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Abstract

Color polymorphic species can offer exceptional insight into the ecology and genetics of 

adaptation. Although the genetic architecture of animal coloration is diverse, many color 

polymorphisms are associated with large structural variants and maintained by biotic interactions. 

Grasshoppers are notably polymorphic in both color and karyotype, making them excellent 

models for understanding the ecological drivers and genetic underpinnings of color variation. 

Banded and uniform morphs of the desert clicker grasshopper (Ligurotettix coquilletti) are found 

across the western deserts of North America. To address the hypothesis that predation maintains 

local color polymorphism and shapes regional crypsis variation, we surveyed morph frequencies 

and tested for covariation with two predation environments. Morphs coexisted at intermediate 

frequencies at most sites, consistent with local balancing selection. Morph frequencies covaried 

with the appearance of desert substrate – an environment used only by females – suggesting 

that ground-foraging predators are major agents of selection on crypsis. We next addressed the 

hypothesized link between morph variation and genome structure. To do so, we designed an 

approach for detecting inversions and indels using only RADseq data. The banded morph was 

perfectly correlated with a large putative indel. Remarkably, indel dominance differed among 

populations, a rare example of dominance evolution in nature.
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INTRODUCTION

Animal coloration has manifold ecological roles with profound effects on fitness (Caro 

2005). Therefore, species with variable coloration provide excellent windows into the 

ecological drivers and genetic basis of adaptation. Although the study of animal color 

dates to the founding of evolutionary biology (Darwin 1859; Wallace 1877), color 

polymorphic species continue to yield new insight into general evolutionary processes 

(Gray and McKinnon 2007; Forsman et al. 2008; Svensson 2017; Orteu and Jiggins 

2020). Crypsis polymorphisms (the coexistence of discrete camouflage morphs) have been 

particularly important in illuminating how natural selection maintains adaptive genetic 

variation within populations (balancing selection sensu lato). One possibility is selection 

in the face of maladaptive gene flow (migration-selection balance), which can operate 

both regionally (e.g., Hoekstra et al. 2004; Rosenblum 2006) and locally (i.e. Levene’s 

model of spatially varying selection (1953); Sandoval 1994b). Other local processes include 

negative frequency-dependent selection – which can arise from a variety of processes 

including predator foraging behavior (Bond 2007) – and sexually antagonistic selection 

driven by contrasting fitness consequences of color morph between sexes (Forsman 1995; 

Bonduriansky and Chenoweth 2009).

While the adaptive value of coloration may appear self-evident, it should not be assumed 

(Jones et al. 1977). Correlations between an organism’s phenotype and its environment 

can provide preliminary evidence that natural selection may act on color polymorphism 

(Endler 1977, 1986) and point to processes that might maintain phenotypic diversity. If 

most populations are nearly monomorphic, this suggests that maladaptive gene flow or 

recurrent mutation oppose local adaptation (e.g., King and Lawson 1995; Hoekstra et al. 

2004). If instead most populations have intermediate morph frequencies, local processes 

such as negative frequency dependence (Reid 1987; Svensson et al. 2005; Nosil et al. 2018) 

or fine-scale spatially varying selection (Dieker et al. 2018) are implicated. Covariation of 

morph frequencies and environmental variables suggest the local environment determines 

the polymorphic equilibrium (Svensson et al. 2020), and the particular variables correlated 

to morph frequencies can identify plausible selective agents. Thus, phenotype-environment 

associations can generate adaptive hypotheses to be tested in the field with natural 

populations (e.g., Sandoval 1994a) or artificial models (e.g., Vignieri et al. 2010)

While classic studies revealed that color polymorphisms are often Mendelian traits, recent 

work has shown that similar inheritance patterns can belie a diversity of genetic bases 

(San-Jose and Roulin 2017; Orteu and Jiggins 2020). Coding SNPs (Theron et al. 2001; 

Nachman et al. 2003; Mundy et al. 2004; Rosenblum et al. 2004; Cooke et al. 2017), 

transposable element insertions (van t’Hof et al. 2016; Woronik et al. 2019), and cis-

regulatory polymorphisms (Lewis et al. 2019; Tian et al. 2019) have all been implicated 

in within-species color variation.
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Notably, color polymorphisms are often associated with structural variants, including 

chromosomal inversions and large insertions or deletions (indels) (Wellenreuther and 

Bernatchez 2018). By locking alternative allele combinations into non-recombining 

haplotypes, inversions can create “supergenes” with simple inheritance but potentially 

complex phenotypic effects (Thompson and Jiggins 2014). Inversions have been associated 

with polymorphic mimicry in butterflies (Joron et al. 2011; Kunte et al. 2014; Nishikawa et 

al. 2015), plumage variation in birds (Thomas et al. 2008; Küpper et al. 2015; Lamichhaney 

et al. 2015; Tuttle et al. 2016), and crypsis in stick insects (Lindtke et al. 2017). Indels 

have also been linked to color variation, although in fewer taxa (e.g., Gallant et al. 2014). 

A green-brown polymorphism in Timema stick insects was recently mapped to a ~5 Mb 

deletion that spans loci underlying continuous color variation in related species (Villoutreix 

et al. 2020). Analogous to an inversion, a large indel can therefore convert a polygenic trait 

into a discrete polymorphism (Gutiérrez-Valencia et al. 2021).

Irrespective of color variation’s genetic basis, the dynamics of selection depend upon allelic 

dominance at causative loci (Manceau et al. 2010; Rosenblum et al. 2010; Nuismer et al. 

2012; Laurent et al. 2016; Llaurens et al. 2017). The visibility of each allele to natural 

selection affects the probability of stochastic loss, the rate of phenotypic change, and 

the equilibrium allele frequencies under an array of selective regimes (Charlesworth and 

Charlesworth 2010). Characterizing allelic dominance is therefore essential to understanding 

adaptation in natural populations. In light of dominance’s pervasive effect on adaptive 

evolution, there has been long-standing interest in whether dominance itself evolves, and 

if so, how (Fisher 1928a,b; Wright 1929, 1934; Haldane 1930). Theory that demonstrates 

the potential for dominance evolution has been elaborated (reviewed in Porteous 1996; 

Mayo and Bürger 1997; Bourguet 1999; Bagheri 2006) but there remain few examples of 

dominance evolution in the field.

Grasshoppers and their relatives (Orthoptera, infraorder Acrididea) are important models 

in both evolutionary ecology and genetics (Haldane 1920; Nabours et al. 1933; Fisher 

1939; White 1973). Like other orthopterans, grasshoppers are notable for the extent of 

polymorphism in both color (Rowell 1972; Dearn 1990) and karyotype (White 1973; Bidau 

and Martí 2010). They are therefore an excellent group with which to study the links 

among balancing selection, color polymorphism, and structural variation. The desert clicker 

(Acrididae: Ligurotettix coquilletti) is a cryptic grasshopper that is ubiquitous throughout 

the Sonoran, Mojave, and Peninsular Deserts, with isolated populations in the Great Basin 

(Fig 1A). Two discrete color morphs occur in both sexes (McNeill 1897; Rehn 1923): a 

uniform morph with relatively homogeneous color, and a banded morph with contrasting 

light and dark bands along the body axis (Fig 1B). Although both morphs sometimes 

cooccur (Rehn 1923; Chapman 1991), their geographic distributions and frequencies have 

not been surveyed.

The life history of desert clickers is tightly associated with their host plants. Most 

populations are found on creosote bush (Zygophyllaceae: Larrea tridentata), although 

saltbrush (Chenopodiaceae: Atriplex spp.) and greasewood (Sarcobataceae: Sarcobatus 
vermiculatus) are the primary host plants in the Great Basin. After hatching from an egg 

embedded in desert substrate, males quickly move to a host plant and virtually never return 
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to the ground (Wang and Greenfield 1994; Fig 1C): “It is as truly bush-loving as any acridid 

of my acquaintance…” (Rehn 1923). Males call insistently from plant stems (Fig 1D) for 

up to 16 hours per day (Greenfield 1992), the sound and movement of which may expose 

their position to predators. Robber flies (Diptera: Asilidae), spiders, mantids, Capnobotes 
spp. katydids, and lizards (Uta spp. and Cnemidophorus spp.) prey upon desert clickers on 

host plants, and cactus wrens (Campylorhynchus brunneicapillus) are also likely predators 

(M. Greenfield, pers. comm.). Females also perch, evaluate mates, and copulate within 

host plants throughout most of the day. However, adult females also descend to the desert 

substrate for 3–4 hours spanning dawn (Wang 1990, cited in Greenfield 1992, Fig 1E). A 

portion of this time is spent ovipositing, during which females are immobilized for up to 45 

minutes (Wang and Greenfield 1994). Many desert vertebrates are most active at dawn (e.g., 

Ricklefs and Hainsworth 1968; Baumgardner et al. 1980; Huey 1982). Therefore, females 

may be particularly vulnerable to predation during oviposition. Whether predators select for 

different color morphs on stem vs. substrate – and whether such selection varies across the 

species’ range – is unknown.

Here we report results of our study on the ecological and genetic basis of crypsis 

polymorphism in desert clickers. We first addressed the hypothesis that balancing selection 

maintains adaptive color variation within populations. To do so, we first collected desert 

clickers across the entire species’ range and estimated morph frequencies at 20 focal 

sites. We then tested for correlations between morph frequencies and variation in two 

predation environments (plant stems and desert substrate). With these correlations we 

identified processes that may maintain polymorphism within populations and underlie 

morph frequency differences among populations.

Second, we hypothesized that color variation in desert clickers is associated with large-

scale structural variation. As grasshoppers are non-model taxa with large and repetitive 

genomes (Wang et al. 2014; Verlinden et al. 2020), we lacked the resources to exhaustively 

describe structural variants (Ho et al. 2020). Instead, we designed and implemented a new 

approach to detect structural variants that distinguish two phenotypic classes using only 

RADseq data. In parallel, we performed an FST outlier scan to identify loci associated 

with color morph. With results of these phenotype-genotype correlations we characterized 

dominance relationships of morph-associated loci and tested for molecular genetic evidence 

of balancing selection.

METHODS

Survey of grasshopper phenotypes and environmental variation

Phenotype survey—To estimate the frequency of desert clicker morphs across 

populations, we surveyed 20 sites in Arizona, California, and Nevada in August–September, 

2018 (Fig S1.1, Table S1.1). At each site we collected grasshoppers (N = 312, range: 4–25 

per site) and noted the color morph of individuals that we observed but did not capture (N = 

165; range: 0–24 per site) for a total of 488 phenotype observations (range: 4–48 per site). 

We further analyzed the 19 sites with ≥ 10 observations.
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Photography—We photographed live, chill-immobilized grasshoppers in lateral view to 

record phenotypes. From each site we also collected and photographed six 15-cm stem 

segments (three 6 mm in diameter and three 12 mm in diameter) from each of ten host 

plants (typically creosote bush, but saltbrush and greasewood at one site each; see Fig S1.1). 

These stem sizes span the typical size range of stems where desert clickers perch. We 

photographed bare substrate 1.5m away from host plants to capture the visual environment 

where females are likely to oviposit (Wang and Greenfield 1994; range = 9–14 host plants 

per site, median = 11). Additional details of photographic methods are in Supporting 

Information 1.

Image processing—We analyzed grasshopper phenotypes using body regions that would 

be visible in a resting pose. Specifically, we included the head, thorax, and femur, but 

excluded transparent wings because these transmitted the background color. We manually 

isolated stem images from their background and removed portions of the image that reflect 

damage from processing (e.g., bare wood at clipped ends of stem). Ground images were 

cropped to 15 cm2.

