size-selection. 908 
The SMRTBell 3.0 Prep Protocol was used to make a library that was sequenced on one PacBio 909 
Revio lane, which gave 5.5 million HiFi reads and yielded 43 Gb of HiFi data. 910 
 We demultiplexed the PacBio amplicon data with lima 2.1.0 (available from 911 
https://github.com/PacificBiosciences/barcoding).  We then used pbaa 0.1.3 912 
(https://github.com/PacificBiosciences/pbAA) to cluster the data for each individual and generate 913 
consensus sequences, with two divergent O-haplotypes and one B-haplotype used as reference 914 
sequence guides for clustering.  All consensus sequences passing the pbaa filters were aligned to 915 
the orange or blue reference sequence and to each other as necessary to assess their quality.  916 
Consensus sequences were filtered out if they were virtually identical to another consensus 917 
sequence (typically only differing in 1-2 positions), with the consensus sequences with the 918 
highest read count kept in the data set.   919 

We could determine the two diploid haplotypes for most of the lizards with PacBio 920 
amplicon data after vetting the PacBio data along with the Illumina short-read data.  To do this, 921 
we mapped the Illumina data to two different versions of the blue-morph genome where we used 922 
either the O-haplotype or the B-haplotype in the SPR region.  This allowed us to examine 923 
coverage across the SPR region separately for each haplotype for each individual lizard. We 924 
checked our PacBio data against the Illumina resequencing data when there were too many or 925 
too few haplotypes after clustering the PacBio data.  In the rare case of too many haplotypes, the 926 
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short read data could help filter out contaminant sequences or chimeras, which were haplotypes 927 
that did not match the sequence variants observed in the Illumina data.  The most common issue 928 
was that only a single haplotype passed clustering, in which case the short read data could help 929 
determine if a haplotype had been erroneously placed in the “failed cluster sequences” file.  This 930 
issue likely occurred because PCR reactions preferentially amplify shorter haplotypes.  We 931 
observed that longer haplotypes often wound up with fewer reads than shorter haplotypes, which 932 
sometimes led to them having fewer reads than necessary to pass the clustering threshold used by 933 
the pbaa program to call a sequence.  For some individuals, we could only confidently score a 934 
single haplotype, which could be the consequence of that individual having two identical 935 
haplotypes at the SPR region, insufficient data to reconstruct both haplotypes, or other issues like 936 
preferential PCR of shorter haplotypes. 937 
 We determined the SPR region genotypes for the lizards used in our genome-wide 938 
association study plus the individual lizard used to generate the blue-morph genome.  The 939 
genotypes were determined for each individual lizard by looking at both their PacBio 940 
haplotype(s) for the SPR region as well as the coverage patterns of the Illumina data separately 941 
mapped to the O- and B-haplotypes.  With the Illumina data, individuals homozygous for the O-942 
haplotype had gaps in coverage in regions of the B-haplotype that are not found in the O-943 
haplotype.  Individuals homozygous for the B-haplotype could be assessed in a similar way.  944 
Heterozygous individuals had coverage across both the O- and B-haplotypes.  We were able to 945 
determine diploid genotypes for 99 out of these 100 lizards, with the one exception being a blue-946 
morph that had at least one blue haplotype, but for which we were unable to confidently resolve 947 
its diploid state.  Of these 100 lizards, we had diploid PacBio haplotypes for 69 of them and 948 
genotyped the remaining 31 lizards from both the PacBio haplotype and the Illumina data. We 949 
also determined diploid genotypes for ten yellow sneaker morphs with the blue-yellow 950 
phenotype, for which we only had PacBio amplicon data. 951 
 We obtained 156 haplotypes of the SPR region (48 B-haplotypes and 108 O-haplotypes) 952 
from the lizards in the genome-wide association study (GWAS), which we aligned with MAFFT 953 
v7.490 (83, 84) with a gap open penalty of 3 and an offset of 0.123. The alignment of the two 954 
haplotypes was quite difficult due to the high level of divergence between the haplotypes, so the 955 
number and position of gaps was dependent on the alignment settings.  We visualized the 956 
patterns of variation across the haplotype alignment by classifying each position in the alignment 957 
into the following categories: 1) an invariant position, 2) a gap position if one haplotype group 958 
had only a gap and the other haplotype group had 50% or more individuals with a gap, 3) a 959 
position unique to either the O or B-haplotypes if one haplotype group had a nucleotide and the 960 
other group had only a gap, 4) a fixed difference if each haplotype group had a single invariant 961 
nucleotide, but these nucleotides differed from one another, 5) a shared polymorphism if both 962 
sets of haplotypes had the same biallelic nucleotide polymorphism, and 6) a complex variable 963 
position for the remaining positions, such as when there was variation in both haplotypes, but the 964 
variants differed between the haplotype groups.  In general, we plotted both the shared 965 
polymorphism and complex variable positions together as a single “variable positions” category, 966 
unless we were specifically plotting just the shared polymorphic sites.   967 

We used the R-packages ape version 5.6 (85) and pegas version 1.1 (86) to calculate 968 
nucleotide diversity (π) in 1000 bp windows with a step size of 100 bp amongst: 1) just the 48 B-969 
haplotypes, 2) just the 108 O-haplotypes, and 3) for all 156 haplotypes combined.  We excluded 970 
windows in which there less than 500 bp of nucleotide data in the alignment that was being 971 
analyzed (e.g. for the alignment of B-haplotypes, a window was excluded if the number of gap 972 
positions plus the number of O-haplotype unique positions was 500 or greater).  We also 973 
calculated the number of shared polymorphic positions and fixed nucleotide differences between 974 
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the two haplotypes within each window.  We conservatively did not score O and B-haplotype 975 
unique positions as fixed differences, because many of them are likely not independent 976 
mutational events because they result from the insertion of transposable elements.  When plotting 977 
the number of fixed differences, we excluded windows in which there less than 500 bp of 978 
nucleotide data in the alignment.  In addition to plotting the number of fixed differences itself, 979 
we divided the number of fixed differences by the estimate of π to highlight regions that had high 980 
levels of sequence divergence between the haplotypes relative to the levels of genetic variation 981 
observed in the region.  We plotted number of shared polymorphic positions as a way to assess 982 
recombination, because the presence of shared polymorphism between the O and B-haplotypes 983 
indicates that there has been recombination between the haplotypes.  After observing that a large 984 
region of the alignment lacked any shared polymorphism, we designated the non-recombining 985 
region as starting from the first fixed difference following where shared polymorphism stopped 986 
being observed and ending with the last fixed difference before where shared polymorphism was 987 
again observed. 988 
 We inferred a phylogeny for the 156 haplotypes of the SPR region.  We first removed 989 
large regions in the alignments that were only found in one of the haplotypes and areas that were 990 
difficult to align between the highly divergent O and B-haplotypes.  From this paired down 991 
alignment, we also created a second dataset to generate a smaller exemplar phylogeny for the 992 
main paper (i.e. Fig. 2G), which consisted of a sample of 14 haplotypes each from orange, blue, 993 
and yellow-morph individuals.  In the second dataset, we primarily took the haplotypes from 994 
individuals with transcriptome data, but we also used the haplotypes from the blue-morph 995 
individual used to generate a genome and two yellow-morphs that were used in the GWAS, but 996 
that did not have transcriptome data.  We inferred a maximum likelihood phylogeny from each 997 
of these two datasets using RAxML version 8.2.12 (87) with the GTRCAT model, 100 998 
alternative runs on different starting trees, and rapid bootstrapping.  We mapped the morph 999 
phenotype associated with each haplotype on to the phylogeny using the dotTree function in 1000 
phytools (88), along with functions from ape (85) and plotrix (89). 1001 
 We used the same 156 haplotype dataset that was paired down to alignable regions 1002 
between the O and B-haplotypes to calculate genetic diversity (π) for the entire SPR region with 1003 
the R-package pegas (86).  This estimate of π for the entire SPR region from the haplotypes was 1004 
plotted relative to the levels of π estimated from the Illumina data (see above).  The PacBio 1005 
haplotypes were necessary to obtain an accurate estimate of genetic diversity of the SPR region 1006 
because the structural genetic changes near SPR meant that many of the short Illumina reads 1007 
could not be aligned to the reference genome.  Note that structural differences elsewhere in the 1008 
genome are likely to face similar mapping issues.  Therefore, estimates of π from the Illumina 1009 
data could be lacking accurate estimates of π from other regions with structural genetic 1010 
differences, which could potentially affect the outlier status of the SPR region. 1011 
 We evaluated levels of linkage disequilibrium among SNPs in our alignment of the 156 1012 
haplotypes of the SPR region.  The alignment was transformed into a vcf file using SNP-sites 1013 
(90).  The r2 measure of linkage disequilibrium was calculated in quickLD with ploidy set to 1014 
haploid as appropriate for the haplotype data (91).  Linkage disequilibrium was only measured 1015 
for biallelic SNPs and we filtered the data to include only SNPs with a minimum frequency of 1016 
0.2.  Levels of linkage disequilibrium among SNPs were plotted with LDheatmap (92). 1017 
 We conducted association tests between the orange and blue-morph phenotypes and three 1018 
structural genetic differences (indels) found in the first exon of the SPR gene.  These tests were 1019 
conducted on 27 orange and 32 blue-morphs that each had data for two PacBio haplotypes, 1020 
which allowed us to score the diploid genotypes of the structural variants for these individuals. 1021 
We binned the data so that individuals heterozygous for the indel were grouped with one of the 1022 
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homozygotes in a way that would maximize differences between the morphs if one variant 1023 
exhibited dominance to the other.  We similarly scored the genotypes at the SNP in the upstream 1024 
region to SPR with the strongest association to phenotype for the same 27 orange and 32 blue-1025 
morph individuals. We used Fisher's exact tests to evaluate an association between morph 1026 
phenotype and the binned genotypes.   1027 
 We assessed whether there were differences between genotypes in the propensity to 1028 
develop into particular morphs, which could indicate differences in plasticity.  Specifically, we 1029 
tested whether blue and yellow-morphs differed in their frequencies of BB and OB SPR 1030 
genotypes.  We did not consider OO genotypes because the three anomalous blue-morphs with 1031 
OO genotypes may be erroneous (see Supplemental Text).  For yellow-morphs, we summed the 1032 
numbers of BB and OB genotypes for both the all-yellow and blue-yellow phenotypes.  We used 1033 
a Fisher's exact test to assess differences in frequencies between the groups. 1034 

We assessed whether the three morphs and individuals with different SPR genotypes 1035 
differed in size. We specifically tested whether there were differences in body size (log10 snout-1036 
vent length in millimeters (SVL)) and standardized weight (log10 weight in grams divided by 1037 
log10 SVL) among the morphs and SPR genotypes.  The two size metrics were log transformed to 1038 
have the data fit a normal distribution.  We were particularly interested in assessing whether the 1039 
three anomalous OO blue-morphs and the four OO yellow-morphs differed in size from other 1040 
morphs and genotypes to determine if they were comparable to other lizards with their same 1041 
morph/genotype.  We analyzed the two different phenotypes of yellow-morph (i.e. blue-yellow 1042 
and all-yellow phenotypes) as separate groups.  We conducted these test with type-II ANOVAs 1043 
performed by the function Anova in the car package (55) with post-hoc Tukey tests performed 1044 
by the multcomp package (93).  1045 

