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Aposematism and mimicry are complex phenomena which have been studied extensively; however, much of our knowledge comes from just a few focal groups, especially butterflies. Aposematic species combine a warning signal with a secondary defense that reduces their profitability as prey. Aculeate hymenopterans are an extremely diverse lineage defined by the modification of the ovipositor into a stinger which represents a potent defense against predators. Aculeates are often brightly colored and broadly mimicked by members of other arthropod groups including Diptera, Lepidoptera, Coleoptera, and Araneae. However, aculeates are surprisingly understudied as aposematic and mimetic model organisms. Recent studies have described novel pigments contributing to warning coloration in insects and identified changes in cis-regulatory elements as potential drivers of color pattern evolution. Many biotic and abiotic factors contribute to the evolution and maintenance of conspicuous color patterns. Predator distribution and diversity seem to influence the phenotypic diversity of aposematic velvet ants while studies on bumble bees underscore the importance of intermediate mimetic phenotypes in transition zones between putative mimicry rings. Aculeate hymenopterans are attractive models for studying sex-based intraspecific mimicry as male aculeates lack the defense conferred by the females’ stinger. In some species, evolution of male and female color patterns appears to be decoupled. Future studies on aposematic aculeates and their associated mimics hold great promise for unraveling outstanding questions about the evolution of conspicuous color patterns and the factors which determine the composition and distribution of mimetic communities.
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INTRODUCTION

Aposematism has been a phenomenon of evolutionary and ecological interest since Alfred Russell Wallace and Charles Darwin first discussed warning coloration in caterpillars over 150 years ago (Wallace, 1867). Originally, the term aposematism was primarily associated with visual cues, such as the bright colors of many caterpillars, as an explanation for how conspicuousness could be favorable in life stages that do not experience sexual selection. We now know that warning signals are not limited to visual cues; many examples of non-visual aposematic signals, such as auditory and odor-based cues, are known, including the ultrasonic clicks of moths and non-repellent odors released by some plants and animals (Eisner and Grant, 1981; Dunning and Kruger, 1995; Hristov and Conner, 2005; Low et al., 2021). Many species present multimodal aposematic signals incorporating different types of cues which may strengthen or generalize the signal to a broader range of predators (Rowe and Halpin, 2013). As a result, aposematism is now generally defined as the pairing of a warning signal with a secondary defense that renders the prey unprofitable to attack by predators (Rojas et al., 2015). According to this definition, aposematism is a form of honest signaling which can benefit the prey and also potential predators by allowing them to make informed decisions about prey profitability.

The current body of literature on aposematism and mimicry, an intrinsically linked topic, is vast, a large proportion of studies have focused on poison dart frogs (Dendrobatidae) and Nymphalid butterflies, particularly the genus Heliconius. Heliconius butterflies display striking aposematic wing patterns and have served as a primary model group for studying mimicry for over 150 years (Bates, 1862). Hypotheses on the evolution, maintenance, and spatial distribution of mimetic patterns have been tested in Heliconius, and the genetic basis of mimicry is particularly well characterized in this group compared to other model systems (Mallet and Barton, 1989; Mallet and Gilbert, 1995; Jiggins et al., 2001; Kapan et al., 2006; Baxter et al., 2008; Kronforst and Papa, 2015). Extending these studies to different taxonomic groups would allow us to test whether other mimetic communities follow similar trends and explore questions such as: What are the chemical and genetic bases of conspicuous color patterns and color pattern variation? Which ecological factors and selective pressures are important in determining the phenotypic variability and geographic distribution of conspicuous color patterns? What factors facilitate the evolution of intraspecific sex-based color pattern variation?

The Aculeata (ants, bees, and stinging wasps) are a promising clade for addressing these questions and other related topics as they include some of the most widely mimicked aposematic species, and the female stinger represents an innate difference in the defenses of males and females. Surprisingly, aculeates have received little attention as model aposematic and mimicry systems despite the diversity of conspicuous color patterns found in the group. Ants (Formicidae) are well known as an incredibly diverse and ecologically important group mimicked by a wide array of arthropods; however, outside the recently described golden mimicry complex in Australia, most ant mimics imitate their body shape or behavior rather than conspicuous coloration (McIver and Stonedahl, 1993; Pekár et al., 2017). This review will focus on aposematic aculeates which do display conspicuous warning color patterns and their associated mimicry rings. Two groups that have been studied in this context are bumble bees (Bombus), whose coloration has a long history of study, and velvet ants (Mutillidae) which have emerged as another promising system in the past decade (Stiles, 1979; Plowright and Owen, 1980; Wilson et al., 2012; Ezray et al., 2019). The findings of these studies will be discussed following a brief overview of our current understanding of aposematism and mimicry systems.