We used the Mica Toolbox v1.22 (Troscianko and Stevens 2015) in ImageJ (Abràmoff et 

al. 2004) to color-correct and rescale images, select regions of interest, and calculate image 

luminance under a model of human vision. While this measure of luminance does not 

include UV (which may be visible to avian predators) or model predator visual acuity (as 

in van den Berg et al. 2020), it provided a useful approximation of ecologically relevant 

luminance variation in grasshoppers and their environment.

Pattern quantification—We used fast Fourier transformation and bandpass filtering 

(Stoddard and Stevens 2010) to summarize patterning in grasshoppers and their 

environment. This approach quantifies the magnitude of luminance variation (“pattern 

energy”) that occurs over a range of discrete spatial scales, which can then be summarized 

in a pattern energy spectrum (Troscianko and Stevens 2015). Pattern energy at small spatial 

scales corresponds to fine-scale contrast (e.g., speckling), while higher scales correspond 

to larger contrasting features (e.g., blotches, heterogeneous gravel). We considered spatial 

scales from 0.12 —19.69 mm (bounded on the low end by camera sensor / lens combination 

and on the high end by grasshopper body size), with a multiplicative step size of 2⅓. We 

used the resulting pattern energy spectra to summarize pattern variation in substrate and 

stem samples using principal components analysis (PCA) in R v3.6.1 (R Core Team 2019)

Phenotype-environment correlations—We fit binomial generalized linear models 

(GLMs) to determine if geographic variation in morph frequencies was correlated with stem 

and/or ground patterning (summarized as mean PC scores for each site). We inferred the 

significance of model terms with likelihood-ratio χ2 tests with the Anova() function in the 

car package (Fox and Weisberg 2019) and estimated model r2 as in (Zhang 2017) with the 

rsq package (Zhang 2018) in R. For all models we considered the main effects of PCs that 

cumulatively accounted for ≥ 80% of pattern variation (PC1 and PC2 for substrate, PC1 for 

stems) and two-way interactions. We scaled PC scores (mean = 0, s.d. = 1) prior to analysis 

to facilitate interpretation.
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DNA sequencing and RAD assembly

Collections—We performed genetic analyses with 530 desert clickers collected across the 

species’ range from 2015—2018, of which 500 were scored for color morph phenotype (Fig 

2). Of these, 298 individuals were used in analyses of phenotype-environment correlations 

and another 13 had photo vouchers. Color morphs for all individuals were subjectively 

scored by one of us (TKO) based upon vouchers and/or preserved specimens. In practice, 

banded morphs were recognized by a lighter band of cuticle at the posterior margin of the 

pronotum, though the prominence of this band varied among individuals (see Results). We 

also collected four congeners (L. planum) from eastern Arizona and Mexico to serve as 

outgroups in evolutionary analyses. All specimens were stored in 100% ethanol and stored 

at −20°C until DNA extraction. Further collection and DNA extraction details in Supporting 

Information 1.

RADcap sequencing—We used reduced-representation sequencing to begin to study the 

genetic basis of color polymorphism. RADcap (Hoffberg et al. 2016) sequencing pairs a 

double-digest RAD library preparation (3RAD, Bayona-Vásquez et al., 2019) with sequence 

capture for economical, repeatable, and high-throughput genotyping. This approach was 

attractive for our system given the size of grasshopper genomes (~6–16 Gb, Gregory 

2020) and the large number of samples in our dataset. We designed custom sequence 

capture baits targeting 10,097 loci identified from pilot double-digest RAD sequencing 

(Supporting Information 1). To reduce project cost, we combined desert clicker baits 

with 29,903 baits targeting RAD loci in three other species (two orthopteroid insects and 

one plant) and ordered them as a single pool from Arbor Biosciences (myBaits Custom 

kit). Although desert clicker baits were at ~0.25× concentration relative to manufacturer’s 

recommendations, RADseq libraries captured with 0.2× baits can perform as well as those 

captured with 1× baits (Ali et al. 2016).

We prepared 3RAD libraries as in Bayona-Vásquez et al. (2019) and performed 

sequence capture following manufacturer’s instructions, with minor adjustments (Supporting 

Information 1). We sequenced libraries across portions of two Illumina HiSeq 4000 lanes at 

the Vincent G. Coates Sequencing Laboratory at UC Berkeley.

RAD assembly—To generate artificial reference sequences for read mapping (“radnome” 

of Hoffberg et al. 2016), we found the consensus sequence of each target locus in our 

pilot double-digest RADseq (ddRAD) data. We then performed paired-end reference-based 

RAD assembly with ipyrad v.0.9.57 (Eaton and Overcast 2020). Assembly parameters 

were set to default except: restriction_overhang = TAATT, ATGCA; datatype = pair3rad; 

filter_adapters = 1; filter_min_trim_len = 80; max_SNPs_locus = 0.75; max_indels_locus = 

10; max_shared_Hs_locus = 0.75. We output the assembly in .vcf format and used vcftools 

v0.1.15 (Danecek et al. 2011) to retain only biallelic SNPs with minor allele count ≥ 3 

(Linck and Battey 2019).

The paired-end RAD assembly pipeline implemented in ipyrad required that R1 and R2 

reads both map to a reference sequence. Cut-site polymorphisms that caused one read to 

go unmapped therefore resulted in missing data across an entire locus, even if the second 

O’Connor et al. Page 6

Evolution. Author manuscript; available in PMC 2022 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



read contained informative data. We reduced missingness by generating separate R1 and R2 

assemblies, then, for each locus, retaining data from the more complete assembly. Sequence-

based analyses used this optimized single-end assembly (length of assembled loci: 92 bp), 

while analyses of locus genotyping rates used both R1 and R2 assemblies to determine locus 

presence / absence in our dataset.

Detecting structural variants with RADseq data

Recent insights into structural variation have been enabled by whole-genome resequencing 

and an evolving toolkit for structural variant detection (Alkan et al. 2011; Ho et al. 2020). 

While the resources to exhaustively characterize structural variants are becoming more 

attainable, most researchers of non-model species – especially those with large genomes – 

are still limited to reduced-representation sequencing approaches (e.g., variants of RADseq, 

Andrews et al. 2016). This technical and financial hurdle has limited the study of structural 

variants and their phenotypic consequences in non-model species.

We reasoned that large structural variants should leave distinctive signatures in RADseq 

data, allowing us to detect and characterize inversions and/or indels that differ between 

morphs even without a reference genome (Fig 3). We specifically considered the effect of 

inversions and indels on genotyping rates and genotype-phenotype associations.

Assuming a collinear genome and random mating between morphs, each morph should be 

equally susceptible to the causes of missingness in RADseq datasets (e.g., restriction-site 

polymorphisms, insufficient sequencing coverage, or imperfect sequence capture design 

(Andrews et al. 2016; Hoffberg et al. 2016)). We therefore expect RAD loci to be genotyped 

at equal rates in each morph even if genotyping success is variable among loci. Mean FST 

between morphs should be approximately zero across the genome, with the exception of 

loci linked to variants underlying color morph (Lewontin and Krakauer 1973). However, the 

power to detect genotype-phenotype associations with FST outlier scans of sparsely sampled 

markers is low (Lowry et al. 2017).

Suppressed recombination within a chromosomal inversion (Fig 3A) allows each haplotype 

to fix alternative polymorphisms and accumulate novel mutations (Kirkpatrick 2010). 

Because inverted haplotypes can gain or lose restriction sites independently, each should 

have an exclusive set of RAD loci in addition to the loci that they share due to common 

ancestry. A subset of loci that are genotyped at drastically different rates in each morph 

can therefore reveal the presence of inversions (Fig 3B). Loci exclusive to the dominant 

haplotype will be found only in the dominant morph. Loci exclusive to the recessive 

haplotype will be genotyped in both morphs but overrepresented in the recessive morph. 

Inversion polymorphisms also have predictable effects on FST outlier scans. RAD loci that 

are shared by both haplotypes should be exceptionally differentiated between morphs despite 

an otherwise homogeneous genomic background (Kirkpatrick 2010, Fig 3C). Because 

suppressed recombination extends beyond inversion breakpoints (Gong et al. 2005), RAD 

loci adjacent to inversions may also have elevated FST.

By contrast, only one haplotype will have an exclusive set of RAD loci following an 

insertion or deletion (Fig 3D). Haplotype-exclusive loci should be genotyped in only one 
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morph if the larger haplotype is dominant, or at greater rates in one morph if the larger 

haplotype is recessive (Fig 3E). As with inversions, large indels can suppress recombination 

over megabase scales (Morgan et al. 2017). RAD loci adjacent to an indel may thus be 

exceptionally differentiated between morphs (Fig 3F).

Delimiting focal populations—Population structure can confound tests of genotype-

phenotype association (Price et al. 2006) and population genetic summary statistics (e.g., 

Hammer et al. 2003). We therefore used PCA to identify a set of focal populations with 

minimal population structure (median FST = 0.013, max FST = 0.041, estimated with the 

method of Weir and Cockerham 1984). Our tests for genotype-phenotype associations 

initially focused on this subsample of 236 phenotyped individuals (78 banded, 158 uniform) 

from the western Sonoran Desert (Supporting Information 1).

We then compared findings from the western Sonoran Desert to populations across the 

desert clicker’s distribution. We used discriminant analysis of principal components (DAPC, 

Jombart et al. 2010) to cluster samples into eight groups for further analysis (details in 

Supporting Information 1). We inferred relationships among major population groups with 

a neighbor-joining tree under a JC model in Geneious v10.2 (Biomatters Ltd). To do so, 

selected a single individual from each of 99 populations that did not appear to be admixed 

(posterior probability of DAPC group assignment ≥ 0.9). We inferred the neighbor-joining 

tree with 19,952 SNPs derived from 1,565 loci high-coverage loci (genotyped in ≥ 95% 

of ingroup individuals) and rooted the tree with four congener individuals (L. planum). 

Two-hundred bootstrap replicates provided a measure of clade support.

Comparing genotyping rates—For each RAD locus we separately calculated 

genotyping rates in banded and uniform grasshoppers. We then identified loci deviating 

from the expectation of equal genotyping success using Fisher’s exact tests with a 5% false 

discovery rate correction.

Identifying and characterizing morph-associated loci—We used an FST outlier 

scan to identify RAD loci that were exceptionally differentiated between color morphs. 

We calculated weighted FST between banded and uniform individuals for all RAD loci 

genotyped in ≥ 15% of individuals from each morph (8,270 loci). We then calculated 

Tajima’s D for all loci. Positive D values in the upper tail of the genome-wide distribution 

are consistent with allele-frequency distortions due to balancing selection (Tajima 1989). All 

calculations were performed with vcftools v0.1.15. For loci of interest, we inferred statistical 

parsimony haplotype networks (Templeton et al. 1992) using the haploNet function in the 

pegas package (Paradis 2010) in R.

RESULTS

Color morphs are distinct but geographically variable

Consistent with our field experience and earlier observations (McNeill 1897; Rehn 1923), 

image analyses revealed two discrete color morphs in the desert clicker. Banded individuals 

were characterized by a peak of pattern energy at the ~1 mm scale, while uniform 

individuals had weaker, flatter energy spectra (Fig 4A). However, the distinctness of color 
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morphs also varied geographically (Fig S2.1, S2.2). Banded and uniform individuals were 

least differentiated in populations where grasshoppers were darker overall (Fig S2.3). This 

suggests that melanism in some populations masks the lighter cuticle patches of banded 

individuals, reducing visual differences between morphs.

Morphs coexist at intermediate frequencies

We identified both color morphs in 17 out of 19 populations. Banded individuals were 

typically found at intermediate frequencies, but were less common than the uniform 

morph (median = 29%, range = 10–79%; Fig 5). The two populations where we did not 

encounter banded grasshoppers had the fewest observations in our dataset (population C = 

10, population M = 12), so it is possible that banded morphs occurred at low frequencies 

but were not encountered. Consistent with this hypothesis, we found banded individuals 

within 13 km of site C and across the full distribution of the desert clicker (Fig S2.4). The 

paucity of populations near fixation suggests that the balance of directional selection and 

homogenizing gene flow is unlikely to maintain color polymorphism.