 1046 
RNA-Seq data and analyses 1047 

We quantified gene expression of the SPR gene in throat skin and brain using RNA-Seq.  1048 
For the throat skin, our primary sample was in the main color patch on the throat where there 1049 
was intense orange, blue, or yellow coloration (regions 1-4, Fig S1D).  However, we also 1050 
sampled skin just outside of the colored region, which was typically white in color, but which 1051 
sometimes had a very faint amount of the color found in the main color patch.  This second skin 1052 
sample was collected to determine if differential expression of the SPR gene was primarily 1053 
localized to the skin expressing coloration.  We extracted RNA from the entire brain, which 1054 
therefore provided a general measure of expression levels across the whole brain.   1055 

RNA was extracted using a New England Biolabs Monarch Total RNA Miniprep kit.  1056 
Samples were added to a tube with a 4 mm steel bead and homogenized in a PowerLyzer 1057 
homogenizer set at 3500 rpm for 2 cycles of 45 seconds on, with 30 seconds off between cycles.  1058 
We doubled the amount of Proteinase K as recommended to increase yield.  All samples were 1059 
filtered through a DNA exclusion column and treated with DNase I.  RNA quality was checked 1060 
for all samples on a Bioanalyzer and skin samples had an average RIN score of 9.0 (range 7.3-1061 
9.8) and brain samples had an average score of 8.5 (range 7.8-9.1). 1062 

Libraries were prepared with a KAPA (Roche) stranded mRNA-Seq Kit using half-size 1063 
reactions.  Typically, 1 μg of RNA was used for brain samples and 500 ng of RNA for skin 1064 
samples.  However, one brain sample and five skin samples had lower extraction yields so less 1065 
input RNA was added (brain sample = 486 ng, skin samples range = 310-478 ng).  During the 1066 
library preparation, samples were fragmented by incubating them at 94°C for four minutes.  1067 
Unique dual indexes were added with 12 cycles of PCR for brain libraries and 15 cycles for skin 1068 
libraries.  Libraries were normalized for pooling by a MiSeq Nano test run and then run on one 1069 
NovaSeq X 25B 150 bp PE lane.  1070 
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 We used HTStream v 1.3.3 (https://github.com/s4hts/HTStream) to: 1) calculate 1071 
summary statistics about the reads, 2) exclude phiX sequences, 3) remove PCR duplicates, 4) 1072 
trim adapters, 5) remove any remaining sequences containing the Illumina adapter sequences, 6) 1073 
remove polyA/polyT tails, 7) trim off sequences containing N characters, 8) remove low quality 1074 
bases with a window size of 10 bp and a quality threshold of 20, and 9) remove any reads that 1075 
were smaller than 50 bp.  Cleaned reads were mapped to our orange-morph reference genome 1076 
with STAR version 2.7.11b (94). We took the number of reads mapping to SPR on the reverse 1077 
strand as quantified by STAR and divided the SPR read counts by the total number of uniquely 1078 
mapped reads across the genome (in millions) to get a standardized metric of the number of 1079 
fragments mapped to SPR per million mapped reads.  This metric was log2 transformed.  For the 1080 
skin data, we calculated an additional metric, which was the number of fragments mapped to 1081 
SPR per million mapped reads in colored skin divided by the number of fragments mapped to 1082 
SPR per million mapped reads in noncolored skin.  This metric (i.e. the ratio of expression in 1083 
colored to noncolored skin) shows whether the expression of SPR is elevated in the colored skin.  1084 
We separately tested whether SPR expression levels differed among morphs or differed among 1085 
genotypes of the SPR region haplotypes with type-II ANOVAs performed by the car package 1086 
(55) with post-hoc Tukey tests performed by the multcomp package (93).  1087 
 We quantified the levels of expression of the O and B-haplotypes in individuals that were 1088 
heterozygous for the two haplotypes (i.e. 8 blue-morphs and 2 yellow-morphs).  This is similar to 1089 
quantifying allele-specific expression, which is used to uncover cis-acting regulation of genes 1090 
(38).  Allele-specific expression was not an option because there were not any SNPs in the 1091 
coding region of the SPR gene that were perfectly correlated with the two divergent haplotypes 1092 
upstream of the gene.  However, we could quantify the number of reads that mapped to the 1093 
orange and blue haplotypes as follows.  We first deleted the sequence for the SPR coding 1094 
sequence, untranslated regions (UTRs), and the divergent region upstream of the SPR gene from 1095 
the orange-morph reference genome.  Then we added in an O and B-haplotype from our PacBio 1096 
amplicon data, which included the divergent upstream region, the 5' UTR, and most of the first 1097 
exon of the SPR gene.  For seven out of the ten heterozygous individuals we were able to add in 1098 
the exact haplotypes found in each individual lizard, because we had obtained diploid PacBio 1099 
data for these individuals.  This was the ideal situation for mapping the RNAseq data, because 1100 
there would not be any discrepancies between the RNAseq reads and the two reference 1101 
haplotypes.  For the remaining three individuals, we used haplotype reference sequences of the 1102 
same size from the orange and blue-morph reference genomes.  We used STAR to map the 1103 
RNAseq data to these reference genomes plus individualized SPR haplotypes and quantified 1104 
expression on each haplotype in a 700 bp window that included the 5' UTR and most of SPR 1105 
exon 1.  In the reference haplotype from the orange-morph genome, the coding sequence was 1106 
349 bp and the 5' UTR was 269 bp.  However, the length of the expressed region could vary 1107 
among individuals due the presence of indel variants, so we used a 700 bp window to account for 1108 
any length differences.  We then used a paired t-test to evaluate if there was a difference in the 1109 
log2 transformed number of fragments mapped to each haplotype per million mapped reads.  We 1110 
also used a paired t-test to evaluate whether the expression of each haplotype (O or B-haplotype) 1111 
differed between colored and noncolored skin.  We wanted to qualitatively evaluate if sequence 1112 
variation among O and B-haplotypes might result in differences in gene expression (e.g. we 1113 
wanted to discern whether particular clades of O-haplotypes generally had lower expression of 1114 
SPR than other clades).  To do this, haplotype-specific expression of SPR in colored skin was 1115 
plotted on to a phylogeny of the haplotypes using the plotTree.barplot function in phytools (88).  1116 
Expression data was only plotted for the seven heterozygous individuals that had both of their 1117 
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haplotypes sequenced so that expression data could be associated with an exact haplotype in the 1118 
phylogeny.  1119 
 1120 
Field data on the polymorphism 1121 
 We utilized previously reported survey data on the throat color polymorphism at the Los 1122 
Banos field site (17).  The numbers of each morph were based on the prior groupings of 1123 
phenotypes (according to the phenotype codes used by the Sinervo lab, see Supplemental text), 1124 
with orange-morphs = oo, ob, and oy phenotypes, blue-morphs = bb phenotypes, and yellow-1125 
morphs = yy and by phenotypes (31, 37, 95).  We calculated the proportion of blue-yellow males 1126 
that make up the yellow sneaker morph category by dividing the by-phenotyped individuals by 1127 
the number of (by + yy) phenotyped individuals.  Each phenotype was totaled across all years 1128 
(i.e. 1990-2012) and locations of sampling.   1129 
 To determine the morph frequencies within each year, we utilized the field data from 1130 
1999-2012 (17).  Prior to 1999, the field surveys were only done on lizards from a single rock 1131 
outcrop, but beginning in 1999 more extensive surveys were done, which included data from 1132 
four different rock outcrops at the field site.  We therefore utilized the data from 1999-2012 to 1133 
focus on the years with the most data and with comparable degrees of sampling within a year. 1134 
We summed the number of individuals of each morph across all four outcrops before calculating 1135 
the frequency of each morph within a year.  We used a linear model in R (80) to test for a 1136 
correlation in the frequencies of the morphs.  We used the acf function to assess autocorrelation 1137 
in the residuals, but did not observe any substantial autocorrelation (i.e. all acf values were less 1138 
than 0.5).  We also used the field data from 1999-2012 to estimate the proportion of sneaker 1139 
morphs generated from B-haplotypes, assuming the one-locus two-allele model with plasticity.  1140 
To calculate the sneaker morph proportion, we divided the total number of yellow-morph 1141 
individuals by the total number of blue-morph + yellow-morph individuals observed across all 1142 
years and outcrops.   1143 
 1144 
Models of the maintenance and stability of the polymorphism 1145 
 We explored whether and how rock-paper-scissors dynamics could maintain a two-allele 1146 
genetic polymorphism with two of the three players arising via irreversible phenotype plasticity 1147 
and the third player arising from a genetically determined difference.  Our models had discrete 1148 
time for reproduction, nonoverlapping generations, and Hardy-Weinberg equilibrium for the 1149 
initial frequencies of the genotypes. We made the simplifying assumption that plasticity is only 1150 
observed in individuals with a B-haplotype (i.e. OB and BB genotypes), because a B-haplotype 1151 
was observed in the vast majority of individuals scored as either a yellow or a blue-morph.  The 1152 
yellow-morph sneaker phenotype was determined by a proportion (𝑝) of all individuals carrying 1153 
a B-haplotype and the blue-morph mate-guarder phenotype by a proportion (1 - 𝑝) of all 1154 
individuals carrying a B-haplotype. The orange-morph phenotype was based upon the frequency 1155 
of homozygotes for the O-haplotype (OO genotypes).  We first made the simplifying assumption 1156 
that the proportion of yellow and blue-morphs was fixed within and between generations (fixed 1157 
plasticity models).  However, in the field some yellow-morph individuals can irreversibly 1158 
transform into the blue-morph phenotype, likely in response to the availability of a territory (14, 1159 
21), which indicates that there could be some environmental or conditional dependence to the 1160 
plasticity.  Therefore, we also explored a model in which the proportion of yellow and blue-1161 
morphs was set to a level that optimized the fitness of individuals with the B-haplotype, given 1162 
the orange-morph frequency in a particular generation (optimal plasticity models, see below). 1163 
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 Selection in the models arose from fitness differences amongst males that were dependent 1164 
on the frequency of other male morph phenotypes. The measures of frequency-dependent fitness 1165 
of the orange territory usurpers (𝑊O), blue mate guarders (𝑊B), and yellow sneaker morphs (𝑊Y) 1166 
were taken from prior field studies that estimated male fitness from either overlap with female 1167 
territories (6, 19) or from genetic paternity estimates of siring success (15, 19).  For estimates of 1168 
male fitness from overlap with female territories, we took the values of the payoff matrix 1169 
estimated by Sinervo and Lively (1996) that were reported in (96).  For estimates of male fitness 1170 
from genetic paternity data, we estimated the values of the payoff matrix from Fig. 2B of Sinervo 1171 
(2001) (19).  We did not use the payoff matrices estimated by Friedman et al. (2017), which were 1172 
estimated under the assumption that there were three genetically determined alleles underlying 1173 
the morphs (i.e. replicators) (17).  Below are the payoff matrices.  1174 
 1175 
 1176 
Sinervo 
& Lively 
1996             
Fitness 
of  

