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POLYMORPHISM

The genetics, evolution, and 
maintenance of a biological 
rock-paper-scissors game
Ammon Corl1,2*, Alex Guzman1,2, Ke Bi1,2, Juan Manual Vazquez2, 
Lydia L. Smith1,2, Pauline Blaimont3,4, Regina Spranger3,5,  
Robert D. Cooper6, Donald Miles7, Amy Goldberg8, Jian Gao9, 
Xueyan Xiang10,11, Yang Zhou11, Qiye Li9,10,11, Guojie Zhang12,  
Peter H. Sudmant2, Rauri C. K. Bowie1,2, Jimmy A. McGuire1,2,  
Barry Sinervo3†, Rasmus Nielsen2,13,14

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

Phenotypic differences within species allow adaption to novel envi-
ronments and the formation of new species, so it is important to 
understand the factors that generate and maintain this variability 
(1–5). Species can exhibit distinct morphs that differ across multiple 
traits, such as coloration and behavior (2, 6–11). Understanding how 
morphs coexist within a population can reveal the selective forces 
that maintain variation within species (6, 12, 13). Balancing selection 
on morphs has been investigated for decades in a population of side-
blotched lizards (Uta stansburiana) where three color morphs are ob
served, each associated with a distinct male mating strategy (Fig. 1A 
and fig. S1). The competitive dynamics among these morphs were 
the first known example of a biological rock-paper-scissors game (6). 
Orange-throated males can dominate blue males and control large 
territories with many females because of their greater testosterone 
levels and endurance (14, 15). Blue-throated males guard females to 
reduce extrapair paternity, giving them an advantage over yellow-
throated males that obtain most of their reproductive success through 
extrapair matings (15). Yellow-throated males do not defend a terri-
tory but rather sneak onto other males’ territories to obtain mates, 
which works well in the large territories of orange males (6, 15). Each 
morph has high fitness when one competitor morph is common and 
low fitness when the third competitor is common, and morph fre-
quencies cycle over time (6, 16, 17). Research on side-blotched lizards 
has been influential for understanding how polymorphic strategies 
are maintained (6, 17–19) and how morphs can differ across a suite 

of traits including coloration, behavior, hormone levels, and brain 
morphology (6, 14, 15, 20–22).

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

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

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

We assembled two genomes, one for an orange morph and one for 
a blue morph. We then performed a genome-wide association study 
with 44 orange morphs and 45 blue morphs chosen from a single 
population for their distinctive phenotypes. No genome-wide differ-
entiation was detected between the morphs (fig. S2). Instead, a single 
genetic region was highly associated with the orange versus blue morph 
phenotype for both reference genomes (Fig. 1B and figs. S3, A and B, 
and S4, A and B). The strongest associations [minimum P value (Pmin) = 
7 × 10−19] were located upstream of the gene for sepiapterin reductase 
(SPR). Only weak associations were observed in the SPR coding region 
(Pmin = 0.003) (29). The SPR gene is involved in two pathways relevant 
to the morph phenotypes (fig. S5). First, SPR helps synthesize tetrahydro-
biopterin, which is an essential cofactor for the enzymes that synthesize 
dopamine, adrenaline, noradrenaline, melatonin, and serotonin (34, 35). 
Second, SPR is part of the pathway for synthesizing pteridine pigments 
(36), and an orange drosopterin pteridine pigment has been found in 
throat skin of orange morphs but not in blue morphs (20). Also, structural 
variation upstream of SPR was associated with orange and white morphs 
in the distantly related European common wall lizard (Podarcis muralis) 
(8). The dual role of SPR could therefore allow a color signal to be coupled 
with differences in hormones or neurotransmitter levels that affect 
behavior (fig. S5) (29).
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High levels of sequence divergence were observed between the two 
genomes in the associated region upstream of SPR (Fig. 1C). Each 
genome had large regions of sequence not found in the other genome, 
with most of the genome-specific DNA resulting from the insertion of 
long interspersed nuclear element (LINE) transposable elements 
(TEs), primarily L2 and RTE-BovB elements (Fig. 1C). The orange and 
blue morph genome sequences were colinear at both a broad (fig. S6A) 
and local (Fig. 1D) level around the region of top association, which 
showed that the morph phenotypes were not associated with a genetic 