Desert substrate predicts local morph frequencies

Banded morph frequency covaried with visual features of desert substrate, but not host plant 

stems. A model including substrate PC1, substrate PC2, and their interaction explained the 

majority of variance in grasshopper morph frequencies (r2 = 0.60, Table S2.1). By contrast, 

stem PC1 did not predict morph frequencies alone (r2 = 0.02, Table S2.2) or through its 

interaction with substrate PCs (Table S2.3). The limited visual difference between banded 

and uniform morphs at three sites in eastern Arizona (sites R,S,T; Fig S2.1) suggests 

that differential selection on color morphs is probably weaker in these populations than 

elsewhere. When we excluded these three sites, we found an even stronger association 

between morph frequencies and substrate (r2 = 0.72, Table 1), but no correlation with stems 

(Table S2.4). Additional analyses focused on the model based with 16 sites.

We examined variable loadings on substrate PCs to better understand the association 

between substrate pattern and morph frequencies. Substrate PC1 was a proxy for overall 

contrast (quantified as standard deviation of pixel luminance, r2 = 0.96). The strong 

positive effect of substrate PC1 on morph frequencies (b = 0.73) indicated that banded 

grasshoppers were more common in high-contrast substrates. The spatial frequencies that 

loaded positively on substrate PC2 (0.12–2.46 mm, peaking near 0.5–1 mm Fig 4B) closely 

corresponded to the spatial scale of light-dark patterning in banded grasshoppers (peaking 

near 0.75–1.25 mm, Fig 4A). While the main effect of substrate PC2 was weakly negative 

(b = −0.06), the strong and positive interaction with substrate PC1 (b = 0.46) revealed 

that substrate contrast best predicts morph frequencies when the substrate pattern resembles 

banded grasshoppers. That is, banded morphs are most common where they are likely to be 

most cryptic.

A putative indel is associated with color morph

In the western Sonoran Desert, 18 out of 9,073 filtered RAD loci were genotyped at different 

rates in each color morph (Fig S2.5). Twelve of these were exclusively found in banded 

individuals (or nearly so), consistent with an indel polymorphism where the larger, dominant 
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haplotype is absent from the recessive morph (Fig 3E). We refer to the larger haplotype as 

“B” and the smaller haplotype as “U” due to their association with banded and uniform 

morphs, respectively. Patterns of heterozygosity suggest that the putative indel occurs on 

an autosome. Only one sex may be heterozygous at a sex-linked locus under the sex 

determination systems typical of grasshoppers (XX/XO or neo-XY; Rodrigo et al. 2010). We 

instead found that a similar proportion of males and females were heterozygous at multiple 

indel loci (9/87 banded males, 6/23 banded females, Fisher’s exact test, P > 0.1).

Five additional loci were strongly overrepresented in banded morphs. Geographic signal 

in genotyping rates for four of these loci (Fig S2.6) suggests that the U haplotype is 

linked to cut-site polymorphisms in some populations, resulting in geographically-restricted 

null alleles (Andrews et al. 2016) and a bias towards genotyping banded individuals. A 

final locus was slightly overrepresented in uniform morphs, consistent with either linkage 

between the B haplotype and a cut-site polymorphism or a false positive. We did not identify 

a complement of loci that were found to both morphs but overrepresented in uniform 

individuals, as would be expected in the case of an inversion (Fig 3B).

We next imputed karyotypes for all individuals to determine whether the association 

between structural variation and color morph was consistent across populations. Karyotype 

assignments were based on genotyping success at the 12 indel loci. To guard against 

low levels of cross-contamination and index hopping (Illumina 2021), we required that 

individuals be genotyped at ≥ 2 indel loci to infer that they carried a B haplotype (karyotype 

BB or BU = B-). All other individuals were imputed as UU. Further details of inclusion 

criteria and imputation thresholds provided in Fig S2.7. After excluding 38 individuals with 

ambiguous or missing phenotypes and 50 individuals with ≥75% missing loci, we inferred 

putative karyotypes for a total of 442 individuals.

Karyotype-phenotype associations followed two distinct patterns across the desert clicker’s 

range (Fig 6). In the western Sonoran, northern Peninsular, Mojave, and Great Basin Deserts 

there was a near-perfect association between B- karyotypes and the banded phenotype (Fig 

6B, D, F), indicating that B is dominant to U in these populations. The one exception was 

an individual from south-central Arizona (marked with a star in Fig 6A, B). All banded 

individuals from elsewhere in the range also had B- karyotypes (Fig 6C, E, G). However, 

20% of uniform individuals had B- karyotypes in southern Baja California, Sonora, and 

eastern Arizona, indicating that many or all B haplotypes are recessive in these populations. 

Dominance relationships did not differ between sexes across all populations (log-linear test 

for independence conditioned upon karyotype; χ2 = 0.67, d.f. = 2, P > 0.71) or when 

separately considering populations where B is recessive (χ2 = 2.01, 2 d.f., P > 0.35).

To better understand the history of dominance evolution at the putative indel, we then 

considered relationships among desert clicker populations. B-dominant populations were 

nested among B-recessive populations in our neighbor-joining tree (Fig 6H), indicating that 

the B haplotype was ancestrally recessive and a novel dominance regime (B dominant to 

U) evolved recently in a subset of populations. Note that the monophyly of B-dominant 

populations was only weakly supported (BS < 50) and will need to be further investigated 

with more comprehensive analyses of population divergence.
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We next investigated the size and origin of the putative structural variant. First, we used 

patterns of between-locus linkage disequilibrium (LD) to determine if the 12 indel loci 

were linked (physically clustered) or freely recombining (likely to be found at the average 

genome-wide density). We calculated genotypic r2 between SNPs in indel loci with vcftools 

v1.15 (requiring minor allele frequency > 5% and < 80% missingness in B- individuals). 

We separately calculated r2 for two groups of populations in order to avoid the confounding 

effect of population structure (two-locus Wahlund effect). The first group included all 

western populations where B is dominant, while the second included three population 

clusters in eastern Arizona where B is recessive (see Fig S1.5 for PCA of individuals labeled 

by genetic cluster).

Putative indel loci were unlinked in western populations where B is dominant. Median 

r2 between locus pairs ranged from 0.003 – 0.12 (median = 0.01, Fig S2.8A), indicating 

that indel loci are unlikely to be closely clustered on B haplotypes. Between-locus LD 

was somewhat higher in eastern Arizona (r2 = 0.012 – 0.41, median = 0.10, Fig S2.8B), 

where population clusters are geographically isolated and may have lower population 

recombination rates due to reduced Ne. If we assume the 12 indel loci are distributed at the 

expected genome-wide density (0.56–1.5 / Mb, for 9,000 loci across a typical grasshopper 

genome size of 6–16 Gb), we can roughly estimate the indel size to be 6.75–18 Mb. We 

caution that indel size may fall outside this range if local marker density strongly deviates 

from the genome-wide mean and/or if the true desert clicker genome size is atypical for 

grasshoppers.

The putative structural variant may be the result of an insertion in the B haplotype or 

a deletion in the U haplotype. Demonstrating a deletion requires a high-quality genome 

assembly and resequencing data from desert clickers and close relatives (e.g., Villoutreix 

et al. 2020), data we currently lack. However, we can begin to evaluate evidence for an 

insertion by searching for plausible DNA donors within putative indel loci. Horizontal 

gene transfer from mitochondria or bacteria has been found in an increasing number of 

herbivorous insects (Wybouw et al. 2016), and Wolbochia DNA in particular can occupy 

multiple Mb of insect chromosomes (Klasson et al. 2014). To test the hypothesis that 

indel DNA was horizontally transferred, we queried the consensus sequences from each of 

the 12 indel loci against the NCBI non-redundant (nr) database using DC-BLAST within 

the NCBI BLAST server (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Search parameters were 

optimized for short queries (~90 nt). We found no homology between the 12 markers and 

any sequence in the nr database (all E > 0.01), providing no support for horizontal gene 

transfer. In principle, localized proliferation of transposable elements may also generate 

a large insertions. We searched for repetitive elements in the 12 indel loci using the 

RepeatMasker web server (Smit, AFA, Hubley, R & Green, 2020) and Dfam 3.0 database 

(Hubley et al. 2016) but found none.

Molecular signature of balancing selection on a morph-associated locus

We predicted that sites linked to the putative indel might also be associated with color morph 

due to extended LD near indel breakpoints. Consistent with this prediction, we identified a 

RAD locus that was strongly differentiated between morphs in the western Sonoran Desert 
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(Fig 7A, weighted FST = 0.56) in an otherwise homogeneous genetic background (mean 

weighted FST = 0.002). A parsimony haplotype network inferred from 113 individuals 

revealed two major haplogroups at the morph-associated locus: one private to banded 

morphs and another shared by both morphs (Fig 7B, Fig S2.9).

The association between phenotype and genotype at the morph-associated locus was 

imperfect. Nine of 41 banded individuals did not have an allele from the banded-only 

haplogroup and the association between this locus and color morph did not hold in other 

populations (Fig S2.10). Both observations are consistent with the effect of recombination 

that erodes linkage between the morph-associated locus and causative locus over time and 

space. Nevertheless, the morph-associated locus allowed us to perform a molecular test of 

the hypothesis that balancing selection maintains color morph variation. Tajima’s D for the 

morph-associated locus was positive and in the upper tail of the genome-wide distribution 

(D = 0.23, 89th percentile, Fig 7A), suggesting that balancing selection at a linked site may 

have generated more even allele frequencies than expected under neutrality.

DISCUSSION

Here, we examined the ecology and genetic basis of crypsis polymorphism in desert clickers 

by addressing two hypotheses. First, we hypothesized that predator-mediated balancing 

selection maintains crypsis morphs within populations. Second, we hypothesized that 

crypsis variation is associated with structural variation, as has been recently described in 

many color polymorphic species (Wellenreuther and Bernatchez 2018; Orteu and Jiggins 

2020; Villoutreix et al. 2020). We found that color polymorphism is associated with a 

large putative indel and may be maintained by local balancing selection. Remarkably, the 

dominance of indel haplotypes differed among populations, a phenomenon for which there 

is a firm theoretical basis but few empirical examples. This work lays the foundation for 

future studies on the nature of balancing selection and mechanisms of dominance evolution 

in desert clickers. Furthermore, the approach we apply to identify putative structural variants 

may be widely applicable to other non-model taxa.

Environmental correlates of morph frequencies

We were surprised to find that color morph frequencies were unrelated to variation in host 

plant stems. The absence of correlation between morph frequencies and stem patterning 

cannot be explained by the absence of predation, but may arise if stem predators do 

not differentiate between color morphs or if selection is consistent among sites. We 

instead found that desert substrate – an environment used almost exclusively by females 

– explains the majority of variation in morph frequencies. This suggests that predation on 

ovipositing females underlies geographic variation in desert clicker crypsis even though 

both sexes spend the majority of their lives in plants (Rehn 1923; Wang and Greenfield 

1994). An anecdote from the field aligns with this conclusion: in a study attempting to 

quantify predation on artificial grasshoppers, no desert clicker models were disturbed on 

plant stems but a model inadvertently left on the ground suffered an unambiguous rodent 

attack (Fig S2.11). Additional sources of unexplained variance may include geographic 
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turnover in predator communities (e.g., Rönkä et al. 2020) or tradeoffs between crypsis and 

thermoregulation (e.g., Forsman 2018).