Competing with  
Sinervo 
2001           
Fitness 
of  

Competing with 

Orange 
Usurper 

Blue 
Guarder 

Yellow 
Sneaker  

Orange 
Usurper 

Blue 
Guarder 

Yellow 
Sneaker 

Orange 
Usurper 1 4.31 0.4  

Orange 
Usurper 1 1.75 1.2 

Blue 
Guarder 0.2 1 1.8  

Blue 
Guarder 0.85 1 1.95 

Yellow 
Sneaker 1.76 1 1  

Yellow 
Sneaker 2.2 0.75 1 

 1177 
 A rock-paper-scissors game is mathematically represented by a payoff matrix in which 1178 
each strategy has high fitness against one other strategy, but low fitness against a third strategy.  1179 
The two payoff matrices for side-blotched lizards each have one small deviation from this 1180 
expectation.  With the payoff matrix estimated by Sinervo and Lively (1996), a rare yellow-1181 
morph in an environment where blue-morphs are common has a fitness of 1, rather than a fitness 1182 
value lower than 1 as expected for a rock-paper-scissors game.  With the payoff matrix estimated 1183 
by Sinervo (2001), a rare orange-morph in an environment where yellow-morphs are common 1184 
has a fitness of 1.2, rather than a fitness value lower than 1 as expected for a rock-paper-scissors 1185 
game.  A variety of explanations are possible for these deviations.  One possibility is that the 1186 
deviations represent real aspects of the biological interactions among the morphs (e.g.  perhaps 1187 
the fitness of 1 for a rare yellow-morph competing against a common blue-morph is due to them 1188 
sharing a common genetic basis).  Another possibility is the system follows a true rock-paper-1189 
scissors game but there is estimation error for the exact values in the payoff matrices, because 1190 
each matrix was estimated using field data.  In line with this, if the two matrixes are averaged, 1191 
the fitness values would conform to the full mathematical expectations of a rock-paper-scissors 1192 
game.  We ran simulations using both matrixes to assess how our results changed when there 1193 
were different fitness payoffs among the morphs.  However, we primarily used the paternity data 1194 
matrix for the main paper, because the paternity data provides a more direct measure of male 1195 
fitness than territory overlap with females.  1196 

The fitness of each phenotype/strategy was calculated from the frequencies of each 1197 
morph (F) times the payoff of the focal morph-phenotype competing against the other morphs as 1198 
follows (using the Sinervo 2001 paternity data matrix in the example): 1199 
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 1200 
𝑊O = 	𝐹O		 + 	1.75𝐹B		 + 	1.2𝐹Y	 1201 
𝑊B = 	0.85𝐹O + 	𝐹B	+ 	1.95𝐹Y 1202 
𝑊Y = 	2.2𝐹O	 + 	0.75𝐹B	+ 	𝐹Y 1203 
 1204 
Where the frequencies of the three morph phenotypes were determined by the frequencies of the 1205 
genotypes (𝑓) and the proportion of yellow-morphs (𝑝) as: 1206 
𝐹O	 = 	𝑓oo 1207 
𝐹B	 = 	 (1 − 𝑝)(𝑓bb	+ 	𝑓ob) 1208 
𝐹Y	 = 	𝑝(𝑓bb	+ 	𝑓ob) 1209 
 1210 
The expected genotype frequencies after selection (𝑓!) in males were calculated as the frequency 1211 
of the genotype before selection multiplied by the fitness of the mating strategies that arise from 1212 
that genotype (𝑊strategy), divided by the mean fitness of all the genotypes (𝑊4 ): 1213 
 1214 

𝑓′oo =	
𝑓oo	𝑊O

𝑊4
	1216 

       1215 

𝑓′ob =	
(1 − 𝑝)	𝑓ob	𝑊B		 + 𝑝	𝑓ob	𝑊Y		

𝑊4  1217 

 1218 

𝑓′bb =	
(1 − 𝑝)𝑓bb	𝑊B		 + 𝑝	𝑓bb	𝑊Y		

𝑊4  1219 

 1220 
where 1221 
𝑊4 = 	𝑓oo	𝑊O	+		 (1 − 𝑝)	𝑓ob	𝑊B		 + 𝑝	𝑓ob	𝑊Y	 + (1 − 𝑝)𝑓bb	𝑊B		 + 𝑝	𝑓bb	𝑊Y 1222 
 1223 
The expected allele and genotype frequencies in the offspring generation were calculated 1224 
assuming random mating between males with genotype frequencies  𝑓! and females with 1225 
genotype frequencies 𝑓: 1226 
𝑓oo.new = (𝑓′oo + 𝑓′ob/2	)(𝑓oo + 𝑓ob/2	)	 1227 
𝑓ob.new = (𝑓′oo + 𝑓′ob/2	)(𝑓bb + 𝑓ob/2	) 	+	(𝑓′bb + 𝑓′ob/2	)(𝑓oo + 𝑓ob/2	)	 1228 
𝑓bb.new = (𝑓′bb + 𝑓′ob/2	)(𝑓bb + 𝑓ob/2	) 1229 
  1230 
 We first explored whether both alleles could be maintained at appreciable frequencies 1231 
across varying proportions of yellow-morphs ranging from 0.01 to 1, in increments of 0.01, using 1232 
deterministic iteration of the equations given above.  We ran the deterministic simulations for 1233 
both 100 and 10,000 generations and for three different starting conditions for the allele 1234 
frequencies: 1%, 50%, and 99%.  We plotted the allele and phenotype frequencies against the 1235 
proportion of the yellow-morph that was used for each of the different starting conditions and 1236 
number of generations.   1237 

We also explored a model in which the proportion of yellow and blue-morphs in each 1238 
generation was set to an optimal level given the frequency of the orange-morphs.  The optimal 1239 
proportion of yellow and blue-morphs is achieved when the fitness of blue-morphs (𝑊B) is equal 1240 
to the fitness of yellow-morphs (𝑊Y).  With the Sinervo 2001 paternity data matrix, this means: 1241 
0.85𝐹O + 	𝐹B	+ 	1.95𝐹Y  = 	2.2𝐹O	 + 	0.75𝐹B	+ 	𝐹Y 1242 
After some rearranging and substituting in the genotype frequencies this becomes: 1243 
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1.35𝑓oo	 = 0.95(1 − 	𝑓oo)𝑝 + 0.25(1 − 	𝑓oo)(1 − 𝑝) 1244 
This leads to the solution: 1245 

𝑝optimal =	−0.25 + (
10
7 )(

1.35𝑓oo			
1 − 	𝑓oo

) 1246 

Similarly, the solution to the Sinervo and Lively 1996 matrix is: 1247 

𝑝optimal =	
1.95𝑓oo			
1 − 	𝑓oo

 1248 

Any values of  𝑝optimal < 0 were set to zero and any values of 𝑝optimal > 1  were set to one. We 1249 
ran the deterministic simulations using 𝑝optimal for three different starting conditions for the allele 1250 
frequencies: 1%, 50%, and 99%.   1251 

The use of 𝑝optimal in the model provides some environmental dependence to the 1252 
proportion of sneakers akin to what has been observed in the lizards (14, 21).  The plasticity of 1253 
the lizards in the field is likely to be somewhere between the two forms of plasticity used in our 1254 
models (i.e. fixed versus optimal proportions of blue and yellow-morphs).  A potential reason for 1255 
the lizards to resemble the fixed plasticity model would be if a relatively stable proportion of 1256 
lizards become yellow-morphs each year due to condition-dependent differences among the 1257 
lizards and a limited number of territories in the environment (e.g. if the average population size 1258 
across years is 100 males and there are 50 territories, these territories would be filled by the 50 1259 
males in the best condition that become blue-morphs, leaving 50 males as yellow morphs).  1260 
However, the number of blue versus yellow-morphs may also dynamically change within a year, 1261 
as in the optimal plasticity model, due to differences in density of lizards among years and local 1262 
openings of territories due to mortality of the territory holder.  Although the optimal plasticity 1263 
model allows for the dynamic transformation from yellow to blue-morphs that has been observed 1264 
in the field (14, 21), the model is based upon a global optimum of fitness based on the 1265 
population-level frequency of the morphs, whereas in the field there is likely only local 1266 
optimization of morph frequencies.  Given these considerations, we explored a set of semi-1267 
optimal models for the frequencies of the blue and yellow-morphs in which the optimal 1268 
proportion of the two morphs was adjusted by a constant value (i.e. 𝑝optimal+ 𝑐morph) to maintain 1269 
a certain proportion of one morph.  We explored different values of 𝑐morph in the models.  1270 
Positive values of 𝑐morph led to an increased fixed proportion of the yellow-morph whereas 1271 
negative values led to an increased fixed proportion of the blue-morph.   1272 
 We assessed how well the two-locus models with plasticity and the one-locus three-allele 1273 
model maintained the polymorphism when there was genetic drift.  The three-allele model had 1274 
the same structure as the two-allele model except that the frequencies of the three morph 1275 
phenotypes were determined based on the prior hypothesis that the yellow allele was dominant to 1276 
the blue allele and the orange allele was dominant to the other two alleles in determining the 1277 
mating strategies of the morphs (37, 95): 1278 
𝐹O	 = 	𝑓oo	+ 	𝑓ob	+ 	𝑓oy  1279 
𝐹B	 = 	𝑓bb 1280 
𝐹Y	 = 	𝑓by + 	𝑓yy 1281 
Genetic drift was simulated using multinomial sampling of offspring genotypes using the 1282 
expected offspring genotype frequencies (𝑓oo.new, 𝑓ob.new, 𝑓bb.new) and a fixed population size.   1283 
The simulations were started with equal allele frequencies. We varied the population size from 1284 
50-250 individuals with a step size of 10.  Stability was assessed by determining the proportion 1285 
of 1000 trials in which all alleles were maintained after 1000 generations for simulations with the 1286 
paternity data fitness matrix and after 100 generations for simulations with the territory overlap 1287 
fitness matrix.  For simulations with the paternity data fitness matrix, we used yellow-morph 1288 
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proportions from 0.2-0.9, which bracketed the range of situations in which the two-allele model 1289 
was more stable than the three-allele model.  For simulations with the territory overlap fitness 1290 
matrix, we used yellow-morph proportions from 0.5-0.95, given that the polymorphism is 1291 
maintained under a more restrictive set of proportions with this fitness matrix. 1292 
 We used the two and three-allele models to generate predictions about the expected 1293 
relationships between the frequencies of the morphs.  We simulated data with the three-allele 1294 
model for 10,000 generations with a population size of 250 individuals, an equal starting 1295 
frequency of all three alleles, with genetic drift, and with fitness values derived from genetic 1296 
paternity estimates of siring success (15, 19).  We then only used data from every 100 1297 
generations to avoid potential autocorrelation in the data.  We used linear models to determine 1298 
the slope and intercept of the correlation of the frequencies of the different morphs, which 1299 
formed the basis of the predictions for the three-allele model.  The relationships among the 1300 
frequencies of the morphs could be obtained analytically for the two-allele model with fixed 1301 
plasticity.  The frequencies of all the morphs could all be related to each other based on the 1302 
equations for the phenotypes of the morphs given above (i.e. 𝐹O, 𝐹B, 𝐹y) and that 𝐹O	 = 	𝑓oo =1303 
1 − (𝑓bb	+ 	𝑓ob), which leads to the following relationships: 1304 