inversion. The U. stansburiana contiguous DNA sequence (contig) with 
SPR was broadly colinear with chromosome 5 of the eastern fence lizard 
(Sceloporus undulatus) (fig. S6B), but little homology was observed to 
the upstream region in the orange and blue genomes, indicating that 
both associated regions were highly divergent (fig. S6, C and D).

We further investigated the genetic basis of the color morphs by 
genotyping 44 orange, 45 blue, and 20 yellow morphs for the two di-
vergent haplotypes observed at the SPR-associated region, which we 
refer to as the orange (O) and blue (B) haplotypes. The genotypes were 
based on haplotype data obtained from PacBio sequencing of long-
range polymerase chain reactions (PCRs) of the SPR region and from 
Illumina short-read data that could establish the presence or absence 
of the divergent haplotypes. All orange morphs (44/44) had two O 
haplotypes (OO) whereas blue morphs typically (42/45) had at least 
one B haplotype (OB or BB, Fig. 1E). The overall pattern suggests a 
simple genetic basis in which orange morphs are homozygous for the 
O haplotype and blue morphs have a B haplotype that is dominant to 
the O haplotype. There were three OO blue morphs, which could in-
dicate a more complex genetic basis, but all blue morphs with photos 
had a B haplotype, so the anomalous samples could reflect a field 
categorization error (29). Yellow morphs have been categorized as 
having two different phenotypes (31, 37), with some having all-yellow 
throats and others having yellow over most of their throats except 
for a light-blue patch at the base of the throat (“blue-yellow” pheno-
type, fig. S1C). All blue-yellow males had at least one B haplotype 
(10/10, Fig. 1E). The majority of all-yellow males had at least one B 
haplotype (6/10), but some individuals had two O haplotypes (4/10). 
These OO yellow morphs were smaller than other males (fig. S7), so 
their yellow coloration could be a transient phase of their color devel-
opment (29). Most yellow morphs have blue-yellow phenotypes (pro-
portion over 23 years of field data = 77% blue-yellow), so if the genotype 
proportions that we observed are representative (i.e., 100% blue-
yellow + 60% all-yellow morphs), this would mean that roughly 91% 
of yellow morphs have at least one B haplotype. Therefore, the vast 
majority of yellow morphs have a B haplotype and are genetically 
similar to blue morphs.

Long-term balancing selection is expected to maintain high levels 
of genetic diversity. To study this, we first characterized variation 
among 48 B haplotypes and 108 O haplotypes. There were large regions 
of haplotype-specific DNA (Fig. 2A), and many additional alignable 
nucleotides were fixed between haplotypes (Fig. 2B and fig. S8A). Most 
of these fixed differences were in a region that had high linkage dis-
equilibrium (fig. S8C) and lacked shared polymorphisms between the 
haplotypes (Fig. 2B), suggesting an absence of recombination between 
the haplotypes. This nonrecombining region contained the variants 
with the highest association to morph phenotypes and also TE inser-
tions that were fixed in each haplotype (i.e., all TEs in the blue-only 
regions and the intervening orange-only region; Figs. 1C and 2A). 
Levels of nucleotide diversity measured across all haplotypes peaked 
within and directly adjacent to the nonrecombining region (Fig. 2C), 
which is consistent with it being under balancing selection. B haplo-
types had less genetic variation than O haplotypes, suggestive of a 
recent selective sweep on the B haplotype. We next compared the 
nucleotide diversity of the SPR region (excluding haplotype-specific 
DNA) with estimates of nucleotide diversity from across the rest of the 
genome. The SPR region had substantially elevated nucleotide diversity 
(π = 0.0490, Fig. 2D) compared with other genomic regions (mean = 
0.0046, min = 0.0002, max = 0.0175).