We cannot yet evaluate how each color morph might confer crypsis in the two primary 

predation environments. One possibility is background matching (Endler 1978), whereby 

grasshoppers evade predation by resembling a sample of their environment. The color and 

speckling of uniform morphs are often remarkably similar to host plant stems (Fig 1A), 

and banded individuals may likewise resemble granitic desert substrate or blotchy stems. 

Alternatively, the high-contrast patterns in banded morphs may create false body lines that 

impede predator detection in a complex visual environment (disruptive patterning, Stevens 

& Merilaita, 2009). The same color pattern may also provide different modes of crypsis in 

different contexts (Price et al. 2019). Distinguishing between alternative forms of crypsis is 

now possible with analysis of full-spectral images and models of predator vision (van den 

Berg et al. 2020).

Balancing selection on color polymorphism

Color morphs coexist at intermediate frequencies across the desert clickers’ range and 

Tajima’s D was elevated at a morph-associated locus. Together, these findings suggest that 

local balancing selection maintains color polymorphism within populations. The correlation 

of morph frequencies and substrate patterning further indicates that the polymorphic 

equilibrium depends upon the local environment, as has been described in other systems 

(Ozgo 2011; Takahashi et al. 2011; McLean et al. 2015; Svensson et al. 2020). The specific 

form(s) of balancing selection that maintains crypsis polymorphism remain to be elucidated, 

however. Our results suggest several possibilities.

Many crypsis polymorphisms are thought to be maintained by predator-mediated negative 

frequency dependence. This may include apostatic selection (Cain and Sheppard 1954; 

Clarke 1962), whereby predators optimize foraging by preferentially searching for common 

prey morphs, or predator wariness (Mappes et al. 2005), where unfamiliar morphs are 

avoided. In either case, the resulting fitness advantage of rarity can maintain local 

polymorphism (Bond 2007; Franks and Oxford 2009). Relative detectability against a given 

background affects equilibrium morph frequencies under both mechanisms (Bond and Kamil 

1998; Franks and Oxford 2009), which predicts covariation between the visual environment 

and morph frequencies. Consistent with this prediction, banded morphs were most common 

where they more closely resembled the local substrate. Available data cannot address the 

role of predator behavior in polymorphism maintenance, however.

Alternatively, stem- and ground-foraging predators may select for different color morphs 

due to visual differences between their respective environments. Because only females are 

exposed to predation on the ground, this would amount to sexually antagonistic selection 

(Owen 1953; Haldane 1962; Bonduriansky and Chenoweth 2009; van Doorn 2009). A stable 

polymorphism under sexually antagonistic selection generally requires strong and opposing 

selection on each sex (Kidwell et al., 1977; Patten & Haig, 2009) – which is possible in 

this system – or sex-specific dominance (Gillespie 1978; Fry 2010; Jordan and Charlesworth 

2012; Connallon and Chenoweth 2019) – which we did not find. Spatial variation in morph 

frequencies could arise if sex-specific selection pressure covaries with one or both of the 
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predation environments. We cannot directly test this mechanism with our data, but its 

ecological basis is plausible. Sex-specific habitat use leads to opposing selection on color 

morphs in vipers, skinks, and pygmy grasshoppers (Forsman 1995; Forsman and Shine 

1995; Forsman and Appelqvist 1999) and may also account different morph frequencies in 

male and female Australian plague locusts (Dearn and Davies 1983).

Our data are not consistent with Levene’s model of spatially varying selection (Levene 

1953), which maintains color polymorphism in Timema stick insects (Sandoval 1994a,b). 

Levene showed that under some conditions, polymorphism can be maintained in a discretely 

patchy habitat when no morph is universally favored across patches. The relative size and 

selection coefficients of each patch set the local polymorphic equilibrium, such that variation 

in either factor can account for geographic variation in morph frequencies. This model 

would be plausible if morph frequencies covaried with stem patterning. Male desert clickers 

typically establish persistent territories on discrete host plants (Greenfield et al. 1989; Wang 

and Greenfield 1994) that differ in patterning, approximating Levene’s model. Instead, 

morph frequencies were associated with substrate patterning. To align with our findings, 

desert substrate must be discretely patchy at a fine spatial scale and females must remain 

within a single patch type for long periods. We find no support for these assumptions in 

previous work on desert clicker behavior (Wang and Greenfield 1994), our field experience, 

or by analyzing within-site substrate variation (Fig S2.12).

Finally, it is possible that one or more mechanisms interact to jointly maintain 

polymorphism and determine local morph frequencies (Mokkonen et al. 2011; Chouteau et 

al. 2017). This may include additional forms of balancing selection such as overdominance 

or negative-assortative mating that cannot in themselves account for the observed 

phenotype-environment correlations.

A putative structural variant associated with color morph

Many recent studies have identified structural variants associated with animal color 

polymorphisms (Wellenreuther and Bernatchez 2018; Orteu and Jiggins 2020; Villoutreix et 

al. 2020), but because this work has been taxonomically restricted, it is unclear whether the 

link between color and structural polymorphisms holds across animal diversity. In light of 

the tremendous color and karyotypic variation found across grasshoppers, we hypothesized 

that a structural variant underlies color polymorphism in desert clickers. Methods for 

detecting structural variants have advanced alongside sequencing technologies in recent 

years (Alkan et al. 2011; Ho et al. 2020). However, these methods require reliable genome 

assemblies and resequencing data that were unavailable to us. We therefore defined an 

approach for detecting structural variants with data that are widely accessible in nearly any 

system (i.e., RADseq and related sequencing methods).

Our approach uses biased genotyping rates to identify structural variants that distinguish 

phenotypic classes, and can be applied to any species with a discrete polymorphism. The 

sensitivity of this method scales with marker density. For example, if three RAD loci with 

extreme genotyping bias are required to call a structural variant, then many published studies 

are powered to identify indels ≥ 750 kb in size (mean marker density of 1 per 245 kb in 

survey of (Lowry et al. 2017)). The ability to detect inversions will depend upon both the 
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size and age of the variant, with old and large inversions being easiest to infer. We note 

that our approach cannot conclusively evince any particular structural variant, nor can it flag 

complex mutations such as translocations coupled with duplications, insertions, or deletions 

(Frederik et al. 2021). Nevertheless, it may be widely useful for initiating studies on the 

genetic basis of color polymorphism, alternative reproductive strategies, or life history 

polymorphism in non-model taxa with RADseq data.

Consistent with our hypothesis, we identified a putative indel associated with color morph 

in desert clickers. We preliminarily estimate that the indel accounts for ~0.13% of the 

desert clicker genome (~6.75–18 Mb) and is likely located on an autosome. The larger indel 

haplotype (B) was found in 100% of banded desert clickers (131/131), suggesting that the 

structural variant may include the loci that underlie color morph variation. This hypothesis 

remains to be tested. Although we were unable to polarize the mutation yielding the putative 

indel, we find no evidence it is the result of horizontal gene transfer from bacteria or 

mitochondria.

Our results mirror recent findings in Timema stick insects, where green and brown morphs 

of Northern California Timema differ by a ~ 5 Mb deletion (Villoutreix et al. 2020). 

The structural variant spans loci underlying continuous color variation in a sister lineage, 

demonstrating how large deletions can convert a quantitative character into a discrete one. 

Other indels linked to ecologically relevant polymorphisms include Pitx1 enhancer deletions 

associated with pelvic girdle reduction in in freshwater stickleback (Chan et al. 2010), a 

1.8 kb deletion underlying pattern variation in Heliconius cydno galanthus (Gallant et al. 

2014), and secondary deletion of a masculinizing supergene in Oedothorax gibbosus spiders 

(Frederik et al. 2021). The desert clicker now provides another likely case study.

Further work is required to confirm the genomic location of the putative indel, describe 

its structure, and infer its evolutionary origin. More granular investigations will be aided 

by a high-quality genome assembly and long-read sequencing (Ho et al. 2020), DNA-

FISH (Osborne et al. 2001), and complementary cytogenetic approaches (White 1973). 

Comparisons with congeners L. planum from the Chihuahuan Desert and an undescribed 

species from Baja California (Otte 1981, TKO unpublished data) will help date the putative 

variant and polarize the indel. Notably, the undescribed Ligurotettix species from Baja 

California has a color polymorphism resembling that of the desert clicker (Fig S2.13). It 

will be interesting to determine whether the polymorphisms share a common genetic basis 

across species, and if so, whether long-term balancing selection or introgression can account 

for this apparent trans-species polymorphism (Lindtke et al. 2017; Jamie and Meier 2020; 

Palmer and Kronforst 2020; Villoutreix et al. 2020).

Dominance

Whether dominance evolves in response to natural selection is an enduring debate in 

population genetics. An early model posited that dominance at a primary locus can be 

altered by selection on modifier alleles at a secondary (epistatic) locus (Fisher 1928a,b). 

This view was refuted on both population genetic and biochemical grounds (Wright 1929, 

1934; Haldane 1930), and arguments against it were elaborated in succeeding decades 

(reviewed in Porteous 1996; Mayo and Bürger 1997; Bourguet 1999; Bagheri 2006). A 
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key objection was that selection on modifier alleles is too weak to overcome drift when 

the primary locus is at mutation-selection equilibrium (Wright 1929). On the other hand, 

modifier alleles can readily invade when heterozygotes are common (Wright 1929; Fisher 

1930, 1931; Haldane 1956; Feldman and Karlin 1971; Charlesworth and Charlesworth 1975; 

Bürger 1983; Otto and Bourguet 1999). While the modifier model has been rejected as a 

general explanation for dominance relationships, it may bear on an important subset of loci 

under balancing selection or non-equilibrium conditions (Billiard and Castric 2011).

A handful of examples of dominance evolution in natural systems are consistent with 

the modifier model. As the frequency of melanic peppered moths increased during 

England’s industrialization, so did the dominance of the melanic carbonaria phenotype 

(Kettlewell 1955, 1961; Haldane 1956). Outcrossing diminished carbonaria dominance, 

suggestive of epistatic dominance modifiers in English populations (Kettlewell 1965). 

Loci underlying mimicry polymorphism in Heliconius (Le Poul et al. 2014) and Papilio 
(Clarke and Sheppard 1960; Nijhout 2003) butterflies often show complete dominance 

between alleles that naturally co-occur, but incomplete and/or mosaic dominance between 

alleles found in allopatry. This accords with theory that predicts selection will refine 

dominance relationships to maintain color pattern fidelity (Charlesworth and Charlesworth 

1975; Llaurens et al. 2013). The evolution of pesticide resistance in Culex mosquitoes 

demonstrates dominance evolution in real-time: some variation in insecticide resistance 

cannot be explained by amino acid substitutions in target enzymes, implicating epistatic 

modifiers that alter enzyme expression levels (Bourguet et al. 1997). Recent work in plants 

(Brassicaceae) showed that trans-acting small RNAs underlie dominance variation at self-

incompatibility loci (Tarutani et al. 2010; Yasuda et al. 2016), providing the first mechanistic 

evidence of epistatic dominance modifiers.

We found that dominance relationships between putative B and U haplotypes differed 

among desert clicker populations. The B haplotype appeared to confer a dominant 

banded phenotype in much of the desert clickers’ range, where color morphs are 

strongly differentiated and populations show little genetic structure. By contrast, the 

banded phenotype was recessive and only weakly penetrant in a set of genetically and 

geographically isolated populations in Baja California, Sonora, and eastern Arizona. 

Phylogenetic analyses indicated that the banded phenotype was ancestrally recessive but 

more recently evolved dominance in part of the species’ range, possibly in concert with 

increased penetrance.