𝐹Y =	
𝑝		
1 − 𝑝 𝐹B 1305 

𝐹O = 	1 −	
1		

1 − 𝑝 𝐹B 1306 

𝐹O = 	1 −	
1		
𝑝 𝐹Y 1307 

 1308 
Data analysis and visualization 1309 

The data were analyzed in R (80) and visualized using the packages dplyr (97), scales 1310 
(98), ggplot2 (99), ggthemes (100), and gridExtra (101).  1311 

 1312 
 1313 
 1314 
 1315 

Supplementary Text 1316 
Morph phenotypes 1317 

We measured the coloration of 12 orange, 12 blue, and 9 yellow-morphs with a  1318 
spectrometer to provide detailed data on their phenotypes.  The three morphs exhibited distinct 1319 
throat colors, with the orange and blue-morphs being the furthest apart in color space (Fig. S1 E, 1320 
F).   1321 
 1322 
Prior genetic model and prior genetic evidence 1323 
 The mating strategies and throat color polymorphism of Uta stansburiana were 1324 
hypothesized to be governed by three alleles at a single locus (30, 31, 37, 95, 102).  Under this 1325 
three-allele model, putative alleles were co-dominant on throat color so a lizard phenotype was 1326 
scored as ob if it had an orange and blue throat, by if it had blue and yellow, and oy if it had 1327 
orange and yellow.  The o and y alleles were hypothesized to be dominant to b in their effects on 1328 
male behavioral strategy: Orange strategy = oo, ob, oy phenotypes; Blue strategy = bb, Yellow 1329 
strategy = yy, by.  1330 
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 Prior field studies suggested that there were genetic differences that gave rise to the 1331 
morphs.  Here we summarize the two studies that provided the best estimates of the heritability 1332 
of the color polymorphism (30, 31).  The first study reported high heritability of orange (h2 = 1333 
1.06) and blue (h2 = 1.40) coloration from sire-progeny regressions (31).  Heritability estimates 1334 
for yellow-morph individuals were not reported.  However, yellow-morph individuals were 1335 
included in the regressions for heritability of orange or blue, with the pure-yellow individuals 1336 
scored as having zero blue or orange "alleles" and the blue-yellow individuals scored as having 1337 
0.5 blue "alleles."  Thus, these analyses were conducted under the hypothesized one-locus three-1338 
allele model and did not explicitly test for the heritability of the yellow-morph.  The second 1339 
study applied an "animal model" approach to estimate heritability from pedigree data collected 1340 
for lizards in the field (30).  This study reported that h2 = 0.46 for orange coloration for data from 1341 
both males and females.  No estimates of heritability were reported for yellow or blue. 1342 
 Previous studies of the polymorphism were more explicit about the plasticity of the 1343 
yellow-morph than its heritability.  Sinervo et al (2000) reported that: 1) some individuals began 1344 
the breeding season with a yellow throat early in the breeding season but then acquired a small 1345 
blue patch of color on their throats later in the breeding season, 2) males that developed blue 1346 
coloration had higher testosterone levels than males that kept all-yellow throats, and 3) 1347 
transformation from yellow to blue was more likely for males that had an opportunity to acquire 1348 
a territory (14).  Mills et al. 2008 studied the effects of exogenous gonadotropins (follicle-1349 
stimulating hormone and luteinizing hormone) on the expression of morph-related traits and 1350 
found that treatments with gonadotropins: 1) increased blue throat color in both all-yellow and 1351 
blue-yellow males, 2) increased endurance and sprint speed in all-yellow males, which could 1352 
enhance their ability to defend territories, and 3) increased courtship behaviors directed at all-1353 
yellow and blue-yellow males (21).  Mills et al. 2008 also found that yellow-morphs had 1354 
considerable flexibility in their physiology and postulated that yellow-morphs "may adopt a 1355 
season-dependent strategy with plasticity from nonterritorial to territorial strategies." 1356 
 We see four reasons why the one-locus three-allele model was adopted for the throat 1357 
color polymorphism in U. stansburiana despite a growing body of evidence supporting a role for 1358 
plasticity.  First, it was assumed that the rock-paper-scissors game required three genetically 1359 
determined strategies that can replicate themselves across generations (6, 17, 19).  The first 1360 
model of the rock-paper-scissors game for U. stansburiana was based on game theory in which 1361 
strategies perfectly replicate themselves, which could occur for asexual species or for alleles on a 1362 
Y-chromosome (6, 19).  A natural way to translate this simplified model to a diploid sexual 1363 
system is to model the polymorphism with one locus that has three alleles, with some alleles that 1364 
are dominant to the others, which was done by Sinervo (2001) (19).  The assumption of morph 1365 
strategies being replicators and breeding true has continued to be used in more recent models of 1366 
the polymorphism in U. stansburiana (17), as well as general models of the stability of 1367 
alternative reproductive strategies (51) and general models of the rock-paper-scissors game 1368 
(103).  Second, multiple different genetic models were explored for the polymorphism in U. 1369 
stansburiana (19).  For example, a one locus, two allele model was considered in which two 1370 
morphs were generated from the homozygotes and a third morph was generated from the 1371 
heterozygotes.  This model was rejected because fixation of the alleles was common and 1372 
frequency cycles of the alleles were not observed.  The one-locus three-allele model was favored 1373 
over other models because the polymorphism could be maintained and there were cycles in allele 1374 
frequency that were similar to changes in morph frequency that were observed in the field.  1375 
Plasticity of the yellow-morph was considered by Sinervo (2001) (19), but only in the context of 1376 
the one-locus three-allele model.  Third, U. stansburiana sometimes exhibit throats with multiple 1377 
colors (e.g. blue and yellow).  The individuals with multiple colors were hypothesized to be 1378 
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heterozygotes for codominant color alleles (31).  Fourth, determining the genetics of the throat 1379 
color polymorphism was quite difficult with the methods that were available prior to our ability 1380 
to collect genomic data.  Controlled crosses amongst morphs were performed in the lab, but the 1381 
progeny failed to express throat colors in the lab setting.  Therefore, the progeny of controlled 1382 
crosses had to be released back into the field to score coloration, but mortality in the field 1383 
drastically reduced sample sizes.  For example, of 410 progeny released in 1999, only 34 could 1384 
later be scored for throat coloration (31).  Although few offspring survived, this experiment was 1385 
able to show that orange and blue coloration was heritable.  However, the inheritance of yellow 1386 
was likely difficult to study because of: 1) the potential plasticity of this morph and 2) that 1387 
sneaker morphs do not defend a territory and are therefore more difficult to capture, which may 1388 
have exacerbated low sample size issues.   1389 
 In summary, multiple factors likely led to the adoption of the one-locus three-allele 1390 
model as an explanation for the throat color polymorphism in U. stansburiana.   1391 
Although prior work did support genetic differences between orange and blue-morphs, there was 1392 
little direct evidence for the genetic distinctiveness of yellow-morphs from the other two morphs.   1393 
 1394 
Orange and blue genomes 1395 
 The genome assembled from the blue-morph was 2.116 Gb across 482,585 scaffolds.  1396 
The genome assembled from the orange-morph was 2.096 Gb across 176 contigs, with 9 contigs 1397 
>= 100 Mb, 35 >= 10 Mb, and 71 >= 1 Mb.  1398 
 1399 
Orange versus blue-morph GWAS 1400 
 We made a fine-scale examination of the local region associated with the blue and 1401 
orange-morph phenotypes (Fig. S4).  In the mapping to the orange-morph genome, there was a 1402 
second peak of association ~100,000 bp away from the main peak of association near the SPR 1403 
gene (Fig. S4A).  This second peak was not observed in the mapping to the blue-morph genome 1404 
(Fig. S4B).  The region associated with the second peak was quite narrow and was only 464 bp.  1405 
We used RepeatMasker (65) to search for vertebrate repetitive elements within this second peak 1406 
region and found that it was made up of an L3 element and a BovB-1_DR element.  We 1407 
hypothesized that the second association peak could be due to mismapping of repetitive element 1408 
sequences.  We had recalled that there was a region of sequence found on B-haplotypes, but not 1409 
O-haplotypes, that had both an L3 element and a BovB-1_DR element (Fig. 1C; the L3 element 1410 
is part of the CR1 family and the BovB-1_DR element is part of the RTE-BovB family).  The 1411 
orange-morph reference genome would not have these B-haplotype only repetitive elements 1412 
sequences near SPR, so we hypothesized that they would erroneously map to repetitive 1413 
sequences elsewhere in the genome.    1414 
 We tested our hypothesis in two ways.  First, we extracted the second peak region DNA 1415 
sequence from the orange-morph genome and tried aligning it to the SPR B-haplotype from the 1416 
blue-morph genome.  The DNA sequence of the second peak region was found to align to a 1417 
region of the B-haplotype that is not found in the O-haplotype, which was where there was the 1418 
sequence of the L3 element and the BovB-1_DR element as we had hypothesized.  Second, we 1419 
extracted the B-haplotype DNA sequence from the area that aligned with the orange-morph 1420 
genome's second peak region.  We used this B-haplotype sequence as a query in a blastn (63) 1421 
search of the entire orange-morph genome.  The best blast match was the second peak region in 1422 
the orange-morph genome, which had an evalue of 3.13 e-169 (the next best matching region had 1423 
an evalue 1.03 e-49).  Therefore, the second peak region in orange-morph genome was clearly 1424 
the best place for mapping the repetitive elements restricted to B-haplotype.  Therefore, we 1425 
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conclude that the second-peak is an erroneous association due to mismapping of repetitive 1426 
element sequences restricted to the B-haplotype.  1427 
 We observed three different structural genetic variants in SPR exon1 in the SPR-region 1428 
haplotypes obtained from PacBio sequencing.  These structural variants (i.e. indels) could 1429 
potentially affect the phenotype, but would not have been included in our initial genetic scan on 1430 
polymorphic nucleotides.  We used individuals with diploid PacBio haplotype data to test if the 1431 
structural variants were associated with orange or blue phenotypes.  With this PacBio dataset, the 1432 
upstream region to SPR had a stronger association (P = 9 x 10-14) than any of the exon1 structural 1433 
variants (top association P = 1 x 10-5).  This observation supports the hypothesis that regulatory 1434 
changes in SPR underlie the phenotypes, because the strongest genetic associations are upstream 1435 
of SPR. 1436 
 1437 
Yellow-morph GWAS 1438 
 We further explored the genetic basis of the yellow-morphs by conducting a GWAS with 1439 
10 individuals with all-yellow throats, which were separately compared to the 44 orange and 45 1440 
blue-morph samples.  Neither GWAS had any polymorphic nucleotide positions with an 1441 
association sufficiently strong that it passed the threshold of a Dunn-Šidák correction for 1442 
multiple tests.  However, we examined the top associated sites to see if they corresponded to any 1443 
genes that might be relevant to the phenotypes.  The two sites with the strongest association in 1444 
the comparison of yellow versus orange-morphs were in the SPR region on contig 9 (Fig. S3C) 1445 
and were the same two sites that showed the strongest association in the comparison of orange 1446 
versus blue-morphs.  This association is consistent with 6/10 of these yellow-morphs having at 1447 
least one B-haplotype and all the orange-morphs having only O-haplotypes.  The comparison of 1448 
yellow versus blue-morphs had association peaks on contigs 5 and 7 (Fig. S3D).  The top blast 1449 
hit for the region on contig 5 was the Wnt ligand secretion mediator (WLS) gene, which is a 1450 
conserved gene whose protein is responsible for transporting Wnt proteins (104).  The top blast 1451 
hit for the region on contig 7 was a repetitive element, specifically a long interspersed nuclear 1452 
element (LINE) that has been found in birds (i.e. an avian retrotransposon-like element (105)). 1453 
We did a RepeatMasker search of the associated region on contig 7 and found that 71% of it was 1454 
repetitive elements.  Overall, neither the contig 7 nor the contig 9 region contained candidate 1455 
genes that seemed likely to influence coloration or behavior. 1456 
 Yellow-morphs in the European common wall lizard (Podarcis muralis) were associated 1457 
with genetic differences in the beta-carotene oxygenase 2 (BCO2) gene (8).  We therefore 1458 
examined the genetic associations around this candidate gene for yellow coloration in U. 1459 
stansburiana.  We did not find any suggestive associations with BCO2, because the associations 1460 
in this gene were far below the multiple testing threshold of significance and were not outliers 1461 
when compared to other positions on the same contig (Fig. S4C, D).  Thus, U. stansburiana and 1462 