The strong association between morph phenotypes and the upstream 
region of SPR suggests that regulatory changes likely generate morph 
phenotypes. Therefore, we investigated whether the morphs differed in 
expression of the SPR gene (Fig. 2E and fig. S9) (29). The morphs had sig
nificant differences in SPR expression in colored throat skin [Fig. 2E, co
efficient of determination (R2) = 0.30, F2,21 = 6.0, P = 0.0087]. Blue morphs 
had higher expression than orange morphs (Fig. 2E, P = 0.0062), but 
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Fig. 1.  Morph phenotypes and associated genetic region. (A) (Left to right): Color 
phenotypes of the orange, blue, and yellow morphs. (B) Genetic associations with 
orange versus blue morph phenotypes. The red line indicates the multiple-testing 
correction threshold. (C) Alignment of the blue and orange morph genomes in the 
associated region (bottom two rows), showing identical positions (gray), differences 
(black), and gaps (horizontal lines). The row labeled “Regions” above shows the SPR 
coding region (yellow), alignable sequences between genomes (green), and 
sequences restricted to the blue genome (blue) and orange genome (orange). The top 
row shows transposable elements (TEs) colored by the repetitive element family, with 
the class of TE given before the family name. The arrows indicate top associated 
positions (red) and primer locations for long-range PCR (black). (D) Alignment of the 
orange and blue morph genomes at the SPR coding region (purple) and divergent 
region upstream of SPR (orange). (E) Morph genotypes for the O and B haplotype.
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no significant differences were observed in the other two morph com-
parisons unless a single outlying yellow morph data point was ex-
cluded, in which case the difference between blue and yellow morphs 
was also significant (P = 0.0221). SPR expression levels were even 
better explained by a model that took SPR-region genotypes into ac-
count [fig. S9A; R2 = 0.36, F2,21 = 7.5, P = 0.0035], because the geno-
types helped explain variation among yellow morphs, with individuals 
with a B haplotype having higher expression than OO individuals (e.g., 
the outlying yellow morph was BB). Compared with orange morphs, 
blue morphs and individuals with a B haplotype had increased expres-
sion of SPR in colored skin relative to noncolored skin (fig. S9, C and 
D), and therefore heightened levels of SPR accompany the forma-
tion of blue coloration (fig. S5) (29). B haplotypes were expressed at 
higher levels than O haplotypes in individuals heterozygous for both 
haplotypes (Fig. 2F and fig. S9, E and F, and K). This haplotype-specific 

expression supports a cis-regulatory mechanism (38), which is strong 
evidence that the O and B haplotypes differentially regulate the expres-
sion of SPR.

We inferred a phylogeny for multiple O and B haplotypes to reveal 
the evolutionary history of the SPR region and to examine whether 
there were any subtypes of either haplotype that were associated with 
different phenotypes. The two haplotypes were deeply divergent from 
each other (Fig. 2G and fig. S10), as expected under long-term balanc-
ing selection (5). There was no evidence that genetic differences among 
O haplotypes result in different phenotypes, because the O haplotypes 
found in heterozygous blue morph individuals and the three anoma-
lous OO blue morphs did not form distinct phylogenetic clusters from 
O haplotypes in orange morphs. Instead, the blue and orange morphs 
were only distinguished by the presence or absence of the B haplotype, 
which is dominant to any O haplotype in generating blue morph 
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phenotypes. Notably, we also found that the haplotypes from yellow 
morphs did not form a distinct genetic cluster within either the O or 
B haplotypes. This observation rejects the hypothesized three-allele 
model, which requires a third genetic group that differentiates yellow 
morphs from the other two morphs.