BACKGROUND

In some cases, it may be difficult to tell whether a species meets both criteria required to be considered aposematic: a warning signal and a secondary defense. Some cryptic species have secondary defenses, and many undefended species mimic aposematic species by exhibiting dishonest conspicuous warning signals. Organisms falling into either of these categories can be readily distinguished from aposematic species with sufficient knowledge about the defensive strategies they employ and how conspicuous they are to co-occurring predators. Since humans are often not the target audience of warning signals, we may not recognize or perceive certain signals in the same way as an organism’s natural predators. Human perception of color patterns may be similar to that of visual predators such as birds; however, predators may also pick up on ultraviolet or infrared signals exhibited by prey that are outside the spectrum of light visible to us (Cuthill and Bennett, 1993; Dittrigh et al., 1993; Penney et al., 2012). Some conspicuous color patterns are important for mate recognition, thermoregulation and other functions, without also conferring increased predator avoidance (Stuart-Fox et al., 2017; Rojas et al., 2018). On one hand, we may misdiagnose some signals which do not actually play a role in predator avoidance as aposematic, and on the other, overlook genuine aposematic signals due to sensory biases.

If we lack sufficient information to definitively identify a given conspicuous color pattern as aposematic, more conservative terminology should be used. The term “conspicuous color pattern” is appropriate for situations in which the function of a given color phenotype is unknown. Conspicuous color patterns can be labeled as warning signals if they are known to confer increased predator avoidance, whether or not they are paired with defenses. For example, in guppies, strong sexual selection for conspicuousness may reduce survival due to increased predation, therefore these conspicuous color patterns should not be referred to as warning signals or as aposematic (Endler, 1980). Care must also be taken in distinguishing aposematic species from undefended mimics as only honest warning signals should be referred to as aposematic.

Aposematism and mimicry are closely connected and both phenomena have traditionally been viewed as frequency-dependent predator avoidance mechanisms, such that changes in the relative abundance of aposematic models, undefended mimics, and alternative prey can influence the fitness benefits of being aposematic or a mimic (Marples and Mappes, 2011). The two most prevalent forms of mimicry are Batesian and Müllerian, although several others have been described (Figure 1). Batesian mimicry involves an undefended species mimicking a defended model to gain a parasitic benefit at the cost of the model species (Bates, 1862). The dishonest signals of Batesian mimics are thought to reduce the relative fitness of the model by diluting the model’s honest signal in a frequency-dependent manner. Müllerian mimicry, on the other hand, is characterized by the convergence of two or more defended species upon similar aposematic signals, which strengthens the overall signal and spreads out the burden of educating naive predators to the mutual benefit of all involved mimics (Müller, 1878). In some situations, two or more defended species that differ in the degree to which they are defended may mimic each other. When the less defended species gains a parasitic benefit, this is referred to as quasi-Batesian mimicry (Speed, 1990; Rowland et al., 2010). Batesian, quasi-Batesian, and Müllerian mimicry are all types of interspecific mimicry; two types of intraspecific mimicry will also be discussed in this review. The first is Browerian mimicry, or automimicry, which occurs when there is variation in the degree to which individuals in a population are defended (Brower et al., 1967). Automimicry can be thought of as intraspecific Batesian mimicry. The second type is dual sex-limited mimicry (DSLM) which occurs when there is sex-based intraspecific variation in conspicuous color patterns. In species exhibiting DSLM, males and females are often members of different mimicry rings (Evans, 1968).
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FIGURE 1. Diagram of the types of mimicry discussed in this review. Arrows represent the direction of selection and point from the mimic to the model, defended model species are indicated by a stinger. (A) Batesian mimicry, an undefended species mimicking a defended model species. (B) Müllerian mimicry, two different defended model species mimic each other. (C) Automimicry, an undefended member of species mimics a defended conspecific model. (D) Dual sex-limited mimicry, a defended female of species 2 is a Müllerian mimic of species 1, an undefended male of species 2 is a Batesian mimic of species 3. Illustration created by Jen Schlauch.