Although our results cannot identify the cause of dominance evolution, they are compatible 

with several testable hypotheses. First, selection may have acted on epistatic dominance 

modifiers as proposed by Fisher (Fisher 1928a,b). Second, selection may have acted directly 

upon a causative locus to favor the replacement of banded or uniform alleles with altered 

dominance (Haldane 1930). Allelic turnover – the replacement of one balanced allele by its 

descendent – has been shown for a number of systems (Takahata et al. 1992; Guillemaud et 

al. 1998; Lighten et al. 2017; Palmer and Kronforst 2020), though we are not aware of any 

case in which the replacement affects dominance. Third, the derived color morph may have 

evolved multiple times with differing dominance. However, it is improbable that a mutation 

spanning the same region would arise twice in independent populations. Finally, dominance 
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of the banded phenotype may have evolved as a pleiotropic consequence of selection on 

other phenotypes affected by the putative indel polymorphism (Gould and Lewontin 1979; 

Barrett and Hoekstra 2011). These hypotheses await further investigation.

Why dominance of the banded morph would be favored in northwestern populations is 

not immediately clear. Theory of dominance evolution under spatially varying selection, 

overdominance, and Batesian mimicry has been developed (O’Donald and Barrett 1973; 

Otto and Bourguet 1999), but expectations differ based on the form of selection. Additional 

work is required to predict the outcome of other forms of balancing selection that may 

operate on desert clicker color polymorphism (e.g., negative frequency-dependent selection, 

sexually antagonistic selection) (Billiard and Castric 2011). Absent this theory, we speculate 

that the frequency of a dominant banded phenotype – which is typically the less common 

morph – could be more precisely regulated by predators if all banded alleles are visible to 

selection, keeping desert clicker populations nearer their fitness peak.

CONCLUSION

The desert clicker provides a promising model for further dissecting processes that maintain 

genetic variation in natural populations, the genetic basis of adaptation, and the evolution 

of dominance. Our results accord with recent findings that structural variants are linked to 

color polymorphisms in many taxa and suggest that grasshoppers may be fruitful models for 

further exploring this link.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We thank KM Yule, AE Baniaga, SM Lambert, UO García-Vásquez, NM Alexandre, LD O’Connor, CL Kivarkis, 
and KM O’Connor for field assistance. Collections in Mexico were made under SEMERNAT permit FAUT-0247, 
and we thank M Trujano-Ortega for assistance with permitting. Collections in the United States were made 
under permit (California Department of Fish and Wildlife permit #13751, California Department of Parks and 
Recreation #17-820-37, Bureau of Land Management permit #4180, and a right-of-way grant from the Arizona 
Land Department) or on public lands that did not require express permission. Parts of this research were conducted 
on University of California Natural Reserves, and we thank C Tracy (Boyd Deep Canyon Desert Research Center) 
and J André and T La Doux (Sweeney Granite Mountains Desert Research Center) for their assistance. We thank 
LL Smith and K Bi for advice on designing and implementing the RADcap protocol, and I Overcast for assistance 
with ipyrad. We thank MD Greenfield for discussion of Ligurotettix predators. EB Rosenblum, MW Nachman, 
and RCK Bowie provided helpful guidance at early stages of this work. Funding for this project was provided 
by the Society for the Study of Evolution Rosemary Grant Award, American Society of Naturalists Student 
Research Award, American Museum of Natural History Theodore Roosevelt Memorial Fund, Orthopterists’ Society 
Theodore Cohn Research Award, Southwestern Association of Naturalists Howard McCarley Research Award, UC 
Berkeley Essig Museum Walker Fund, UC Department of Integrative Biology, Philomathia Foundation Graduate 
Fellowship, and National Science Foundation Graduate Research Fellowship to TKO, as well as a grant from and 
National Institute of General Medical Sciences of the National Institutes of Health to NKW (R35GM119816).

DATA AVAILABILITY

Raw SEQUENCE data are deposited in NCBI under BioProject PRJNA718684. Additional 

data required to recapitulate results are deposited in Dryad (https://doi.org/10.6078/

D1W12F).

O’Connor et al. Page 17

Evolution. Author manuscript; available in PMC 2022 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REFERENCES

Abràmoff MD, Magalhães PJ, and Ram SJ. 2004. Image processing with imageJ. Biophotonics Int. 
11:36–41.

Ali OA, O’Rourke SM, Amish SJ, Meek MH, Luikart G, Jeffres C, and Miller MR. 2016. Rad capture 
(Rapture): Flexible and efficient sequence-based genotyping. Genetics 202:389–400. [PubMed: 
26715661] 

Alkan C, Coe BP, and Eichler EE. 2011. Genome structural variation discovery and genotyping. Nat. 
Rev. Genet 12:363–376. [PubMed: 21358748] 

Andrews KR, Good JM, Miller MR, Luikart G, and Hohenlohe PA. 2016. Harnessing the power of 
RADseq for ecological and evolutionary genomics. Nat. Rev. Genet 17:81–92. [PubMed: 26729255] 

Bagheri HC 2006. Unresolved boundaries of evolutionary theory and the question of how inheritance 
systems evolve: 75 Years of debate on the evolution of dominance. J. Exp. Zool. Part B Mol. Dev. 
Evol 306:329–359.

Barrett RDH, and Hoekstra HE. 2011. Molecular spandrels: tests of adaptation at the genetic level. 
Nat. Rev. Genet 12:767–80. [PubMed: 22005986] 

Baumgardner DJ, Ward SE, and Dewsbury DA. 1980. Diurnal patterning of eight activities in 14 
species of muroid rodents. Anim. Learn. Behav 8:322–330.

Bayona-Vásquez NJ, Glenn TC, Kieran TJ, Finger JW, Louha S, Troendle N, Diaz-Jaimes P, Mauricio 
R, and Faircloth BC. 2019. Adapterama III : Quadruple-indexed , double / triple-enzyme RADseq 
libraries. PeerJ 1–25.

Bidau CJ, and Martí DA. 2010. 110 Years of orthopteran cytogenetics, the chromosomal evolutionary 
viewpoint, and Michael White’s signal contributions to the field. J. Orthoptera Res 19:165–182.

Billiard S, and Castric V. 2011. Evidence for Fisher’s dominance theory: How many “special cases”? 
Trends Genet. 27:441–445. [PubMed: 21782270] 

Bond AB 2007. The evolution of color polymorphism: crypticity, searching images, and apostatic 
selection. Annu. Rev. Ecol. Evol. Syst 38:489–514.

Bond AB, and Kamil AC. 1998. Apostatic selection by blue jays produces balanced polymorphism in 
virtual prey. Nature 395:594–596.

Bonduriansky R, and Chenoweth SF. 2009. Intralocus sexual conflict. Trends Ecol. Evol 24:280–288. 
[PubMed: 19307043] 

Bourguet D 1999. The evolution of dominance. Heredity 83:1–4. [PubMed: 10447697] 

Bourguet D, Lenormand T, Guillemaud T, Marcel V, Fournier D, and Raymond M. 1997. Variation of 
dominance of newly arisen adaptive genes. Genetics 147:1225–1234. [PubMed: 9383065] 

Bürger R 1983. Nonlinear analysis of some models for the evolution of dominance. J. Math. Biol 
16:269–280.

Cain AJ, and Sheppard PM. 1954. Natural selection in Cepaea. Genetics 39:89–116. [PubMed: 
17247470] 

Caro T 2005. The adaptive significance of coloration in mammals. Bioscience 55:125–136.

Chan YF, Marks ME, Jones FC, Villarreal G, Shapiro MD, Brady SD, Southwick AM, Absher DM, 
Grimwood J, Schmutz J, Myers RM, Petrov D, Jónsson B, Schluter D, Bell MA, and Kingsley 
DM. 2010. Adaptive evolution of pelvic reduction in sticklebacks by recurrent deletion of a pitxl 
enhancer. Science 327:302–305. [PubMed: 20007865] 

Chapman RF 1991. The Grasshoppers of Deep Canyon: A Guide to Their Identification and Study. 
University of California, Riverside.

Charlesworth B, and Charlesworth D. 2010. Elements of Evolutionary Genetics. Roberts and 
Company, Greenwood Village.

Charlesworth D, and Charlesworth B. 1975. Theoretical genetics of Batesian mimicry III. Evolution of 
dominance. J. Theor. Biol 55:325–337. [PubMed: 1207162] 

Chouteau M, Llaurens V, Piron-Prunier F, and Joron M. 2017. Polymorphism at a mimicry supergene 
maintained by opposing frequency-dependent selection pressures. Proc. Natl. Acad. Sci. U. S. A 
114:8325–8329. [PubMed: 28673971] 

O’Connor et al. Page 18

Evolution. Author manuscript; available in PMC 2022 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Clarke BC 1962. Balanced polymorphism and the diversity of sympatric species. Pp. 47–70 in Nichols 
D, ed. Taxonomy and Geography. Systematics Association, Oxford.

Clarke CA, and Sheppard PM. 1960. The evolution of dominance under disruptive selection. Heredity 
14:73–87.

Connallon T, and Chenoweth SF. 2019. Dominance reversals and the maintenance of genetic variation 
for fitness. PLoS Biol. 17:1–11.

Cooke TF, Fischer CR, Wu P, Jiang TX, Xie KT, Kuo J, Doctorov E, Zehnder A, Khosla C, 
Chuong CM, and Bustamante CD. 2017. Genetic mapping and biochemical basis of yellow feather 
pigmentation in budgerigars. Cell 171:427–439.e21. [PubMed: 28985565] 

Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, Handsaker RE, Lunter G, 
Marth GT, Sherry ST, McVean G, and Durbin R. 2011. The variant call format and VCFtools. 
Bioinformatics 27:2156–2158. [PubMed: 21653522] 

Darwin C 1859. On the origin of species by means of natural selection or the preservation of favoured 
races in the struggle for life. John Murray, London.

Dearn JM 1990. Color pattern polymorphism. Pp. 517–549 in Chapman FR and Joern A, eds. Biology 
of Grasshoppers. New York.

Dearn JM, and Davies RAH. 1983. Natural selection and the maintenance of colour pattern 
polymorphism in the Australian plague locust Chortoicetes terminifera. Aust. J. Biol. Sci 36:387–
401.

Dieker P, Beckmann L, Teckentrup J, and Schielzeth H. 2018. Spatial analyses of two color 
polymorphisms in an alpine grasshopper reveal a role of small-scale heterogeneity. Ecol. Evol 
8:7273–7284. [PubMed: 30151148] 

Eaton DAR, and Overcast I. 2020. ipyrad: Interactive assembly and analysis of RADseq datasets. 
Bioinformatics 1–3.

Endler JA 1978. A predator’s view of animal color patterns. Evol. Biol 11:320–364.

Endler JA 1977. Geographic variation, speciation, and clines. Princeton University Press.

Endler JA 1986. Natural selection in the wild. Princeton University Press.

Feldman MW, and Karlin S. 1971. The evolution of dominance: A direct approach through the theory 
of linkage and selection. Theor. Popul. Biol 2:482–492. [PubMed: 5170720] 

Fisher RA 1939. Selective forces in wild populations of Paratettix texanus. Ann. Eugen 9:109–122.

Fisher RA 1931. The evolution of dominance. Biol. Rev 6:345–368.

Fisher RA 1930. The evolution of dominance in certain polymorphic species. Am. Nat 64:385–406.

Fisher RA 1928a. The possible modification of the response of the wild type to recurrent mutations. 
Am. Nat 62:115–126.

Fisher RA 1928b. Two further notes on the origin of dominance. Am. Nat 571–574.

Forsman A 2018. On the role of sex differences for evolution in heterogeneous and changing fitness 
landscapes: Insights from pygmy grasshoppers. Philos. Trans. R. Soc. B Biol. Sci 373:20170429.

Forsman A 1995. Opposing fitness consequences of colour pattern in male and female snakes. J. Evol. 
Biol 8:53–70.