A new model for the genetics of the polymorphism and the develop-
ment of the yellow morph phenotype was needed. We hypothesized 
that the yellow morph phenotype arises from developmental pheno-
typic plasticity, wherein lizards with a B haplotype that are unable to 
acquire a territory express yellow coloration and adopt a sneaker strat-
egy but express blue coloration if they acquire and defend a territory. 
This two-allele model with plasticity was supported in several ways 
(29). First, prior field observations and experiments have noted that 
some yellow morphs can irreversibly transform to a blue morph phe-
notype late in the breeding season, typically coincident with the open-
ing of a territory (14, 21). Second, blue and yellow morphs have similar 

SPR genotypes (Fig. 1E) and are not distinguished by a distinct type 
of O or B haplotype (Fig. 2G), and thus both morphs can arise from the 
same genetic background at SPR. Third, yellow morphs could poten-
tially arise from variation at other genes than SPR, but genome-wide 
association tests with yellow morphs failed to reveal any additional 
candidate genes (fig. S3, C and D), including the BCO2 gene (fig. S4, 
C and D) that gives rise to yellow morphs in P. muralis (8), which 
makes a multilocus model unlikely. Fourth, we compared the predic-
tions of the two- and three-allele models to 14 years of field surveys of 
the polymorphism. The two-allele model predicts a positive correlation 
in the frequency of the blue and yellow morphs within a year because 
they share the same genetic basis, but it predicts a highly negative 
correlation between these morphs and orange morphs (Fig. 3A and 
fig. S11). By contrast, the three-allele model predicts a weak negative 
correlation among all morphs because an increase in the frequency of 
one allele necessitates a decrease in the frequency of the other alleles. 
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The field data clearly matched the predictions of the two-allele model 
with plasticity because it showed a positive correlation between the 
frequencies of the blue and yellow morphs (Fig. 3B, F1,12 = 5.92, P = 0.032) 
and highly negative correlations between the frequencies of these 
morphs and the frequency of orange morphs (Fig. 3B, F1,12 = 18.10, 
P = 0.001; and fig. S11).

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

The deterministic models showed that two alleles can be maintained 
by frequency-dependent selection in the form of a rock-paper-scissors 
game with the plastic generation of two phenotypic strategies (Fig. 3, 
C to E, and figs. S12 to S14). The two alleles were maintained across a 
wide range of possible proportions of the yellow sneaker morph, but 
the system was dominated by the orange allele when the yellow morph 
proportion was at low values (Fig. 3D and fig. S12), which shows that 
a minimum proportion of yellow morphs is necessary for the polymor-
phism to exist. The population genetic models (figs. S12 and S13) and 
a game theoretical analysis (fig. S15) (29) both showed that there are 
many yellow morph proportions in which a rare orange or rare blue 
+ yellow allele can invade a population of the opposite type and lead 
to a stably maintained polymorphism. A rock-paper-scissors game 
based on asexual, fixed strategies exhibits frequency oscillations 
(39, 40), and morph frequency cycles have been observed in side-
blotched lizards (6, 19). Some versions of our two-allele model did 
exhibit frequency cycles (Fig. 3E and figs. S13H and S14, B and D). The 
six-generation cycles observed in one version of the two-allele model 
(Fig. 3E) are more similar to the 5-year cycles observed in nature (6, 19) 
than the 44-generation cycles of the three-allele model (fig. S14J). 
Additional factors such as density-dependent selection on the color 
morphs in females (41) or climatic effects on morph frequencies (17) 
could also play a role in generating cycles.