P. muralis do not share a similar genetic basis for their yellow throat color phenotypes, despite 1463 
them convergently utilizing the SPR gene for generating orange coloration. 1464 
 1465 
Morph genotypes and phenotypes 1466 
 We observed an almost perfect association between orange and blue-morph phenotypes 1467 
and their genotypes at the SPR locus.  We observed that all orange-morphs (44/44) had two O-1468 
haplotypes and that almost all blue-morphs had at least one B-haplotype (42/45).  However, our 1469 
sample contained three individuals classified as blue-morphs that were homozygous for the O-1470 
haplotype.  We tried to vet these samples to determine if there was an error associated with the 1471 
field data or genetic sampling of these individuals that could explain the discordance between the 1472 
genotype and phenotype of these individuals.  All three of these lizards were caught during years 1473 
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when Barry Sinervo (the principal investigator of our focal study population) was unable to work 1474 
at the field site.  The are no photos associated with the discordant individuals that can be used to 1475 
verify their phenotype (note that there is a perfect association between genotype and phenotype 1476 
for all the lizards for which we do have photos).  We are thus unable to reconcile the discordance 1477 
between genotype and phenotype for these three individuals except to say that there are factors 1478 
associated with these samples that may have made errors more likely. 1479 
 We tested whether there were size differences among the morphs and SPR genotypes to 1480 
evaluate whether there were phenotypic differences that distinguished the three anomalous OO 1481 
blue-morphs and the four OO yellow-morphs, since these seven individuals were the only 1482 
exceptions to our two-allele model.  The analysis of body size (log10 snout-vent length (SVL), 1483 
Fig. S7A) found significant differences among morphs (F3,101 = 3.62, P = 0.016) and genotypes 1484 
(F2,101 = 4.72, P = 0.011), but no significant morph x genotype interaction (F3,101 = 0.42, P = 1485 
0.741).   The analysis of standardized weight (log10 weight divided by log10 SVL, Fig. S7B) 1486 
found significant differences among morphs (F3,101 = 4.73, P = 0.004), but no significant effect 1487 
of the genotypes (F2,101 = 2.34, P = 0.101) or the morph x genotype interaction (F3,101 = 0.60, P = 1488 
0.618).  The category of all-yellow phenotype yellow-morphs with OO genotypes stood out as 1489 
being different in both body size and standardized weight (Fig. S7).  If these four OO yellow-1490 
morphs were excluded from the analysis, there were no longer any significant differences in the 1491 
analyses of body size or standardized weight (all P > 0.194).  Thus, aside from these four yellow-1492 
morphs, there were generally no differences in body size or standardized weight among any of 1493 
the morphs or genotypes.  Thus, the anomalous OO blue-morphs were comparable in size to both 1494 
blue and orange-morphs. However, when only the individuals with OO genotypes were analyzed 1495 
together, the OO yellow-morphs were significantly smaller than orange-morphs in body size 1496 
(Tukey posthoc test t = -2.77, P = 0.020) and standardized weight (Tukey posthoc test t = -3.48, 1497 
P = 0.003).  The small body size and standardized weight of the OO yellow-morphs suggests that 1498 
they may be younger than the other males and still developing their color.  Thus, we hypothesize 1499 
that the yellow color of OO yellow-morphs may be a transient phenotype and they may express 1500 
orange coloration later in life.  The hypothesis that these individuals have a transient yellow 1501 
coloration, perhaps because they are just beginning to express orange pigments, is consistent 1502 
with our analyses of their throat color phenotypes that showed that they were more similar to 1503 
orange-morphs in their coloration than other yellow-morphs (see below the section: “Evidence 1504 
for the one-locus, two-allele model with plasticity”). 1505 
 We tested whether BB and OB SPR genotypes differed in producing blue-morphs versus 1506 
yellow-morphs.  We observed 9 BB (21%) and 33 OB (79%) blue-morphs and 6 BB (37.5%) and 1507 
10 OB (62.5%) yellow-morphs.  The frequencies of the two genotypes did not differ between 1508 
blue and yellow-morphs (Fisher’s exact test P = 0.31).  Thus, blue-morphs and yellow-morphs 1509 
do not predominantly arise from particular genotypes, which could have occurred if there were 1510 
differences in plasticity between BB and OB genotypes. 1511 
 1512 
SPR pathways 1513 
 The SPR gene is involved in two metabolic pathways relevant to morph phenotypes in 1514 
terms of coloration and behavior (Fig. S5).  First, SPR affects the formation and conversion of 1515 
sepiapterin (Fig. S5A), which is a yellow-colored pteridine pigment (106, 107).  SPR also affects 1516 
the levels of 6-pyruvoyl-H4pterin, which can be converted into drosopterin, which is an orange or 1517 
red pteridine pigment (36, 107).  Second, SPR helps synthesize tetrahydrobiopterin (BH4), which 1518 
is an essential cofactor for the enzymes tryptophan hydroxylase (TPH), phenylalanine 1519 
hydroxylase (PAH), tyrosine hydroxylase (TH), and nitric oxide synthase (NOS) (Fig. S5A, B) 1520 
(34, 35).  These enzymes play key roles in the synthesis of neurotransmitters (Fig. S5B), because 1521 
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TPH begins the modification of tryptophan into serotonin or melatonin, NOS produces nitric 1522 
oxide, PAH produces tyrosine, and tyrosine is modified by TH into dopa, which is the precursor 1523 
of dopamine, noradrenaline and adrenaline (34, 35).  These neurotransmitters and hormones can 1524 
have profound effects on behavior including aggression, sexual behavior, and social status  1525 
(108-111).  Thus, pleiotropic effects of SPR in both pigmentation and 1526 
neurotransmission/hormonal pathways may allow behavioral differences to be coupled to a color 1527 
signal to generate distinct morph phenotypes. 1528 
 Both the GWAS results and the RNAseq data show that the SPR gene is likely to affect 1529 
the development of orange versus blue throat coloration.  The orange throat coloration is likely to 1530 
be derived from an orange drosopterin pteridine (8, 20), but the blue throat coloration is likely 1531 
structural coloration in which light is reflected and scattered from guanine crystals (32, 33).  The 1532 
mechanisms that allow SPR to mediate a transition between a pigment versus a structural color 1533 
are currently unknown.  However, we hypothesize that the answer may lie in a link between the 1534 
guanine salvage pathway (Fig. S5C) and the BH4 synthesis pathway (Fig. S5A).  The guanine 1535 
salvage pathway shows that guanosine-5'-triphosphate (GTP) can be synthesized from a guanine 1536 
precursor and GTP can be turned back into guanine.  Orange and yellow pteridines are 1537 
synthesized from GTP, with the rate limiting step of the pathway being the action of GTP 1538 
cyclohydrolase I (GTP-CH), which turns GTP into H2neopterin triphosphate (36).  We posit that 1539 
changes in expression of SPR could mediate a switch between the production of orange pigments 1540 
and blue structural color as follows.  Increased SPR expression could mean increased conversion 1541 
of 6-pyruvoyl-H4opterin into BH4, which would thereby decrease the synthesis of orange 1542 
drosopterins, which are formed from 6-pyruvoyl-H4opterin (36, 112).  In addition, the increased 1543 
formation of BH4 would in turn repress GTP cyclohydrolase I feedback regulatory protein 1544 
(GFRP), which would lead to the reduced conversion of GTP by GTP-CH  1545 
(36, 113).  This would increase levels of GTP, which could be converted to guanine via the 1546 
salvage pathway.  This guanine could be used for guanine crystals that form the basis of 1547 
structural blue coloration in lizards. 1548 
 Our hypothesis about how changes in expression of SPR could mediate a switch between 1549 
the BH4 and the guanine salvage pathways is speculative at this point and detailed studies of the 1550 
molecular mechanisms are needed to resolve how orange and blue colors are generated.  1551 
However, our hypothesis is meant to illustrate that a switch between an orange pteridine pigment 1552 
and a blue structural color is possible through established biochemical pathways and changes in 1553 
the expression of the SPR gene.  1554 
 1555 
Expression of the SPR gene 1556 
 We quantified the expression of the SPR gene in the main color patch of throat skin (Fig. 1557 
S1), but also in white or very lightly colored skin outside the main color patch, which we refer to 1558 
as "noncolored skin".  There were no significant differences among morphs in the expression of 1559 
the SPR gene in the noncolored skin (Fig. S9B, F2,21 = 2.2, P = 0.132) unless a single outlying 1560 
blue-morph datapoint was removed, in which case blue-morphs had significantly higher 1561 
expression than orange-morphs (P = 0.0128).  We next tested if there were differences among 1562 
the morphs and genotypes in the levels of expression of the colored skin relative to the non-1563 
colored skin.  Significant differences were observed among morphs in the expression of the 1564 
colored skin relative to the noncolored skin (Fig. S9C, R2 = 0.23, F2,21 = 4.5, P = 0.0234).  Blue-1565 
morphs had a significantly higher ratio of expression than orange-morphs (Fig. S9C, P = 1566 
0.0202), but no significant differences were observed in the other two morph comparisons 1567 
(yellow vs. blue: P = 0.144; yellow vs. orange P = 0.601).  The levels of expression of the 1568 
colored skin relative to the noncolored skin were even better explained by a model that included 1569 
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SPR region genotypes (Fig. S9D, R2 = 0.32, F2,21 = 6.5, P = 0.0065).  OB genotypes had a 1570 
significantly higher ratio of expression than OO genotypes (Fig. S9D, P = 0.0081), no significant 1571 
differences were observed between OB and BB genotypes (P = 0.996), and the comparison of 1572 
OO to BB genotypes had a P-value of 0.0714.  Overall, our analysis of the expression of SPR in 1573 
the skin suggests that blue-morphs and individuals with a blue haplotype have higher expression 1574 
of SPR than orange-morphs and that this difference in expression was primarily within the 1575 
colored region of the skin.  1576 
 We next tested whether there was SPR haplotype-specific expression within the skin in 1577 
individuals that were heterozygous for the two haplotypes (i.e. 8 blue-morphs and 2 yellow-1578 
morphs).  We observed that B-haplotypes were expressed at significantly higher levels than O-1579 
haplotypes in both colored (Fig. S9E, P = 0.00007) and noncolored (Fig. S9F, P = 0.0003) skin.  1580 
In both types of skin and all ten individuals, the B-haplotype had higher expression than the O-1581 
haplotype within an individual lizard.  The B-haplotype was expressed on average 7.7 times 1582 
higher (range = 1.9 – 20.9) than the O-haplotype in colored skin and 5.9 times higher in 1583 
noncolored skin (range = 1.5 – 18.4).  Thus, there was a clear pattern of haplotype-specific 1584 
expression in the skin.  We next tested if the expression of each haplotype increased in colored 1585 
skin compared to noncolored skin.  We observed significantly higher expression in colored skin 1586 
for both the B-haplotype (Fig. S9G, P = 0.0008) and the O-haplotype (Fig. S9H, P = 0.0375).  1587 
The B-haplotype was expressed on average 1.6 times higher (range 0.9 – 2.25) higher in colored 1588 
skin and the O-haplotype was expressed on average 1.2 times higher (range 0.8 – 1.5).  Thus, 1589 
both haplotypes showed increased expression in colored skin compared to noncolored skin.  We 1590 
plotted the haplotype-specific expression data for colored skin on to a phylogeny of SPR-region 1591 
haplotypes to evaluate if there were any systematic differences in expression among clades 1592 
within the phylogeny (Fig. S9I).  There were clear differences in expression between the O and 1593 
B-haplotypes.  However, there were no systematic differences in expression among subclades 1594 
within the O and B-haplotypes that would suggest that particular subclades have differences in 1595 
expression, with the caveat that we had low sample sizes for evaluating such expression 1596 
differences. 1597 
 We also quantified the expression of the SPR gene in the brain.  There were no 1598 
significant differences among morphs in the expression of the SPR gene in the brain (Fig. S9J, 1599 
F2,21 = 0.538, P = 0.592).  However, these results reflect expression across the whole brain, so 1600 
we cannot rule out localized expression differences among morphs.  We next tested whether 1601 
there was SPR haplotype-specific expression within the brain in individuals that were 1602 
heterozygous for the two haplotypes.  We observed that B-haplotypes were expressed at 1603 
significantly higher levels than O-haplotypes in the brain (Fig. S9K, P = 0.0334).  In nine of the 1604 
ten individuals, the B-haplotype had higher expression than the O-haplotype within an individual 1605 
lizard.  The B-haplotype was expressed on average 1.9 times higher (range = 0.5 – 4.1) than the 1606 
O-haplotype in the brain.  Thus, we observed haplotype specific differences in expression in both 1607 
the brain and the skin. 1608 
 1609 
Evidence for the one-locus, two-allele model with plasticity 1610 