The fitness benefits of being aposematic may vary both spatially and temporally (Ruxton et al., 2018). Skelhorn et al. (2016) and Ruxton et al. (2018) both give excellent summaries of the topic, particularly the subtleties of correctly identifying aposematism. The most salient points are outlined below. Spatial variation in relative fitness is evident due to the existence of mimicry rings and transition zones between regions with different characteristic patterns (Mallet and Barton, 1989; Mallet and Gilbert, 1995; Wilson et al., 2012). Transition zones are of particular interest and utility in identifying how dispersal barriers, differences in predation pressure, and other factors interact to drive different color patterns to local dominance in a spatial mosaic. Additionally, the conspicuousness of warning signals can be context dependent. Aposematism and crypsis are often thought of as opposite, mutually exclusive strategies, but some apparently conspicuous patterns may be cryptic against certain backgrounds, or when viewed from certain distances (Tullberg et al., 2005). Temporal variation in the fitness benefits conferred by aposematism is perhaps less obvious but also common. The relative fitness of aposematic individuals can fluctuate based on a variety of factors including variation in the relative abundance of naive predators and the availability of alternative prey (Skelhorn et al., 2016; Ruxton et al., 2018). A study of caterpillars in Finland found a phenological match between the emergence time of aposematic caterpillars and the points in the season when the relative fitness of aposematism is highest compared to crypsis (Mappes et al., 2014). Crypsis was favored when young naive avian predators were abundant and learning to associate aposematic signals with unprofitable prey (Mappes et al., 2014). Variation in predator state, such as hunger level or toxin load, can influence the decision making of experienced predators and cause them to knowingly attack aposematic prey they would usually avoid (Skelhorn et al., 2016). Predators and predator communities also vary in their susceptibility to specific toxins and their ability to detect prey or learn to associate specific patterns with unprofitability (Endler and Mappes, 2004).



HYMENOPTERAN COLOR PATTERN DIVERSITY

There are currently over 150,000 described hymenopteran species within ∼90 extant families, many of which contain conspicuously colored species (Figure 2; Branstetter et al., 2017; Peters et al., 2017). Hymenopterans are divided into two groups. Symphyta is a paraphyletic assemblage composed of early diverging lineages whose members have a broadly connected thorax and abdomen and are commonly known as sawflies (Malm and Nyman, 2015). Apocrita is a monophyletic suborder containing the vast majority of hymenopteran species distinguished by a narrow “waist” between the first two abdominal segments (Peters et al., 2017). All stinging hymenopterans (ants, bees and stinging wasps) belong to the monophyletic infraorder Aculeata which is nested within Apocrita (Branstetter et al., 2017). Aculeata includes over 70,000 currently described species grouped into nearly 40 families, bees (Anthophila) and ants represent distinct monophyletic lineages within Aculeata containing over 20,000 and 14,000 species, respectively (Branstetter et al., 2017; Sann et al., 2018). The stinger has been secondarily lost in some lineages, including a few families of bees and several subfamilies of ants. A huge variety of aposematic patterns are displayed by adult aculeates, and a number of sawflies and non-aculeate Apocrita also display warning coloration, although they lack a stinger. The larvae of some sawfly species also exhibit conspicuous color patterns. Accurately quantifying the number of hymenopteran species displaying warning colors, let alone distinguishing between aposematic species and undefended mimics, is an immense undertaking due to the sheer diversity of the order. A study which focused on a single color pattern, black-orange-black, highlights the magnitude of the task. This pattern was found to occur in over 200 species in at least 23 hymenopteran families, and although the authors examined over 1.2 million specimens, they describe their survey as preliminary with respect to this single pattern (Mora and Hanson, 2019).
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FIGURE 2. Phylogeny of hymenopteran superfamily relationships after (Branstetter et al., 2017). Symphyta is a paraphyletic grade consisting of the earliest diverging hymenopteran lineages. The monophyletic suborder Apocrita contains all remaining lineages and the bulk of Hymenopteran diversity including the Aculeata. Apidae and Chalcididae images are ©Matt Bertone, used with permission. All other images are ©Alex Wild, used with permission.