Forsman A, Ahnesjö J, Caesar S, and Karlsson M. 2008. A model of ecological and evolutionary 
consequences of color polymorphism. Ecology 89:34–40. [PubMed: 18376544] 

Forsman A, and Appelqvist S. 1999. Experimental manipulation reveals differential effects of colour 
pattern on survival in male and female pygmy grasshoppers. J. Evol. Biol 12:391–401.

Forsman A, and Shine R. 1995. The adaptive significance of colour pattern polymorphism in the 
Australian scincid lizard Lampropholis delicata. Biol. J. Linn. Soc 55:273–291.

Fox J, and Weisberg S. 2019. An R Companion to Applied Regression. Second. Sage, Thousand Oaks, 
CA.

Franks DW, and Oxford GS. 2009. The evolution of exuberant visible polymorphisms. Evolution 
63:2697–2706. [PubMed: 19519635] 

Frederik H, De Corte Z, Sonet G, Van Belleghem SM, Köstlbacher S, and Vangestel C. 2021. A 
masculinizing supergene underlies an exaggerated male reproductive morph in a spider. bioRxiv, 
doi: 10.1101/2021.02.09.430505.

O’Connor et al. Page 19

Evolution. Author manuscript; available in PMC 2022 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fry JD 2010. The genomic location of sexually antagonistic variation: Some cautionary comments. 
Evolution 64:1510–1516. [PubMed: 19922443] 

Gallant JR, Imhoff VE, Martin A, Savage WK, Chamberlain NL, Pote BL, Peterson C, Smith GE, 
Evans B, Reed RD, Kronforst MR, and Mullen SP. 2014. Ancient homology underlies adaptive 
mimetic diversity across butterflies. Nat. Commun 5:1–10.

Gillespie JH 1978. A general model to account for enzyme variation in natural populations. V. The 
SAS-CFF model. Theor. Popul. Biol 14:1–45. [PubMed: 741392] 

Gong WJ, McKim KS, and Scott Hawley R. 2005. All paired up with no place to go: Pairing, synapsis, 
and dsb formation in a balancer heterozygote. PLoS Genet. 1:589–602.

Gould SJ, and Lewontin RC. 1979. The spandrels of San Marco and the panglossian paradigm: a 
critique of the adaptationist programme. Proc. R. Soc. B Biol. Sci 205:581–598. [PubMed: 42062] 

Gray SM, and McKinnon JS. 2007. Linking color polymorphism maintenance and speciation. Trends 
Ecol. Evol 22:71–79. [PubMed: 17055107] 

Greenfield MD 1992. The evening chorus of the desert clicker, Ligurotettix coquilletti (Orthoptera: 
Acrididae): mating investment with delayed returns. Ethology 91:265–278.

Greenfield MD, Shelly TE, Wang G. -y., and Alkaslassy E. 1989. Long-term memory in territorial 
grasshoppers. Experientia 45:775–777.

Guillemaud T, Lenormand T, Bourguet D, Chevillon C, Pasteur N, and Raymond M. 1998. Evolution 
of resistance in Culex pipiens: Allele replacement and changing environment. Evolution 52:443–
453. [PubMed: 28568346] 

Gutiérrez-Valencia J, Hughes W, Berdan EL, and Slotte T. 2021. The genomic architecture and 
evolutionary fates of supergenes. Genome Biol. Evol evab057. [PubMed: 33739390] 

Haldane JBS 1930. A note on Fisher’s theory of the origin of dominance, and on a correlation between 
dominance and linkage. Am. Nat 87–90.

Haldane JBS 1962. Conditions for a stable polymorphism at an autosomal locus. Nature 193:1108.

Haldane JBS 1920. Note on a case of linkage in Paratettix. J. Genet 10:47–51.

Haldane JBS 1956. The theory of selection for melanism in Lepidoptera. Proc. R. Soc. B 145:303–308.

Hammer MF, Blackmer F, Garrigan D, Nachman MW, and Wilder JA. 2003. Human population 
structure and its effects on sampling Y chromosome sequence variation. Genetics 164:1495–1509. 
[PubMed: 12930755] 

Ho SS, Urban AE, and Mills RE. 2020. Structural variation in the sequencing era. Nat. Rev. Genet 
21:171–189. [PubMed: 31729472] 

Hoekstra HE, Drumm KE, and Nachman MW. 2004. Ecological genetics of adaptive color 
Polymorphism in pocket mice : geographic variation in selected and neutral genes. Evolution 
58:1329–1341. [PubMed: 15266981] 

Hoffberg SL, Kieran TJ, Catchen JM, Devault A, Faircloth BC, Mauricio R, and Glenn TC. 2016. 
RADcap: sequence capture of dual-digest RADseq libraries with identifiable duplicates and 
reduced missing data. Mol. Ecol. Resour 16:1264–1278. [PubMed: 27416967] 

Hubley R, Finn RD, Clements J, Eddy SR, Jones TA, Bao W, Smit AFA, and Wheeler TJ. 2016. The 
Dfam database of repetitive DNA families. Nucleic Acids Res. 44:D81–D89. [PubMed: 26612867] 

Huey RB 1982. Temperature, physiology, and the ecoogy of reptiles. Pp. 25–74 in Gans C and Pough 
FH, eds. Biology of the Reptilia. Academic Press, London.

Illumina. 2021. Minimize index hopping in multiplexed runs. https://www.illumina.com/techniques/
sequencing/ngs-library-prep/multiplexing/index-hopping.html.

Jamie GA, and Meier JI. 2020. The persistence of polymorphisms across species radiations. Trends 
Ecol. Evol 35:795–808. [PubMed: 32408996] 

Jombart T, Devillard S, and Balloux F. 2010. Discriminant analysis of principal components: a new 
method for the analysis of genetically structured populations. BMC Genet. 11:94. [PubMed: 
20950446] 

Jones JS, Leith BH, and Rawlings P. 1977. Polymorphism in Cepaea: A problem with too many 
solutions? Annu. Rev. Ecol. Syst 8:109–143.

Jordan CY, and Charlesworth D. 2012. The potential for sexually antagonistic polymorphism in 
different genome regions. Evolution 66:505–516. [PubMed: 22276544] 

O’Connor et al. Page 20

Evolution. Author manuscript; available in PMC 2022 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.illumina.com/techniques/sequencing/ngs-library-prep/multiplexing/index-hopping.html
https://www.illumina.com/techniques/sequencing/ngs-library-prep/multiplexing/index-hopping.html


Joron M, Frezal L, Jones RT, Chamberlain NL, Lee SF, Haag CR, Whibley A, Becuwe M, Baxter SW, 
Ferguson L, Wilkinson PA, Salazar C, Davidson C, Clark R, Quail MA, Beasley H, Glithero R, 
Lloyd C, Sims S, Jones MC, Rogers J, Jiggins CD, and Ffrench-Constant RH. 2011. Chromosomal 
rearrangements maintain a polymorphic supergene controlling butterfly mimicry. Nature 477:203–
206. [PubMed: 21841803] 

Kettlewell HBD 1965. Insect survival and selection for pattern. Science 148:1290–1296. [PubMed: 
17791257] 

Kettlewell HBD 1955. Selection experiments on industrial melanism in the Lepidoptera. Heredity 
9:323–342.

Kettlewell HBD 1961. The phenomenon of industrial melanism in Lepidoptera. Annu. Rev. Entomol 
6:245–262.

Kidwell JF, Clegg MT, Stewart FM, and Prout T. 1977. Regions of stable equilibria for models of 
differential selection in the two sexes under random mating. Genetics 85:171–183. [PubMed: 
838269] 

King RB, and Lawson R. 1995. Color-pattern variation in Lake Erie water snakes: The role of gene 
flow. Evolution 49:885–896. [PubMed: 28564875] 

Kirkpatrick M 2010. How and why chromosome inversions evolve. PLoS Biol. 8.

Klasson L, Kumar N, Bromley R, Sieber K, Flowers M, Ott SH, Tallon LJ, Andersson SGE, and 
Dunning Hotopp JC. 2014. Extensive duplication of the Wolbachia DNA in chromosome four of 
Drosophila ananassae. BMC Genomics 15:1–17. [PubMed: 24382143] 

Kunte K, Zhang W, Tenger-Trolander A, Palmer DH, Martin A, Reed RD, Mullen SP, and Kronforst 
MR. 2014. Doublesex is a mimicry supergene. Nature 507:229–232. [PubMed: 24598547] 

Küpper C, Stocks M, Risse JE, Dos Remedios N, Farrell LL, McRae SB, Morgan TC, Karlionova N, 
Pinchuk P, Verkuil YI, Kitaysky AS, Wingfield JC, Piersma T, Zeng K, Slate J, Blaxter M, Lank 
DB, and Burke T. 2015. A supergene determines highly divergent male reproductive morphs in the 
ruff. Nat. Genet 48:79–83. [PubMed: 26569125] 

Lamichhaney S, Fan G, Widemo F, Gunnarsson U, Thalmann DS, Hoeppner MP, Kerje S, Gustafson 
U, Shi C, Zhang H, Chen W, Liang X, Huang L, Wang J, Liang E, Wu Q, Lee SMY, Xu 
X, Höglund J, Liu X, and Andersson L. 2015. Structural genomic changes underlie alternative 
reproductive strategies in the ruff (Philomachus pugnax). Nat. Genet 48:84–88. [PubMed: 
26569123] 

Laurent S, Pfeifer SP, Settles ML, Hunter SS, Hardwick KM, Ormond L, Sousa VC, Jensen JD, and 
Rosenblum EB. 2016. The population genomics of rapid adaptation: Disentangling signatures of 
selection and demography in white sands lizards. Mol. Ecol 25:306–323. [PubMed: 26363411] 

Le Poul Y, Whibley A, Chouteau M, Prunier F, Llaurens V, and Joron M. 2014. Evolution of 
dominance mechanisms at a butterfly mimicry supergene. Nat. Commun 5.

Levene H 1953. Genetic equilibrium when more than one ecological niche is available. Am. Nat 
87:331–333.

Lewis JJ, Geltman RC, Pollak PC, Rondem KE, Van Belleghem SM, Hubisz MJ, Munn PR, Zhang 
L, Benson C, Mazo-Vargas A, Danko CG, Counterman BA, Papa R, and Reed RD. 2019. Parallel 
evolution of ancient, pleiotropic enhancers underlies butterfly wing pattern mimicry. Proc. Natl. 
Acad. Sci. U. S. A 116.

Lewontin R, and Krakauer J. 1973. Distribution of gene frequency as a test of the theory of the 
selective neutrality of polymorphisms. Genetics 175–195. [PubMed: 4711903] 

Lighten J, Papadopulos AST, Mohammed RS, Ward BJ, Paterson GI, Baillie L, Bradbury IR, Hendry 
AP, Bentzen P, and Van Oosterhout C. 2017. Evolutionary genetics of immunological supertypes 
reveals two faces of the Red Queen. Nat. Commun 8:1–10. [PubMed: 28232747] 

Linck E, and Battey CJ. 2019. Minor allele frequency thresholds strongly affect population structure 
inference with genomic data sets. Mol. Ecol. Resour 19:639–647. [PubMed: 30659755] 

Lindtke D, Lucek K, Soria-Carrasco V, Villoutreix R, Farkas TE, Riesch R, Dennis SR, Gompert Z, 
and Nosil P. 2017. Long-term balancing selection on chromosomal variants associated with crypsis 
in a stick insect. Mol. Ecol 26:6189–6205. [PubMed: 28786544] 

Llaurens V, Billiard S, and Joron M. 2013. The effect of dominance on polymorphism in Müllerian 
mimic species. J. Theor. Biol 337:101–110. Elsevier. [PubMed: 23973204] 

O’Connor et al. Page 21

Evolution. Author manuscript; available in PMC 2022 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Llaurens V, Whibley A, and Joron M. 2017. Genetic architecture and balancing selection: the life and 
death of differentiated variants. Mol. Ecol 26:2430–2448. [PubMed: 28173627] 

Lowry DB, Hoban S, Kelley JL, Lotterhos KE, Reed LK, Antolin MF, and Storfer A. 2017. Breaking 
RAD: An evaluation of the utility of restriction site associated DNA sequencing for genome scans 
of adaptation. Mol. Ecol. Resour 17:142–152. [PubMed: 27860289] 

Manceau M, Domingues VS, Linnen CR, Rosenblum EB, and Hoekstra HE. 2010. Convergence in 
pigmentation at multiple levels: mutations, genes and function. Philos. Trans. R. Soc. B 365:2439–
2450.