Several observations in addition to the ones described in the main text suggest that a one-1611 
locus, two-allele model with plasticity is a sufficient and parsimonious explanation for the three 1612 
morph phenotypes.  First, genetic variation at the SPR region is important for explaining the 1613 
yellow-morph phenotype, because although yellow-morphs do not have a unique third haplotype, 1614 
most had a B-haplotype, which explains their ability to transform to a blue-morph phenotype 1615 
under certain conditions.  Second, SPR genotypes were correlated with subtle coloration 1616 
differences among yellow-morphs.  Yellow-morphs with one or two B-haplotypes were 1617 
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significantly closer to blue-morphs in color space than yellow-morphs with two O-haplotypes 1618 
(Fig. S1F, F1,7  = 6.83, P = 0.035), which tended to be closer to orange-morphs in color space 1619 
(F1,7  = 4.51, P = 0.071).  This shows that individuals with two O-haplotypes classified as yellow-1620 
morphs have phenotypes with subtle similarities in coloration to orange-morphs.  We 1621 
hypothesize that as pigments build up on the throats of orange-morphs, they go through a 1622 
transient phase where they resemble yellow-morphs, which leads to some errors of classification 1623 
for individuals with the pure-yellow throat color phenotype.  We showed above (in the section: 1624 
Morph genotypes and phenotypes) that the OO yellow-morphs had relatively small body sizes, 1625 
so they may have still been developing their throat color phenotypes.  Regardless of the 1626 
mechanism, SPR genotypes are predictive of phenotypic variation in the coloration of yellow-1627 
morphs.  Third, SPR genotypes helped explain gene expression differences among yellow-1628 
morphs (Fig. S9), which provides further evidence that SPR haplotypes functionally affect the 1629 
phenotype of yellow-morphs and that individuals with two O-haplotypes classified as yellow-1630 
morphs have phenotypes similar to orange-morphs.  Fourth, the hypothesis that yellow-morphs 1631 
suppress the expression of blue throat coloration is consistent with them also lacking male-1632 
specific coloration on their dorsum, which has led to them being described as female mimics.  1633 
Overall, these data are consistent with the hypothesis that the yellow-morphs predominantly 1634 
result from plasticity in individuals with a B-haplotype, which can either express yellow 1635 
coloration and adopt a sneaker strategy or can express blue coloration and defend a territory. 1636 
 1637 
Population genetic modeling of the maintenance and invasion of the alleles 1638 
 Our deterministic two-allele models with a fixed proportion of blue and yellow-morphs 1639 
arising from individuals with a B-haplotype showed that a rare blue allele (Fig. S12 A, D, G, J) 1640 
and a rare orange allele (Fig. S12 C, F, I, L) could spread in a population dominated by the other 1641 
allele (i.e. invade) and attain the same equilibrium frequencies.  However, there was a transient 1642 
effect of the starting allele frequency.  Models that started with an orange allele frequency of 1643 
50% or 99% converged on the same equilibrium allele frequencies by generation 100 (Fig. S12 1644 
A, B, G, H), but models started with 1% orange alleles had very different allele frequencies at 1645 
generation 100, with high levels of the blue allele (Fig. S12 C, I).  However, all starting 1646 
conditions converged to the same equilibrium allele frequencies by generation 10,000 (Fig. S12 1647 
D-F, J-L).  The allele frequencies converged more slowly to an equilibrium for the 1% orange 1648 
allele starting condition, because the formation of individuals homozygous for the O-haplotype 1649 
that have the orange-morph phenotype will be quite rare when the orange allele frequency is low.  1650 
These models also showed that the polymorphism is stably maintained across a much broader 1651 
range of yellow-morph proportions with the paternity data fitness payoffs (Fig. S12 A-F) than 1652 
with the territory data fitness payoffs (Fig. S12 G-L).  One difference between the two matrices 1653 
is that with the paternity data fitness matrix, a rare orange-morph in an environment where 1654 
yellow-morphs are common has slightly higher fitness (payoff = 1.2) than a yellow-morph 1655 
(payoff = 1) in that environment, whereas with the territory overlap fitness matrix, the rare 1656 
orange-morph has much lower fitness (payoff = 0.4).  Thus, with the paternity data fitness 1657 
matrix, orange-morphs have an advantage when rare against yellow-morphs and a disadvantage 1658 
when common, which favors the persistence of these strategies.  For example, orange-morphs 1659 
can persist at a yellow-morph proportion of 1 (i.e. all individuals with a blue haplotype stay as 1660 
yellow-morphs) with the paternity data fitness matrix (Fig. S12E).   1661 
 We examined a model in which the proportion of blue and yellow-morphs in each 1662 
generation was optimized based on the frequency of the orange-morphs.  This optimal-1663 
proportion model maintained the polymorphism with both payoff matrices (Fig. S13).  1664 
Simulations started with an orange allele frequency of 99%, 50%, or 1% all converged to the 1665 
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same equilibrium frequencies, although this took longer when the orange allele started at 1% 1666 
frequency (Fig. S13 A-F).  Thus, both the blue and orange alleles can increase in frequency when 1667 
rare and the proportion of blue and yellow-morphs converges to a fixed proportion in these 1668 
deterministic models due to stabilization of the allele frequencies.  When genetic drift is added to 1669 
the model, the polymorphism can also be maintained with the optimal-proportion model (Fig. 1670 
S13 G, H).  Notably, the version of this model that used territory data fitness payoffs exhibited 1671 
cycles in the frequencies of the morphs when there was genetic drift (Fig. S13 H).  This model 1672 
exhibited the frequency changes expected with rock-paper-scissors dynamics among the color-1673 
morphs, which were a high frequency of orange, followed by a high frequency of yellow, 1674 
followed by a high frequency of blue, and followed by repeated changes in frequencies following 1675 
this pattern.  When the paternity data fitness payoffs were used (Fig. S13 G), there could be 1676 
periods with ordered changes in frequency from high orange to high yellow to high blue (e.g. 1677 
generations 1-30), but there were also periods with unordered changes in the morph frequencies 1678 
in which cycling was not observed (e.g. generations 30-50).   1679 
 We examined a model in which the proportion of blue and yellow-morphs in each 1680 
generation was semi-optimized (i.e. the optimal proportion was calculated and then offset by a 1681 
constant value (cmorph)).  This model provided further insight into the frequency cycles of the 1682 
morphs (Fig. S14).  The version of the semi-optimized model that used territory data fitness 1683 
payoffs exhibited cycles in the frequencies of the morphs when there was an increased 1684 
proportion of blue-morphs (i.e. negative values of cmorph, Fig. S14B, D), but no cycles were 1685 
observed when there was an increased proportion of yellow-morphs (i.e. positive values of cmorph, 1686 
Fig. S14F, H).  No frequency cycles were observed when the paternity data fitness payoff matrix 1687 
was used in the model (Fig. S14A, C, E, G).  This pattern is similar to what was observed with 1688 
the original three-allele model for the morph dynamics, where frequency cycles were observed 1689 
with the territory data fitness matrix (Fig. S14J), but not the paternity data fitness matrix (Fig. 1690 
S14I). 1691 
 1692 
Game theoretical modeling of the maintenance and invasion of the alleles 1693 

The rock-paper-scissors game is a classic model in game theory, so we also conducted a 1694 
game theoretical treatment for the side-blotched lizards with our new model with one type with a 1695 
fixed strategy and one plastic type that can play two strategies.   We consider a population of 1696 
individuals with three possible strategies: Orange (O), Blue (B), and Yellow (Y). There are two 1697 
types of individuals in the population: (1) individuals that follow strategy O (O individuals) and 1698 
(2) individuals that follow strategy B with probability 1 − 𝑝 and strategy Y with probability 𝑝 1699 
(Y/B individuals). The pay-off for an individual playing strategy 𝑖 against a player with strategy 1700 
𝑗 is 𝑎"#. We will assume that 𝑎$$ = 𝑎%% = 𝑎&& = 1, but the results can easily be generalized to 1701 
an arbitrary pay-off matrix. In a population where the current frequency of O individuals is 𝑓, the 1702 
frequency (𝑞) of individuals with the three strategies are 𝑞$ = 𝑓, 𝑞% = (1 − 𝑓)(1 − 𝑝), and 1703 
𝑞' = (1 − 𝑓)𝑝. The expected pay-off for individuals of type O is  1704 

𝑤$ = 𝑞$𝑎$$ + 𝑞%𝑎$% + 𝑞'𝑎$' 1705 
 1706 
and the expected pay-off in the population averaged over all individuals is 1707 
	1708 