A diverse array of hymenopteran defensive mechanisms and other warning signals are known in addition to conspicuous color patterns. Velvet ants in particular exhibit many other adaptations. These include a hard slippery exoskeleton, a potent stinger in females, the ability to stridulate in response to the presence of predators, and the ability to release unpleasant odors which may function as both a defense and a warning signal (Manley, 2000). Other common strategies employed by hymenopterans include spines, aggregation of immatures by several sawfly species, communal attack by some social species, and the ability to spray noxious chemicals in some stingless ant lineages.



CHEMICAL AND GENETIC BASIS OF INSECT WARNING COLORATION

Understanding the chemical and genetic underpinnings of color in insects is important as it allows researchers to test why some groups exhibit greater phenotypic variation than others and whether similar patterns are produced by common mechanisms and pathways at different taxonomic levels. Insects produce an exceptional variety of colors, most of which can be classified as either structural or pigment-based. This review will focus primarily on pigment-based color, as the majority of literature on insect structural color comes from study of Coleoptera and Lepidoptera although some research has been conducted on structural color in hymenopterans (Nemésio, 2005; Kroiss et al., 2009; Pekár et al., 2017). Insect pigments have been studied in several orders while studies of the genetic basis of conspicuous coloration in insects have focused predominantly on Heliconius, a single genus within Lepidoptera. Increasing the taxonomic breadth of these studies could elucidate whether their findings are lineage-specific or consistent across other groups.

Pigments have many functions in insects including predator avoidance and thermoregulation as well as resistance to desiccation, ultraviolet radiation and infection by parasites (Shamim et al., 2014). The chemical basis of aposematism and color pattern polymorphism is relatively understudied in Hymenoptera but has recently been explored in bumble bees and velvet ants (Hines et al., 2017; Tian et al., 2019). Melanins were identified as the primary pigment underlying aposematic color patterns in these groups and a novel yellow pigment similar to those found in butterfly wings was discovered (Hines, 2008a,b; Hines et al., 2017). Both black eumelanins, which were thought to be responsible for all insect melanization, and red pheomelanins, previously unknown in insects, are important components of color patterns in these two aculeate groups (Hines et al., 2017). These findings suggest that further analysis of the chemistry underlying conspicuous aculeate color patterns will likely continue to yield new discoveries.

Our knowledge of the genetic basis of insect color patterns is primarily limited to Heliconius and swallowtail butterflies (Papilionidae: Papilio) (Joron et al., 2011; Heliconius Genome Consortium., 2012; Kunte et al., 2014; McMillan et al., 2020). Wing pattern variation in swallowtails is controlled by a small number of large-effect loci (Kunte et al., 2014; Nishikawa et al., 2015). Extensive crossing experiments have shown that wing pattern variation in Heliconius is also mostly controlled by a few large-effect Mendelian loci with many quantitative loci contributing to a lesser extent (Sheppard et al., 1985; Kronforst and Papa, 2015). In Heliconius, these large effect loci include WntA which controls melanic coloration, optix associated with red coloration, and the P locus which is conserved across the genus and named for a supergene that controls the entire wing pattern in one species, H. numata (Joron et al., 2006; Kronforst and Papa, 2015). The protein sequences of WntA and optix are also well conserved within Heliconius suggesting that changes in cis-regulatory elements may drive the evolution of wing patterns (Martin et al., 2012). Cis-regulatory elements are also known to be important drivers of the divergence and subsequent adaptive radiation of color patterns in East African cichlids (Urban et al., 2021).

Now that the fundamental genetic basis of conspicuous wing patterns is known in Heliconius, researchers have started looking for similar genetic structure in other butterfly groups to test whether this function arose in this genus or is evolutionarily conserved. For example, in Limenitis, another Nymphalid genus, WntA was found to control a similar melanic wing pattern and this phenotype was perfectly associated with a 9-kb retrotransposon in the first intron of WntA (Gallant et al., 2014). In Heliconius, a 1.8-kb indel was found to be perfectly associated with a specific wing pattern phenotype. Alignment of Limenitis and Heliconius WntA sequences showed that the respective position of the retrotransposon and indel overlap, suggesting independent origins of similar wing pattern elements through cis-regulatory mutations in the same region (Gallant et al., 2014).