Mappes J, Marples N, and Endler JA. 2005. The complex business of survival by aposematism. Trends 
Ecol. Evol 20:598–603. [PubMed: 16701442] 

Mayo O, and Bürger R. 1997. The evolution of dominance: A theory whose time has passed? Biol. Rev 
72:97–110.

McLean CA, Stuart-Fox D, and Moussalli A. 2015. Environment, but not genetic divergence, 
influences geographic variation in colour morph frequencies in a lizard. BMC Evol. Biol 15:1–
10. [PubMed: 25608511] 

McNeill J 1897. Revision of the Truxalinae of North America. Proc. Davenport Acad. Nat. Sci 6:179–
274.

Mokkonen M, Kokko H, Koskela E, Lehtonen J, Mappes T, Martiskainen H, and Mills SC. 2011. 
Negative frequency-dependent selection of sexually antagonistic alleles in Myodes glareolus. 
Science 334:972–974. [PubMed: 22096197] 

Morgan AP, Gatti DM, Najarian ML, Keane TM, Galante RJ, Pack AI, Mott R, Churchill GA, and 
Pardo-Manuel de Villena F. 2017. Structural variation shapes the landscape of recombination in 
mouse. Genetics 206:603–619. [PubMed: 28592499] 

Mundy NI, Badcock NS, Hart T, Scribner K, Janssen K, and Nadeau NJ. 2004. Conserved genetic 
basis of a quantitative plumage trait involved in mate choice. Science 303:1870–1873. [PubMed: 
15031505] 

Nabours RK, Larson I, and Hartwig N. 1933. Inheritance of color patterns in the grouse locust 
Acrydium arenosum Burmeister (Tettigidae). Genetics 18:159–15971. [PubMed: 17246685] 

Nachman MW, Hoekstra HE, and D’Agostino SL. 2003. The genetic basis of adaptive melanism in 
pocket mice. Proc. Natl. Acad. Sci. U. S. A 100:5268–5273. [PubMed: 12704245] 

Nijhout HF 2003. Polymorphic mimicry in Papilio dardanus: Mosaic dominance, big effects, and 
origins. Evol. Dev 5:579–592. [PubMed: 14984040] 

Nishikawa H, Iijima T, Kajitani R, Yamaguchi J, Ando T, Suzuki Y, Sugano S, Fujiyama A, Kosugi S, 
Hirakawa H, Tabata S, Ozaki K, Morimoto H, Ihara K, Obara M, Hori H, Itoh T, and Fujiwara H. 
2015. A genetic mechanism for female-limited Batesian mimicry in Papilio butterfly. Nat. Genet 
47:405–409. [PubMed: 25751626] 

Nosil P, Villoutreix R, De Carvalho CF, Farkas TE, Soria-Carrasco V, Feder JL, Crespi BJ, and 
Gompert Z. 2018. Natural selection and the predictability of evolution in Timema stick insects. 
Science 359:765–770. [PubMed: 29449486] 

Nuismer SL, Macpherson A, and Rosenblum EB. 2012. Crossing the threshold: Gene flow, dominance 
and the critical level of standing genetic variation required for adaptation to novel environments. 
J. Evol. Biol 25:2665–2671. [PubMed: 23039846] 

O’Donald P, and Barrett JA. 1973. Evolution of dominance in polymorphic Batesian mimicry. Theor. 
Popul. Biol 4:173–192.

Orteu A, and Jiggins CD. 2020. The genomics of coloration provides insights into adaptive evolution. 
Nat. Rev. Genet 21:461–475. [PubMed: 32382123] 

Osborne LR, Li M, Pober B, Chitayat D, Bodurtha J, Mandel A, Costa T, Grebe T, Cox S, Tsui 
LC, and Scherer SW. 2001. A 1.5 million-base pair inversion polymorphism in families with 
Williams-Beuren syndrome. Nat. Genet 29:321–325. [PubMed: 11685205] 

Otte D 1981. The North American Grasshoppers. Vol I. Acrididae. Gomphocerinae and Acridinae. 
Harvard University Press, Cambridge, MA.

Otto SP, and Bourguet D. 1999. Balanced polymorphisms and the evolution of dominance. Am. Nat 
153:561–574. [PubMed: 29585648] 

O’Connor et al. Page 22

Evolution. Author manuscript; available in PMC 2022 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Owen ARG 1953. A genetical system admitting of two stable equilibria under natural selection. 
Heredity 7:97–102.

Ozgo M 2011. Rapid evolution in unstable habitats: A success story of the polymorphic land snail 
Cepaea nemoralis (Gastropoda: Pulmonata). Biol. J. Linn. Soc 102:251–262.

Palmer DH, and Kronforst MR. 2020. A shared genetic basis of mimicry across swallowtail butterflies 
points to ancestral co-option of doublesex. Nat. Commun 11:1–10. [PubMed: 31911652] 

Paradis E 2010. Pegas: An R package for population genetics with an integrated-modular approach. 
Bioinformatics 26:419–420. [PubMed: 20080509] 

Patten MM, and Haig D. 2009. Maintenance or loss of genetic variation under sexual and parental 
antagonism at a sex-linked locus. Evolution 63:2888–2895. [PubMed: 19573084] 

Porteous JW 1996. Dominance - One hundred and fifteen years after Mendel’s paper. J. Theor. Biol 
182:223–232. [PubMed: 8944153] 

Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, and Reich D. 2006. Principal 
components analysis corrects for stratification in genome-wide association studies. Nat. Genet 
38:904–909. [PubMed: 16862161] 

Price N, Green S, Troscianko J, Tregenza T, and Stevens M. 2019. Background matching and 
disruptive coloration as habitat-specific strategies for camouflage. Sci. Rep 9:1–10. [PubMed: 
30626917] 

R Core Team. 2019. R: A Language and Environment for Statistical Computing. Vienna, Austria.

Rehn JAG 1923. North American Acrididae (Orthoptera): Paper 3. A Study of the Ligurotettigi. Trans. 
Am. Entomol. Soc 49:43–92.

Reid DG 1987. Natural selection for apostasy and crypsis acting on the shell colour polymorphism 
of a mangrove snail, Littoraria filosa (Sowerby) (Gastropoda: Littorinidae). Biol. J. Linn. Soc 
30:1–24.

Ricklefs RE, and Hainsworth FR. 1968. Temperature dependent behavior of the cactus wren. Ecology 
49:227–233.

Rodrigo E, Marti DA, Bidau CJ, Castillo ER, Marti DA, and Bidau CJ. 2010. Sex and neo-sex 
chromosomes in Orthoptera: a review. J. Orthoptera Res 19:213–231.

Rönkä K, Valkonen JK, Nokelainen O, Rojas B, Gordon S, Burdfield-Steel E, and Mappes J. 2020. 
Geographic mosaic of selection by avian predators on hindwing warning colour in a polymorphic 
aposematic moth. Ecol. Lett 23:1654–1663. [PubMed: 32881319] 

Rosenblum EB 2006. Convergent evolution and divergent selection. Am Nat 167:1–15. [PubMed: 
16475095] 

Rosenblum EB, Hoekstra HE, and Nachman MW. 2004. Adaptive reptile color variation and the 
evolution of the MC1R gene. Evolution 58:1794–1808. [PubMed: 15446431] 

Rosenblum EB, Römpler H, Schöneberg T, and Hoekstra HE. 2010. Molecular and functional basis 
of phenotypic convergence in white lizards at White Sands. Proc. Natl. Acad. Sci. U. S. A 
107:2113–2117. [PubMed: 20080544] 

Rowell CHF 1972. The Variable Coloration of the Acridoid Grasshoppers. Pp. 145–198 in Beament 
JWL, Treherne JE, and Wigglesworth VB, eds. Academic Press.

San-Jose LM, and Roulin A. 2017. Genomics of coloration in natural animal populations. Philos. 
Trans. R. Soc. B Biol. Sci 372.

Sandoval CP 1994a. Differential visual predation on morphs of Timema cristinae (Phasmatodeae, 
Timemidae) and its consequnces for host-range. Biol. J. Linn. Soc 52:341–356.

Sandoval CP 1994b. The effects of the relative geographic scales of gene flow and selection on 
morph frequencies in the walking-stick Timema cristinae. Evolution 48:1866–1879. [PubMed: 
28565164] 

Smit AFA, Hubley R & Green P 2015. RepeatMasker Open-4.0 http://www.repeatmasker.org.

Stevens M, and Merilaita S. 2009. Defining disruptive coloration and distinguishing its functions. 
Philos. Trans. R. Soc. B Biol. Sci 364:481–488.

Stoddard MC, and Stevens M. 2010. Pattern mimicry of host eggs by the common cuckoo, as seen 
through a bird’s eye. Proc. R. Soc. B Biol. Sci 277:1387–1393.

O’Connor et al. Page 23

Evolution. Author manuscript; available in PMC 2022 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.repeatmasker.org


Svensson EI 2017. Back to basics: Using colour polymorphisms to study evolutionary processes. Mol. 
Ecol 26:2204–2211. [PubMed: 28099782] 

Svensson EI, Abbott J, and Härdling R. 2005. Female polymorphism, frequency dependence, and rapid 
evolutionary dynamics in natural populations. Am. Nat 165:567–576. [PubMed: 15795853] 

Svensson EI, Willink B, Duryea MC, and Lancaster LT. 2020. Temperature drives pre-reproductive 
selection and shapes the biogeography of a female polymorphism. Ecol. Lett 23:149–159. 
[PubMed: 31692246] 

Tajima F 1989. Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. 
Genetics 595:585–595.

Takahashi Y, Morita S, Yoshimura J, and Watanabe M. 2011. A geographic cline induced by negative 
frequency-dependent selection. BMC Evol. Biol 11.