𝑤4 = @ 𝑞"(𝑞$𝑎"$ + 𝑞%𝑎"% + 𝑞'𝑎"')
"∈{$,%,'}

 1709 

 1710 
We set the replicator equation equal to zero and solve for 𝑓to find possible equilibrium states: 1711 
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 1712 
 1713 

𝑓̇ = 𝑓(𝑤$ −𝑤4) = 0 1714 
 1715 
 1716 
which after a bit of algebra reveals find three solutions 𝑓B = 0, 𝑓B = 1, and 1717 
 1718 
 1719 

 𝑓B = ,!"-.,!".,!#-.,"#-$/,"#-.,#"-$/,#"-/0-$.0-/1
,!"-.,!".,!#-/,"!-.,"!.,"#-$/,"#-.,#!-.,#"-$/,#"-/0-$.0-/0

                    (Equation 1). 1720 

 1721 
As there is at most one solution for 𝑓 ∈ (0,1), we can fully describe the behavior of the system 1722 
using this solution and an analysis of the behavior at the boundaries. Let the expected payoff of 1723 
Y/B individual be 𝑤'/%, then a population of only O individuals can be invaded by Y/B 1724 
individuals if (CONDITION 1): 1725 
 1726 

lim
3↑1
H𝑤'/% −𝑤$I = (1 − 𝑝)𝑎%$ + 𝑝𝑎'$ − 1 >0 1727 

 1728 
Similarly, a population of only Y/B individuals can be invaded by O individuals if 1729 
(CONDITION 2): 1730 
 1731 
lim
3↓6
H𝑤$ −𝑤'/%I = (1 − 𝑝)𝑎$% + 𝑝𝑎$' − (1 − 𝑝)(1 − 𝑝 + 𝑝𝑎%') − 𝑝H(1 − 𝑝)𝑎'% + 𝑝I >0 1732 

 1733 
 1734 
These results imply the following behavior of the system: 1735 
 1736 

(1) If CONDITION 1 and CONDITION 2 are both true, then there is a single Evolutionary 1737 
Stable State given by 𝑓B in Equation 1. 1738 

(2) If CONDITION 1 is true and CONDITION 2 is false, then Y/B is an Evolutionary Stable 1739 
Strategy (ESS) and there is a single Evolutionary Stable State given by 𝑓 = 0. 1740 

(3) If CONDITION 1 is false and CONDITION 2 is true, then O is an ESS and there is a 1741 
single Evolutionary Stable State given by 𝑓 = 1. 1742 

(4) If CONDITION 1 is false and CONDITION 2 is false then both O and Y/B are ESSs, 1743 
there are two Evolutionary Stable States at 𝑓 = 0 and 𝑓 = 1, and the system will end in 1744 
𝑓 = 0 or 𝑓 = 1  if the initial value of 𝑓is larger or smaller, respectively, than 𝑓B in 1745 
Equation 1.  An exception is the trivial case where the two conditions hold if the 1746 
inequalities are replaced with equalities, in which case the system does not evolve. 1747 

 1748 
We applied these four results to the pay-off matrices (see Methods section) of male fitness 1749 

estimated from either overlap with female territories (6, 19) or from genetic paternity estimates 1750 
of siring success (15, 19).  The Evolutionary Stable State as a function of the proportion of 1751 
sneaker morphs (𝑝) is shown in Figure S15.  The results of the ESS analysis are very similar to 1752 
the equilibrium states obtained from our population genetic simulations (e.g. Fig. S12E vs. Fig. 1753 
S15A; Fig S12K vs. S15B).  In both sets of analyses, the polymorphism is stably maintained 1754 
across a much broader range of sneaker morph proportions with the paternity data fitness payoffs 1755 
than with the territory data fitness payoffs. 1756 
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Note that the ESS analysis does not take matings between males and females and segregation 1757 
of alleles in diploid organisms into account.  Also note that by relaxing the assumption of 𝑎$$ =1758 
𝑎%% = 𝑎&& = 1 it would similarly be possible to model an intrinsic fitness difference between 1759 
morphs/strategies, for example due to the energetic cost or increased exposure to predation of the 1760 
O strategy.  1761 
 1762 
  1763 
  1764 
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 1765 
Fig. S1.  Throat color phenotypes.  A.  Photos of the 24 lizards used in the study of gene 1766 
expression.  Orange-morphs are in the top row, blue-morphs in the middle row, and yellow-1767 
morphs in the bottom row.  B.  Photos of the blue-morph (left) and orange-morph (right) that 1768 
were used for constructing reference genomes. In panels A-B, the field identification code of the 1769 
lizard is in the top left corner and the genotype of the lizard at the SPR region is in the top right 1770 
corner, with OO = homozygous for the orange haplotype, BB = homozygous for the blue 1771 
haplotype, OB = heterozygous.  C.  Photo of a yellow-morph male with the blue-yellow 1772 
phenotype.  Note the light blue patch at the base of the throat and the yellow color at the sides 1773 
and upper part of the throat.  D.  The four regions of the throat where color measurements were 1774 
taken with a spectrometer.  E.  Measurements of the throat colors of 12 blue, 9 yellow, and 12 1775 
orange-morphs plotted in CIE xyz color space.  Color measurements from the lizards in panel A 1776 
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are included in this figure.  F.  Zoomed in view of the throat color data. The four yellow-morphs 1777 
with two O-haplotypes at the SPR locus are shown with numbers.  Points in E and F are colored 1778 
by their morph classification.   1779 
  1780 
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 1781 

 1782 
 1783 
Fig. S2.  Genetic similarity of 44 orange, 45 blue, and 10 yellow-morph lizards used in the 1784 
genome-wide association study.  Individual lizards are colored by their morph phenotype and 1785 
are plotted on principal component (PC) axes of the genetic variation observed amongst the 1786 
lizards.  The outlying pairs of points that are circled in red are six pairs of individuals that have 1787 
pairwise relatedness values above 0.1, many of which are outliers in multiple plots.  1788 
  1789 
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 1790 
Fig. S3.  Genetic associations with the morph phenotypes.  A.  Genetic associations for the 1791 
orange (N= 44) versus blue (N= 45) morph phenotypes with the data mapped to the orange-1792 
morph genome.  B.  Genetic associations for the orange (N= 44) versus blue (N= 45) morph 1793 
phenotypes with the data mapped to the blue-morph genome.  The scaffold with the SPR gene is 1794 
labeled.  C.  Genetic associations for the orange (N= 44) versus yellow (N = 10) morph 1795 
phenotypes with the data mapped to the orange-morph genome.  The location of the SPR gene is 1796 
shown with an arrow.  D.  Genetic associations for the blue (N= 45) versus yellow (N = 10) 1797 
morph phenotypes with the data mapped to the orange-morph genome.  The location of the Wnt 1798 
ligand secretion mediator (WLS) gene and the long interspersed nuclear element (LINE) are 1799 
shown with arrows.  In the Manhattan plots on the left, points alternate between black and gray 1800 
to highlight different scaffolds/contigs when plotting the associations of the polymorphic sites.  1801 
The red line in the Manhattan plots shows the threshold of significance based on a Dunn-Šidák 1802 
correction for multiple tests.  The qqplots on the right show the distribution of observed P-values 1803 
and whether they deviate from the expected distribution based on random chance.  The red line 1804 
in the qqplots indicates the position of a one-to-one match between the distributions.  1805 
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 1806 

 1807 
Fig. S4.  Local views of the genetic associations with morph phenotypes.  Panels A and B 1808 
show genetic associations with the orange versus blue-morph phenotypes around the SPR region. 1809 
Panels C and D show associations with the yellow-morph phenotype on Contig 12 where the 1810 
beta-carotene oxygenase 2 (BCO2) gene is located, which is associated with yellow-morphs in 1811 
(Podarcis muralis) (8).  The red line in all the Manhattan plots shows the threshold of 1812 
significance based on a Dunn-Šidák multiple-testing correction for all the sites that were tested in 1813 
the genome.  A.  Association plot of the data mapped to the orange-morph genome, with the plot 1814 
restricted to the first 2 million base pairs of contig 9, which brackets the position of the SPR 1815 
gene.  The location of the L3 element and BovB-1_DR element discussed in the Supplementary 1816 
Text is shown with an arrow.  B.  Association plot of the data mapped to the blue-morph 1817 
genome, with a view of all the associations on scaffold 2135, which contains the SPR gene.  In 1818 
panels A and B, red points highlight the SPR coding sequence and the upstream divergent region 1819 
amplified by long-range PCR.  C.  Genetic associations with the orange versus yellow-morph 1820 
phenotypes along Contig 12, with the position of the BCO2 gene highlighted in red.  D. Genetic 1821 
associations with the blue versus yellow-morph phenotypes along Contig 12, with the position of 1822 
the BCO2 gene highlighted in red.  1823 
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 1824 
 1825 
Fig. S5.  Metabolic pathways related to the SPR gene and morph phenotypes.  A.  The role 1826 
of sepiapterin reductase (SPR) in the synthesis of pteridines and tetrahydrobiopterin (BH4).  The 1827 
pathway begins with the conversion of guanosine-5'-triphosphate (GTP) into H2neopterin 1828 
triphosphate by GTP cyclohydrolase I (GTP-CH), which is the rate limiting enzyme for the 1829 
pathway.  H2neopterin triphosphate is converted to 6-pyruvoyl-H4pterin by 6-1830 
pyruvoyltetrahydropterin synthase (PTS).  SPR (highlighted in green boxes) acts upon 6-1831 
pyruvoyl-H4pterin and downstream products to catalyze the final stages of BH4 synthesis.  SPR 1832 
also acts upon sepiapterin, which is a yellow pigment. The orange pigment drosopterin is known 1833 
to form from 6-pyruvoyl-H4pterin in Drosophila by the action of pyrimidodiazepine (PDA) 1834 
synthase, but the synthesis pathway for this pigment has yet to be characterized vertebrates (36, 1835 
112).  End-product feedback regulation of the BH4 pathway is shown with gray lines.  BH4 1836 
inhibits GTP cyclohydrolase I feedback regulatory protein (GFRP), which regulates the activity 1837 
of GTP-CH.  Hypothetical enzymatic reactions are shown with dashed arrows.  Pathway 1838 
diagrams follow from (36, 106, 112, 113).  B.  Three pathways for the synthesis of 1839 
neurotransmitters and hormones that depend upon BH4.  BH4 as an essential cofactor for the 1840 
enzymes (highlighted in purple) tryptophan hydroxylase (TPH), phenylalanine hydroxylase 1841 
(PAH), tyrosine hydroxylase (TH), and nitric oxide synthase (NOS) (34, 35).  C.  The GTP 1842 
salvage pathway shows that guanine and GTP can be converted into each other (114-116).  1843 
Guanine crystals are the basis of blue coloration in many vertebrates (32, 33). Abbreviations: 1844 
phosphoribosyl diphosphate (PRPP), guanosine monophosphate (GMP), and guanosine 1845 
diphosphate (GDP).   1846 
  1847 
  1848 
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 1849 