New genomic tools can facilitate study of the pathways driving color pattern expression in non-model systems which do not have data from decades of crosses to utilize. Genes driving color polymorphism observed in the bumble bee Bombus melanopygus were identified using comparative functional analysis of genomes (Tian et al., 2019). A cis-regulatory element between the Hox genes abd-A and Abd-B determines whether the abdomen is black or red, corresponding to either the Pacific coastal or Rocky Mountain mimicry ring, respectively (Tian et al., 2019). Comparative studies, such as this and the previously mentioned work on WntA in Limenitis, seem to be a particularly promising approach for identifying loci controlling color pattern expression. Expanding studies to other hymenopteran taxa and comparing more distantly related groups could help establish whether the genetic mechanisms underlying similar conspicuous color patterns are phylogenetically conserved or arose from repeated independent mutations at specific loci within diverse clades such as vespid wasps, Aculeata, or Hymenoptera as a whole.



ECOLOGICAL FACTORS AND SELECTIVE PRESSURES

Early models of the evolution and maintenance of aposematic signals and Müllerian and Batesian mimicry treated the fitness benefits of conspicuous color patterns as unifunctional and strictly frequency dependent and their predictions do not match the local variation seen in nature. Conspicuous color phenotypes are now known to be influenced by other biotic and abiotic factors in addition to functioning as warning signals to predators (Ojala et al., 2007). Briolat et al. (2018) provide an excellent overview and discussion of diversity in warning coloration in their recent review. Numerous hypotheses have been put forward to explain variation in conspicuous coloration both within and between species and communities. For example, Kikuchi and Pfennig (2013) reviewed hypotheses regarding imperfect mimicry and grouped them into four categories: factors which temporarily prevent a response to selection for perfect mimicry, relaxed selection for perfect mimicry, local trade-offs which cause imperfect mimicry to be favored by selection, and imperfect mimicry being an artifact of human perception. The purpose of this section is not to provide a comprehensive summary of all such hypotheses on imperfect mimicry and other phenomena, but to highlight studies which focus on identifying ecological factors and selective pressures that could drive the phenotypic diversity of aculeate mimicry systems and to suggest specific hypotheses which may be well suited to future testing within Aculeata.

Velvet ant mimicry rings are an excellent example of multiple selective pressures driving extant variation in aposematic color patterns. Females are apterous, mostly diurnal, and spend much of their time actively searching for hosts, mainly large ground nesting hymenopterans, for their offspring to parasitize (Schmidt and Blum, 1977). These factors and behavior may increase their susceptibility to discovery and attack by predators, reducing the benefits of crypsis and driving the evolution of conspicuous patterns and potent defenses within the clade. Lizards are thought to be the primary predators of velvet ants and have been shown to either innately avoid aposematic species or rapidly learn avoidance (Vitt and Cooper, 1988; Pan et al., 2017). Eight distinct mimicry rings were identified in a study which included all 21 diurnal North American velvet ant genera and 84% of North American species (Wilson et al., 2015). The distribution of conspicuous phenotypes within the phylogeny suggests that convergent evolution of co-occurring species due to Müllerian mimicry was responsible for the observed mimicry complex rather than common ancestry (Wilson et al., 2012).

Interestingly, African velvet ant mimicry rings are less phenotypically diverse, with only 4 distinct rings identified based on examination of a comparable number of species, even though velvet ants are much more taxonomically rich in Africa than in North America (Wilson et al., 2018). This disparity could be explained by differences in the diversity and distribution of predators and ecoregions between the two continents as the richness of velvet ant mimicry rings appears to correlate with the richness of local lizard predators (Wilson et al., 2013, 2018). North America harbors a greater diversity of insectivorous lizards than Africa does at the family, genus, and species levels and most North American lizard species are concentrated in a few ecoregions clustered in a relatively narrow geographic range (Pianka, 1967; Wilson et al., 2018). The more even distribution of lizard species across a larger landmass in Africa could explain the relatively low phenotypic diversity of velvet ant mimicry rings compared to those found in North America (Wilson et al., 2018).