Takahata N, Satta Y, and Klein J. 1992. Polymorphism and balancing selection at major 
histocompatibility complex loci. Genetics 130:925–938. [PubMed: 1582567] 

Tarutani Y, Shiba H, Iwano M, Kakizaki T, Suzuki G, Watanabe M, Isogai A, and Takayama S. 2010. 
Trans-acting small RNA determines dominance relationships in Brassica self-incompatibility. 
Nature 466:983–986. [PubMed: 20725042] 

Templeton AR, Crandall KA, and Sing CF. 1992. A cladistic analysis of phenotypic associations 
with haplotypes inferred from restriction endonuclease mapping and DNA sequence data. III. 
Cladogram estimation. Genetics 132:619–633. [PubMed: 1385266] 

Theron E, Hawkins K, Bermingham E, Ricklefs RE, and Mundy NI. 2001. The molecular basis of an 
avian plumage polymorphism in the wild. Curr. Biol 11:550–557. [PubMed: 11369199] 

Thomas JW, Cáceres M, Lowman JJ, Morehouse CB, Short ME, Baldwin EL, Maney DL, and 
Martin CL. 2008. The chromosomal polymorphism linked to variation in social behavior in the 
white-throated sparrow (Zonotrichia albicollis) is a complex rearrangement and suppressor of 
recombination. Genetics 179:1455–1468. [PubMed: 18562641] 

Thompson MJ, and Jiggins CD. 2014. Supergenes and their role in evolution. Heredity 113:1–8. 
[PubMed: 24642887] 

Tian L, Rahman SR, Ezray BD, Franzini L, Strange JP, Lhomme P, and Hines HM. 2019. A homeotic 
shift late in development drives mimetic color variation in a bumble bee. Proc. Natl. Acad. Sci. 
U. S. A 116:11857–11865. [PubMed: 31043564] 

Troscianko J, and Stevens M. 2015. Image calibration and analysis toolbox - a free software suite 
for objectively measuring reflectance, colour and pattern. Methods Ecol. Evol 6:1320–1331. 
[PubMed: 27076902] 

Tuttle EM, Bergland AO, Korody ML, Brewer MS, Newhouse DJ, Minx P, Stager M, Betuel A, 
Cheviron ZA, Warren WC, Gonser RA, and Balakrishnan CN. 2016. Divergence and functional 
degradation of a sex chromosome-like supergene. Curr. Biol 26:344–350. [PubMed: 26804558] 

van den Berg CP, Troscianko J, Endler JA, Marshall NJ, and Cheney KL. 2020. Quantitative Colour 
Pattern Analysis (QCPA): A comprehensive framework for the analysis of colour patterns in 
nature. Methods Ecol. Evol 11:316–332.

van Doorn GS 2009. Intralocus sexual conflict. Ann. N. Y. Acad. Sci 1168:52–71. [PubMed: 
19566703] 

van t’Hof AE, Campagne P, Rigden DJ, Yung CJ, Lingley J, Quail MA, Hall N, Darby AC, and 
Saccheri IJ. 2016. The industrial melanism mutation in British peppered moths is a transposable 
element. Nature 534:102–105. [PubMed: 27251284] 

Verlinden H, Sterck L, Li J, Li Z, Yssel A, Gansemans Y, Verdonck R, Holtof M, Song H, Behmer 
ST, Sword GA, Matheson T, Ott SR, Deforce D, Van Nieuwerburgh F, Van de Peer Y, and 
Vanden Broeck J. 2020. First draft genome assembly of the desert locust, Schistocerca gregaria. 
F1000Research 9:775. [PubMed: 33163158] 

Vignieri SN, Larson JG, and Hoekstra HE. 2010. The selective advantage of crypsis in mice. Evolution 
64:2153–2158. [PubMed: 20163447] 

Villoutreix R, De Carvalho CF, Soria-Carrasco V, Lindtke D, De-La-Mora M, Muschick M, Feder JL, 
Parchman TL, Gompert Z, and Nosil P. 2020. Large-scale mutation in the evolution of a gene 
complex for cryptic coloration. Science 369:460–466. [PubMed: 32703880] 

Wallace AR 1877. The colors of animals and plants. Am. Nat 11:641–662.

O’Connor et al. Page 24

Evolution. Author manuscript; available in PMC 2022 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wang G, and Greenfield M. 1994. Ontogeny of territoriality in the desert clicker Ligurotettix 
coquilletti (Orthoptera: Acrididae). J. Insect Behav 7:327–342.

Wang X, Fang X, Yang P, Jiang X, Jiang F, Zhao D, Li B, Cui F, Wei J, Ma C, Wang Y, He J, Luo 
Y, Wang Z, Guo X, Guo W, Wang X, Zhang Y, Yang M, Hao S, Chen B, Ma Z, Yu D, Xiong Z, 
Zhu Y, Fan D, Han L, Wang B, Chen Y, Wang J, Yang L, Zhao W, Feng Y, Chen G, Lian J, Li Q, 
Huang Z, Yao X, Lv N, Zhang G, Li Y, Wang J, Wang J, Zhu B, and Kang L. 2014. The locust 
genome provides insight into swarm formation and long-distance flight. Nat. Commun 5:2957. 
[PubMed: 24423660] 

Weir BS, and Cockerham CC. 1984. Estimating F-statistics for the analysis of population structure. 
Evolution 38:1358–1370. [PubMed: 28563791] 

Wellenreuther M, and Bernatchez L. 2018. Eco-evolutionary genomics of chromosomal inversions. 
Trends Ecol. Evol 33:427–440. [PubMed: 29731154] 

White MJD 1973. Animal Cytology and Evolution. 3rd ed. University Press, Cambridge.

Woronik A, Tunström K, Perry MW, Neethiraj R, Stefanescu C, de la P. Celorio-Mancera M, 
Brattström O, Hill J, Lehmann P, Käkelä R, and Wheat CW. 2019. A transposable element 
insertion is associated with an alternative life history strategy. Nat. Commun 10:5757. [PubMed: 
31848330] 

Wright S 1929. Fisher’s theory of dominance. Am. Nat 63:274–279.

Wright S 1934. Physiological and evolutionary theories of dominance. Am. Nat 67:24–53.

Wybouw N, Pauchet Y, Heckel DG, and Van Leeuwen T. 2016. Horizontal gene transfer contributes to 
the evolution of arthropod herbivory. Genome Biol. Evol 8:1785–1801. [PubMed: 27307274] 

Yasuda S, Wada Y, Kakizaki T, Tarutani Y, Miura-Uno E, Murase K, Fujii S, Hioki T, Shimoda 
T, Takada Y, Shiba H, Takasaki-Yasuda T, Suzuki G, Watanabe M, and Takayama S. 2016. A 
complex dominance hierarchy is controlled by polymorphism of small RNAs and their targets. 
Nat. Plants 3:1–5.

Zhang D 2017. A coefficient of determination for generalized linear models. Am. Stat 71:310–316.

Zhang D 2018. rsq: R-Squared and Related Measures. https://CRAN.R-project.org/package=rsq.

O’Connor et al. Page 25

Evolution. Author manuscript; available in PMC 2022 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://CRAN.R-project.org/package=rsq


Figure 1. 
(A) The desert clicker grasshopper, Ligurotettix coquilletti on greasewood (Sarcobatus 
vermiculatus; Mina, NV). (B) Two discrete color morphs of the desert clicker (Ocotillo 

Wells, CA). (C) Typical desert clicker habitat, with creosote bush (Larrea tridentata) in 

foreground (Boyd Deep Canyon Desert Research Station, Palm Desert, CA). (D) Both sexes 

spend most of the day on host plant stems (primarily creosote bush), which vary in color and 

patterning. (E) Adult females oviposit into desert substrate, ranging from low-contrast silt 

(top) to highly patterned granitic gravel (bottom).
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Figure 2. 
Localities of 530 collections made for this study (black dots) span most of the desert 

clicker's distribution (orange). Pattern indicates desert region. CA = California; NV = 

Nevada; UT = Utah; AZ = Arizona; BC = Baja California; BS = Baja California Sur; 

SO = Sonora.
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Figure 3. 
Predicted patterns of genotyping rates and between-morph FST if color morph is linked 

to a chromosomal inversion (A–C) or a large indel (D–F). Key at bottom shows possible 

genotypes for each morph if one haplotype is fully dominant. (A) Cartoon of two 

inverted haplotypes, h1 and h2 (arrows). Due to common ancestry, some RAD loci are 

shared between haplotypes (green bars). However, divergence between inverted regions can 

eliminate shared restriction sites and create novel ones, resulting in RAD loci that are 

exclusive to each haplotype (blue and yellow bars). Suppressed recombination can also 

extend beyond inversion breakpoints to include adjacent RAD loci (red bars). (B) Predicted 

differences in genotyping rates between morphs. Although the degree of missingness 

varies among RAD loci, the genome-wide expectation is that loci should be genotyped 

at comparable rates in each morph (black line). Loci exclusive to the dominant haplotype(h1) 

will be genotyped only in individuals of the dominant morph (blue line). In contrast, loci 

exclusive to the recessive haplotype (h2) will be carried by all morph 2 individuals as well 

as morph 1 heterozygotes. We therefore expect that h2 loci should be genotyped at higher 

rates in morph 2 (yellow line), with the degree of bias inversely proportional to heterozygote 

frequency. (C) Hypothetical FST outlier scan. Shared loci within the inversion are expected 

to be exceptionally differentiated between morphs. Adjacent loci may also be divergent 

(red), but less so due to occasional recombination. (D) Cartoon of two haplotypes that differ 

by a large indel. (E) Loci exclusive to h1 will be genotyped only in morph 1 (if h1 is 

dominant) or predominantly in morph 1 (if h1 is recessive). In the recessive case, the bias 

toward morph 1 is inversely proportional to heterozygote frequency. (F) As with inversions, 

loci adjacent to the indel may experience reduced recombination that elevates FST between 

morphs.
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Figure 4. 
(A) Comparison of mean pattern energy spectra for uniform (dashed black) and banded 

(solid orange) morphs. Banded morph patterning peaked at 0.75–1.25 mm, whereas uniform 

morphs had relatively flat energy spectra. (B) Variable loadings on substrate PC2 peaked at 

0.5–1 mm. Positive PC2 scores therefore indicated stronger patterning at this spatial scale. 

Area under the four highest values for each panel is highlighted to emphasize spectral peaks.
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Figure 5. 
Banded morph frequencies in 19 focal populations.
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Figure 6. 
Dominance of a putative indel differs among desert clicker populations. (A) Distribution of 

eight population groups identified by DAPC, coded by color. (B and C) Correspondence 

of putative karyotype and phenotype across the desert clicker's range. Populations grouped 

and colored as in panel A. Each column is a single individual. Top row: presence/absence 

of 12 indel loci in RAD dataset (color = present; white = absent). Middle: karyotype 

assignment based on presence/absence of 12 indel loci (color = B–; white = UU). Bottom: 

grasshopper morph (color = banded; white = uniform). (B) The B– karyotype is nearly 

exclusive to banded morphs in the Great Basin, Mojave, western Sonoran, and northern 

Peninsular Deserts. The one exception (marked with a star) comes from the edge of the red 

population group in central Arizona (marked with a star in panel A). (C) In the southern 

Peninsular and eastern Sonoran Desert, uniform morphs may be B– or UU. All banded 

morphs are B–. (D and E) Between-morph differences in genotyping rates are consistent 

with a B haplotype that is dominant in some populations (D) and recessive in others (E). 

Compare with Figure 2E. (F and G) Tabular summary of data in panels B and C. Note that 

all banded individuals were inferred to carry at least one B haplotype. (H) Neighbor-joining 
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tree showing relationships among desert clicker populations (one individual per site). Tip 

labels show population cluster assignment as in panel A, and node labels show bootstrap 

support (BS). Populations in which B is dominant are deeply nested in the tree, indicating 

that B was ancestrally recessive to U.
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Figure 7. 
(A) Genome-wide distribution of Tajima's D and weighted FST between desert clicker 

morphs. One outlier (“morph-associated locus”) was strongly differentiated between morphs 

and found in the upper tail of the Tajima's D distribution. (B) Haplotype network of the 

morph-associated locus in the western Sonoran Desert. Circle size is proportional to number 

of haplotypes (max = 49; min = 1), and mutational steps are marked with hashes.
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Table 1.

Summary of binomial generalized linear model of morph frequencies as a function of substrate patterning 

(mean PC scores). Significance of model terms was evaluated with a likelihood-ratio χ2 test with 1 d.f. Model 

r2 = 0.72. PC1 was a proxy for substrate contrast, while PC2 captured variation in the spatial scale of substrate 

pattern.

B χ2 P

substrate PC1 (contrast) 0.73 35.8 2.2 × 10−9

substrate PC2 (scale) −0.06 8.1 4.4 × 10−3

substrate PC1 × substrate PC2 0.46 11.1 8.8 × 10−4
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