 1850 
Fig. S6.  Alignments between regions with the SPR gene in different genomes.  A.  1851 
Alignment between the Uta stansburiana blue-morph genome scaffold with SPR and the orange-1852 
morph genome contig with SPR. The red box shows the SPR region, which includes both the 1853 
SPR coding region and the divergent region upstream of the gene.  B.  Alignment between a 1 1854 
megabase (Mb) region in the Sceloporus undulatus chromosome 5 with SPR with the orange-1855 
morph genome contig with SPR.  The red box shows the SPR coding region.  C and D.  1856 
Alignment between the Sceloporus undulatus chromosome 5 and the U. stansburiana  orange-1857 
morph contig 9 (C) and the blue-morph scaffold 2135 (D) in the local region encompassing SPR.  1858 
The purple rectangle shows the SPR coding region and the orange line shows the extent of the 1859 
upstream region to the SPR gene studied in U. stansburiana.   Black lines in all of the plots 1860 
indicate regions where the sequences between the two genomes could be aligned and whether 1861 
those regions were in the same orientation relative to one another.   1862 
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 1863 
Fig. S7.  Variation in body size among the morphs and SPR genotypes.  A.  Body size as 1864 
measured by log10 snout-vent length (SVL) in millimeters.  B.  Standardized weight as measured 1865 
by log10 weight in grams divided by log10 SVL.  Boxplots are colored by the throat color morph, 1866 
with the boxes showing the 25th and 75th percentiles, a thick line for the median, whiskers for 1867 
the minimum and maximum, and outliers as separate points.  The two different phenotypes of 1868 
yellow-morphs are shown in separate boxplots.  The sample sizes of each category are above 1869 
each boxplot. 1870 
 1871 
 1872 
 1873 
 1874 
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 1875 
 1876 
Fig. S8.  Sequence characteristics of the alignment of 48 B-haplotypes and 108 O-1877 
haplotypes. A.  The number of fixed genetic differences between the haplotypes standardized by 1878 
nucleotide diversity (π).  B.  Overview of the haplotype alignment showing positions that were: 1879 
invariant (gray), variable (black), primarily gaps (white), unique to blue/orange haplotypes 1880 
(blue/orange), and fixed differences (red).  The line above the plot shows the extent of the non-1881 
recombining region that lacked shared polymorphism between the O and B-haplotypes.  C.  1882 
Linkage disequilibrium amongst single nucleotide polymorphisms (SNPs) in the alignment.  1883 
Colors in the heatmap from yellow to red indicate low to high levels of linkage disequilibrium.  1884 
Black lines above the heatmap indicate the physical position of each of the SNPs and the light 1885 
blue triangle shows the position of exon 1 of the SPR gene.   1886 
  1887 
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 1888 
Fig. S9:  Expression of the SPR gene in different tissues. In panels A-D and panel J, boxplots 1889 
are colored by the lizard throat color morph, with the boxes showing the 25th and 75th 1890 
percentiles, a thick line for the median, whiskers for the minimum and maximum, and outliers as 1891 
separate points.  In panels E-H and panel K, points depict levels of haplotype-specific expression 1892 
within individuals heterozygous for the O and B-haplotypes, with lines connecting the data 1893 
points for the same individual, and the points/lines are colored by the morph phenotype of the 1894 
individual (i.e. a yellow or blue-morph). The P-value above a particular panel is the results of a 1895 
test for differences among genotypes (A, D) or morphs (B, C, J) or haplotypes (E, F, K) or skin 1896 
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types (G, H).  P-values within panels reflect significant differences in post-hoc tests among the 1897 
groups indicated by the lines.  A. Comparisons of the expression of SPR in colored throat skin 1898 
among lizards with different SPR-region genotypes.  All 8 orange-morphs had OO genotypes, all 1899 
8 blue-morphs had OB genotypes (coincidentally none had BB genotypes), and yellow-morphs 1900 
had 3 BB individuals, 2 OB individuals (boxplot to the right of that for blue-morphs), and 3 OO 1901 
individuals. The data is broken down by morph phenotypes in this figure to highlight the 1902 
importance of the variation in genotypes in yellow-morphs, but the test for expression 1903 
differences was only based upon the genotypes of the lizards.  B.  Comparisons among morphs in 1904 
the expression of SPR in noncolored throat skin adjacent to the main color patch.  Significant 1905 
differences were only observed if the outlying point for blue-morphs was excluded.  C. 1906 
Comparisons among morphs in the expression of SPR in the colored throat skin relative to the 1907 
noncolored throat skin.  D. Comparisons among genotypes (as in panel A) in the expression of 1908 
SPR in the colored throat skin relative to the noncolored throat skin. E and F.  Haplotype-1909 
specific expression of B versus O-haplotypes in colored (panel E) and noncolored skin (panel F).  1910 
G and H.  Comparisons of the haplotype-specific expression of the blue (panel G) and orange 1911 
haplotype (panel H) in colored versus noncolored skin. I.  Haplotype-specific expression of SPR 1912 
in colored skin plotted on to a phylogeny of the haplotypes.  The expression data is colored by 1913 
whether it came from an O or B-haplotype.  Expression data was only plotted for the seven OB 1914 
individuals that had both of their haplotypes sequenced.   J.  Comparisons among morphs in the 1915 
expression of SPR in brain.  K.  Haplotype-specific expression in the brain. 1916 
  1917 
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 1918 
Fig. S10:  Maximum likelihood phylogeny of the SPR region associated with morph 1919 
phenotypes.  Colored circles at the tips of the branches show the morph phenotype of the lizard 1920 
associated with each haplotype.  The individual identity code of the sample is provided next to 1921 



Submitted Manuscript: Confidential 
Template revised July 2024 

58 
 

each circle followed by whether it was the first or second haplotype of that individual and then 1922 
the SPR region genotype is given after the equals sign. This phylogeny includes DNA sequences 1923 
derived from individuals in the genome-wide association study and from the blue-morph used for 1924 
making a reference genome.  Red arrows highlight the position of the haplotypes from the three 1925 
anomalous blue-morphs with OO genotypes (i.e. LB363, LB364, and LB427).  1926 
  1927 
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 1928 
Fig. S11:  The predicted (left) and observed (right) correlations between the frequencies of 1929 
the morphs.  A, C, E show predictions from the 3-allele model (black) and the 2-allele model 1930 
with different proportions of yellow-morphs arising from individuals with the B-haplotype (red 1931 
lines with the yellow-morph proportion given above the line).  B, D, F show the frequencies of 1932 
the morphs for 14 years of field data (black points) and the correlations observed amongst the 1933 
frequencies (blue line with 95% confidence intervals in gray).  The red line is the two-allele 1934 
model prediction using an estimate of the proportion of yellow-morphs generated from B-1935 
haplotypes from those years of the field data (i.e. 0.64 yellow-morphs).  The P-values in the 1936 
panels are for the correlation observed in the field data.  1937 



Submitted Manuscript: Confidential 
Template revised July 2024 

60 
 

 1938 
Fig. S12:  The allele and phenotype frequencies resulting from simulations varying the 1939 
proportion of yellow-morphs in the two-allele model and beginning with different allele 1940 
starting frequencies.  For each value of the yellow-morph proportion, the proportion was fixed 1941 
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across generations.  Two different payoff matrices for the morphs were used, with panels A-F 1942 
based on male fitness estimates from paternity data (15, 19) and panels G-L based on male 1943 
fitness estimates from overlap with female territories (6, 19).  Panels A-C and G-I show the 1944 
allele frequencies observed after 100 generations.  Panels D-F and J-L show the allele 1945 
frequencies observed after 10,000 generations.  The starting allele frequency of the orange allele 1946 
is shown in bold along the left side of the graphs. 1947 
  1948 
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 1949 
Fig S13: Two-allele models in which the proportion of yellow and blue-morphs within a 1950 
generation was set to an optimal level given the frequency of the orange-morphs. The 1951 
frequencies of the two alleles (O vs. B-haplotypes) and the three phenotypes (orange, blue, and 1952 
yellow-morphs) are shown in their respective colors. Two different payoff matrices for the 1953 
morphs were used, with the pair of panels on the left based on male fitness estimates from 1954 
paternity data (15, 19) and the pair of panels on the right based on male fitness estimates from 1955 
overlap with female territories (6, 19).  The starting allele frequency of the orange allele is shown 1956 
in bold along the left side of the graphs.  Panels A-F are deterministic models whereas panels G-1957 
H are stochastic because they incorporate genetic drift with a population size of 300 individuals. 1958 
 1959 
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 1960 
Fig. S14: Two-allele models in which the proportion of yellow and blue-morphs within a 1961 
generation was set to a semi-optimal level given the frequency of the orange-morphs (A-H) 1962 
and, for comparison, the three-allele model (I-J). In the two-allele models, the optimal 1963 
proportion of blue and yellow-morphs was calculated, but was then adjusted by a constant value 1964 
(the “morph constant value” shown in bold along the left side of the graphs) to maintain a certain 1965 
proportion of one morph.  Positive values of the constant led to an increased fixed proportion of 1966 
the yellow-morph whereas negative values led to an increased fixed proportion of the blue-1967 
morph.  The frequencies of the alleles (A-H: O vs. B-haplotypes, I-J: o, b, y alleles) and the 1968 
three phenotypes (orange, blue, and yellow-morphs) are shown in their respective colors. Two 1969 
different payoff matrices for the morphs were used, with the pair of panels on the left based on 1970 
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male fitness estimates from paternity data (15, 19) and the pair of panels on the right based on 1971 
male fitness estimates from overlap with female territories (6, 19).  Note the number of 1972 
generations differs for the two-allele and three-allele models. 1973 
  1974 
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 1975 

 1976 
Fig. S15:  Game theoretical analysis of the Evolutionarily Stable Strategies (ESS) and the 1977 
evolutionarily stable states that maintain polymorphism.  Vertical black lines indicate 1978 
transition points between areas where one strategy is an ESS and where there is a stable 1979 
polymorphism. O individuals play the orange strategy and Y/B individuals play the yellow 1980 
strategy with probability 𝑝 and the blue strategy with probability 1 − 𝑝.  A.  Models 1981 
parameterized with male fitness estimates from paternity data (15, 19).  B. Models parameterized  1982 
with male fitness estimates from overlap with female territories (6, 19). 1983 
 1984 
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1985 
Fig. S16:  Maintenance of the polymorphism under different models that incorporated 1986 
genetic drift.  A.  Models parameterized with male fitness estimates from paternity data (15, 19).  1987 
B. Models parameterized  with male fitness estimates from overlap with female territories (6, 1988 
19).  The sets of graphs in A and B both show the stability at different population sizes of the 1989 
two-allele model with fixed proportions of yellow-morphs across generations (colored lines) or 1990 
optimized within a generation (gray) compared to the three-allele model (black).  Note that the 1991 
fixed proportions of yellow-morphs associated with a particular color differ between panels A 1992 
and B.  The Y-axis is the proportion of 1000 trials in which the polymorphism was maintained 1993 
for 1000 generations (panel A) and for 100 generations (panel B).  The panels on the far left 1994 
show the percentage of trials in which all alleles are maintained whereas the panels going to the 1995 
right show the percentage of trials in which the B-allele, O-allele, and Y-allele are maintained.  1996 
Note that the loss of the Y-allele is only relevant for three-allele model. 1997 
 1998 