Another study on velvet ants highlights the need for caution in ascribing function to color patterns without direct evidence. Three Dasymutilla species within the North American desert mimicry ring have separately evolved long white hairs and were previously thought to mimic the fruits of creosote bushes. However, the three species in question were found to share similar reflectance spectra, distinct from that of creosote fruit, and ancestral state reconstructions place the origin of this white color pattern some 4 million years prior to the introduction of creosote bushes (Wilson et al., 2020). Temperature assays found that white members of the desert mimicry ring remain cooler than those which are orange. Combined, these results point to this phenotype initially evolving as a thermoregulatory adaptation to the desert climate rather than being driven by predation pressure (Wilson et al., 2020). The authors suggest that Müllerian mimicry could have then facilitated diversification of light-colored setal phenotypes within the desert mimicry ring. This study underscores the need to evaluate the actual fitness benefits conferred by a given color pattern before making assumptions about the selective factors driving initial evolution of the phenotype.

The richness and distribution of predator communities seems to be an important factor driving the phenotypic diversity of velvet ant mimicry rings. Comparing the responses of naive and educated predators to aposematic species from mimicry rings which overlap with the distribution of the predator, and those from other non-overlapping mimicry rings would test two questions. First, is predator avoidance of velvet ants an innate or learned behavior? Second, how do predators respond to new conspicuous phenotypes? Additionally, comparing responses to different conspicuous phenotypes within a given mimicry ring would tell us to what extent predators generalize color patterns within putative mimicry rings. If both naive and educated predators avoid unfamiliar aposematic phenotypes, or educated predators broadly generalize avoidance, this could indicate that some of the other warning signals exhibited by velvet ants are more important for predator avoidance. Manipulating the expression of these signals, such as odors and stridulations, and testing whether predator responses change based on the suite of characters presented, would provide insight into how individual components impact predator learning and avoidance and interact to form multimodal signals. Pekár et al. (2017) found that visually- and non-visually orienting predators show similar degrees of avoidance of members of the golden mimicry complex suggesting that displaying multimodal signals is important for avoiding a predator community consisting of multiple distinct guilds. This was an interesting finding, and it illustrates the difficulty of quantifying predator generalization of warning signals when mimics exhibit multimodal signals.

Color patterns in bumble bees are perhaps the best characterized of all hymenopterans thanks to a long history of research (Dalla Torre, 1880; Vogt, 1909; Stiles, 1979; Plowright and Owen, 1980). In a landmark paper published in 2007, Paul Williams examined all 219 social bumble bee species described at that time for the presence of repeated and co-occurring color patterns, and to determine whether any patterns are associated with specific habitats (Williams, 2007). Several color pattern groups were identified, and the most species-rich groups were found to significantly cluster in specific geographic regions based on available collection data (Williams, 2007).

A subsequent study used a similar dataset and unsupervised machine learning based on human visual perception to cluster color patterns (Ezray et al., 2019). The authors used an extensive geographic dataset for preserved specimens found in the United States to describe the “average pattern” in 167 × 88 km cells. Both the average color pattern of all species within a grid cell (perceptual mimicry optimum), and the average counting each distinct morphotype once independent of frequency (average color pattern) were calculated. When viewed at a coarse scale, bumble bee color patterns appear to fall into four mimicry complexes which are distinct both visually and geographically as predicted by traditional mimicry theory. However, the authors found that at a finer scale, bumble bee color patterns form a perceptual continuum along a geographic gradient. Imperfect or intermediate mimicry may even be favored in transition zones and persist due to generalization by predators or by being the best representation of the average pattern in these regions (Ezray et al., 2019). Similar color patterns were found to have independent origins in different bumble bee clades, again supporting convergent evolution rather than common ancestry (Ezray et al., 2019). This study provided a useful, broadly applicable method for quantifying color patterns and laid the groundwork for future studies on the evolution of mimicry patterns in transition zones.

Comparing the responses of predators in transition zones to the phenotypes of imperfect mimics and distinct phenotypes from adjacent regions would help tease apart whether intermediate phenotypes persist due to generalization or are actually selectively favored. Testing the relative thermal tolerance, desiccation resistance, and parasite load of distinct, co-occurring species and morphs could identify additional selective pressures, outside of predation, driving the phenotypic variability and spatial turnover observed in transition zones. Applying this method to other widespread aposematic groups which form multiple mimicry rings would be useful in determining whether most groups occur along continua or cluster into discrete groups with hard spatial boundaries. The identification of areas in which the perceptual mimicry optimum and average color pattern differ significantly may be of special interest.