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

Discussion
Our study provides important insights into the genetic basis and evolu-
tion of polymorphic phenotypes. First, complex morph phenotypes 
need not arise from a supergene. Side-blotched lizard morphs do 
not arise from a chromosomal inversion that links coloration and 

behavioral genes but instead from variation at a single gene that could 
couple differences in hormones or neurotransmitters with distinct 
throat colors through pleiotropy. Although supergenes are a common 
mechanism for the origin of morphs (7, 9, 10, 23), our results and 
similar observations in other polymorphic species (11, 24) suggest that 
pleiotropic effects of key regulatory genes are sufficient for generating 
distinct morph phenotypes. Second, convergent genetic evolution 
among distantly related species can generate color morphs, as 
demonstrated by SPR being associated with polymorphism in both 
U. stansburiana and P. muralis (8), which diverged ~179 million years 
ago (44). Studies of birds suggest that morphs often arise from differ-
ent genes (7, 10, 11, 23), but our results and studies of butterflies 
(45, 46) suggest that certain genes may be repeatedly co-opted to 
generate color morphs.

Our results also broaden our understanding of how multiple behav-
ioral strategies are maintained within a population. Our models dem-
onstrate that the maintenance of genetic diversity by a rock-paper-scissors 
game does not require that all the strategies are genetically determined 
and that the stability of the system is enhanced by having plastic strate-
gies. Phylogeographic study of the side-blotched lizard morphs showed 
that although the polymorphism has been lost eight times, the color 
morphs are geographically widespread and have been maintained for 
millions of years (5), which is consistent with the system being highly 
stable. Examples of rock-paper-scissors dynamics in other species re-
main rare (47–50), and theory suggests that three genetically determined 
strategies will often exhibit unstable dynamics (51). However, our find-
ings expand the potential for the rock-paper-scissors game to maintain 
biodiversity by recognizing that plastic strategies can be part of the 
game and can promote its stability. There are many species with three 
male mating strategies that involve a degree of plasticity (25–28), and 
the side-blotched lizard polymorphism was initially contrasted to two 
such species (52). We revealed that side-blotched lizard morphs have more 
in common with species that have plastic strategies than was formerly 
recognized. Therefore, the maintenance of polymorphism through a 
rock-paper-scissors game may apply to a much broader array of species 
than was previously envisioned.

Plasticity could not only help maintain morphs, but it could also 
facilitate the evolution of biological rock-paper-scissors games. A ge-
netically determined rock-paper-scissors game requires at least two 
mutations to generate three strategies, but sequential evolution of 
these mutations would be difficult because only two strategies in a 
population would be unstable (e.g., the evolution of paper in a popula-
tion of rock would lead to the loss of rock). This difficulty is removed 
if two strategies arise from the same genetic background because of 
plasticity, which might easily occur if behavioral differences accom-
pany morphological changes during development or if there are con-
ditional strategies (1, 28). Plastic strategies can be maintained even 
with unequal fitness if they are conditionally expressed and increase 
the fitness of individuals in that condition (1, 28) (e.g., sneaker males 
may have lower fitness than territorial males, but if a male lacks a 
territory, sneaking is better than zero fitness). Rock-paper-scissors 
games could thus evolve either in a plastically dimorphic population 
if a new mutation generates a third fixed strategy (fig. S12, F and L, 
and fig. S15) or in a monomorphic population if a new mutation gener-
ates two additional strategies through plasticity (fig. S12, D and J, and 
fig. S15). Thus, plasticity facilitates the simultaneous generation of the 
three strategies needed for a rock-paper-scissors game, and there-
fore plastic phenotypes should be integral to many additional biologi-
cal examples of this game.
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Editor’s summary
Many animal species exhibit different physical characteristics between individuals, especially when it comes to males.
Lizards are particularly interesting examples, because many species have multiple versions of males. Studying these
species can inform understanding of how such polymorphism evolves and operates. Uller et al. found that a recently
emerged white throated morph of European wall lizards was highly preferred over an earlier three-color system, which
has led to disruption of a million-year balance across the morphs (see the Perspective by Gopalan and Castoe). In
related work on side-blotched lizards in the United States, Corl et al. found that a well-known morphological triad of
males was generated by a two-allele system, with phenotypic plasticity at one of the alleles and a rock-paper-scissors
dynamic. —Sacha Vignieri
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