Velvet ants and bumble bees represent speciose clades containing many important aposematic models and a diverse array of conspicuous color patterns. Within each group, similar color patterns were found to have arisen through convergent evolution as opposed to shared phylogenetic history. Combined with the comparative study on color patterns in Bombus melanopygus, this lends some support to the hypothesis that mutations at cis-regulatory elements controlling conserved loci play an important role in bumble bee color pattern evolution as in Heliconius. In velvet ants, mimicry ring diversity appears to be correlated with predator and ecoregion diversity in line with the expected benefits of Müllerian mimicry. Bumble bee color patterns were found to form geographic and perceptual continua with significant transition zones between seemingly discrete mimicry rings. These studies have paved the way for future work in the many other aculeate groups known to exhibit a variety of conspicuous color patterns.



SEX-BASED INTRASPECIFIC MIMICRY

Brower et al. (1967) first described automimicry in monarch butterflies when they found that adults reared on more toxic milkweed species are chemically defended while adults reared on less toxic milkweeds are palatable and mimic noxious individuals. In aculeates, the characteristic female stinger represents an innate sex-based morphological difference in defenses rather than a diet-based difference. In many aculeate species, males display color patterns identical or very similar to those of conspecific females even though the males lack a stinger. DSLM was first described by Howard Evans based on several spider wasp (Pompilidae) species (Evans, 1968). In these species, females are Müllerian mimics, while males are Batesian mimics, but of other aposematic species; males and females are thus members of different mimicry rings. DSLM is now also known to occur in other insect groups in addition to spider wasps, including the closely related velvet ants and some butterfly species, although in butterflies both sexes are often Batesian mimics (Kunte, 2008; Wilson et al., 2015).

The evolutionary dynamics of sexual automimicry and DSLM in aculeates are intriguing. The evolution and persistence of these phenomena could potentially be explained by a wide variety of factors which may alter the benefit gained by male automimics and cost incurred by aposematic females. These include biased sex ratios, the presence of other distinct patterns for males to mimic, and the presence of shared, or potentially male specific, defenses. Differences in life history traits such as lifespan, emergence time, foraging behavior, and mate finding strategies could also drive the evolution of sexual dichromatism by causing males and females to effectively reside in different mimetic communities or experience predation pressure from somewhat different predator communities. The presence of highly noxious, non-conspecific models may facilitate this process if predators avoid even low fidelity mimics due to the high cost of accidentally attacking a potently defended model species.

The effects automimics have on predator foraging decisions were evaluated in a study which used chicks as predators and crumbs as prey (Skelhorn and Rowe, 2007). Prey included defended and undefended conspicuous red crumbs, representing automodels and automimics, respectively, alongside undefended green crumbs which matched the background representing alternative cryptic prey. Crumbs representing automodels were sprayed with a distasteful quinine solution while those representing automimics or alternative cryptic prey were sprayed with water. The authors found that the presence of automimics did not affect predation rates when undefended automimics comprised less than 25% of the population (Skelhorn and Rowe, 2007). This provides some support for mechanisms involving reduced male presence, such as biased sex ratios, as explanations for the maintenance of automimicry in populations where sex-based differences in defenses exist.

To date, most studies on automimicry have been theoretical or lab-based with relatively few being conducted in natural systems. Using sex-based automimicry model systems like aculeates, rather than groups in which automimicry is diet-based would alleviate the need to monitor and track the feeding habits of individuals, making field studies more feasible. DSLM in general is poorly understood, likely at least in part because associating males with their conspecific females can be difficult morphologically, but genetic identification methods should help alleviate this initial problem. Future studies on the genetic underpinnings of DSLM could seek to explain how sex-based polymorphism of color phenotypes is produced and in what order new phenotypes evolved from the ancestral pattern. Comparative studies focusing on the life history of populations with automimics or DSLM and their closest relatives not exhibiting these phenomena could identify specific selective pressures driving these types of mimicry.



DISCUSSION

Traditionally, the study of aposematism and mimicry has been restricted to a few focal taxonomic groups; however, recently developed methods and tools are giving researchers new ways to view and measure color patterns in other taxonomic groups. Sequencing costs have declined to the point where genome scale datasets can be generated fairly affordably and comparative genomic studies have emerged as a powerful method for identifying the genes and common genetic architecture underlying color pattern polymorphism and diversification (Gallant et al., 2014; Tian et al., 2019). Identification of common aposematic patterns within and between groups will be aided by ongoing efforts to digitize specimens and accompanying advances in analysis of digitized material. Multispectral imaging of specimens will facilitate identification of patterns conspicuous to predators but invisible to humans. Image analysis with machine learning tools may maintain the continuous nature of patterning, which is lost in matrix-based approaches, while being less sensitive to minor differences in color pattern location which may not be biologically relevant (Wham et al., 2019).

Recent studies leveraged some of these tools to establish velvet ants and bumble bees as the first aculeate models for studying color pattern variation and mimicry. As in Heliconius and cichlids, cis-regulatory elements were identified as drivers of color pattern evolution in a species of bumble bee. Continued study of the pigment chemistry and genetic basis of conspicuous color patterns will further our understanding of how these striking phenotypes are produced and allow us to test whether cis-regulatory elements are important drivers of color pattern variation across taxa or if other mechanisms are also common. The evolution of aposematic color patterns in velvet ants and bumble bees has been driven by convergent evolution which underscores the importance of studying these patterns in an ecological and phylogenetic context. Aculeates represent a valuable group for testing hypotheses about the evolution and maintenance of conspicuous color patterns in natural systems as they display such a wide variety of conspicuous patterns, many of which are shared with more distantly related hymenopteran taxa.

The papers discussed in this review on velvet ants and bumble bees primarily focus on these groups in the context of within-group Müllerian mimicry. Future studies could instead focus on other Müllerian or Batesian mimics of these taxa. Batesian mimics of velvet ants include beetles, spiders and antlion larvae, while at least five fly families contain species which mimic bumble bees (Gabritschevsky, 1926; Wilson et al., 2012). Comparing the abundance, diversity, and mimetic fidelity of Batesian mimics within a community to their aposematic models could further our understanding of the impact of dishonest mimics on model fitness. It would be especially interesting to compare the abundance and relative fitness of Müllerian and Batesian mimics in communities in which there is seasonal variation in the presence of naive predators, or in the availability and relative profitability of alternative prey.

Aculeate hymenopterans represent an evolutionarily diverse set of models and mimics, they are mimicked by a wide variety of insects and even other arthropods and some mimicry rings based on aculeate models are taxonomically rich at or above the ordinal level. These super diverse mimicry rings are well-suited for studying imperfect mimicry, especially for exploring what factors set the spatial boundaries of a given ring and why some species have evolved to become mimics while close relatives have not. Ant mimicry complexes are of particular note for the astonishing morphological and behavioral adaptations mimics have evolved to resemble ants. Aculeates are also ideal for studying automimicry, which has been a challenging concept to understand and model evolutionarily. DSLM has scarcely been studied at all since its description over 50 years ago and may also be best addressed in aculeate systems in which multiple distinct mimetic patterns are known to overlap, such as with velvet ants (Wilson et al., 2015, 2018). Promising aculeate groups for future studies on mimicry include large carpenter bees (Blaimer et al., 2018), vespid wasps (Perrard et al., 2014; Marchini et al., 2016), and spider wasps (Schmidt, 2004).

Integrative studies across Hymenoptera could allow researchers to tackle broad evolutionary questions in a comparative framework. Collaboration between research groups studying the genetic basis of color pattern variation across taxa will likely yield exciting new insight into the mechanisms by which similar color patterns are produced and whether these patterns have a common genetic basis or function. The work on melanism in bumble bees and velvet ants is an example of the potential for collaborative studies to enhance our understanding of these patterns (Hines et al., 2017). Other goals of collaborative work could include: reconstructing the origin of aposematism and mimicry in different clades, identification of the selective pressures driving the current distribution of color patterns in communities and across groups, and comparing the relative rates at which honest and dishonest warning signals are gained and lost. Comparing multiple, distantly related, co-occurring species may also help us identify the mechanisms by which factors such as predation pressure, sexual selection, and other biotic and abiotic environmental variables contribute to warning signal local optima. Our understanding of color adaptations has come a long way since Wallace’s letter to Darwin, but a great deal of work remains to be done. The Aculeata represent an exciting system for studying conspicuous color patterns due to their taxonomic and phenotypic diversity, and future studies in aculeates hold great promise for answering many outstanding questions concerning aposematism and mimicry.
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