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The color patterns on the wings of butterflies and moths are among the most complex manifestations of pattern formation in nature. The complexities of these patterns arise from the diversification of a conserved set of homologous elements known as the Nymphalid Ground Plan that can change color, shift position, expand, or disappear altogether. Recent work has shown that the anterior–posterior (AP) axis of the butterfly wing may also have an important role in the development and evolution of wing-pattern diversity. Here we characterize the AP axis by mapping expression domains of key regulatory genes onto the wing. We show that the butterfly wing can be subdivided into four primary regions, with the boundaries of these domains arising at the positions of the M1, M3, and Cu2 wing-veins. We find that the correlation among variation in the border ocelli is strongest for those within the same domain. We show how these domains may be used to determine phenotypic outcomes by surveying the frequency of color boundaries, tail development, and wing shape discontinuities across five major butterfly families: Lycaenidae, Nymphalidae, Papilionidae, Pieridae, and Riodinidae. Of the more than 200 genera we surveyed in this study, color pattern discontinuities emerge most often at the boundary veins M1, M3, and Cu2, and shape discontinuities and tails at veins M3 and Cu2. These findings reveal a hitherto unrecognized mode of evolution of patterning in the Lepidoptera.
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INTRODUCTION

The color patterns on the wings of butterflies and moths are among the most striking and complex in nature. Although at first glance these patterns may look like random, abstract art, they are in fact composed of a series of discrete characters called pattern elements. Lepidopteran color patterns therefore differ significantly from color patterns of other organisms in that the pattern is composed of an anatomical set of homologs, or ground plan, quite analogous to that of the vertebrate skeletal system (Nijhout, 1991, 2001). This means the same stripe or spot can be found in the same location in all individuals of a species, and can also be traced from species to species and even genus to genus (Nijhout, 1991, 2001). The ground plan is therefore composed of sets of homologous characters, which makes it an ideal system to study the evolution and development of color patterns.

The ground plan for lepidopteran wing color patterns has been best studied in nymphalid butterflies, often referred to as the Nymphalid Ground Plan (NGP; Nijhout, 1991). Each color pattern element is an individuated character in the same way that a bone is an individuated character (Capdevila and Belmonte, 2001). As bones are regionally specified along the proximo-distal (PD) axis of the limb into the zeugopod, stylopod, and autopod, so too are color pattern elements. The NGP is made up of a modular series of bands and spots along the PD axis of the wing that begins proximally with the basal symmetry system (BSS), followed distally by central symmetry system (CSS), and the border symmetry system (BoSS; Figure 1). The BoSS has the most complex pattern element shapes and size and is composed of border ocelli and parafocal elements (Nijhout, 1991, 2017). Distal to this system lie the marginal bands along the distal wing margin (Figure 1). Changes in the size, shape, color, or position of the pattern elements belonging to this structural plan is hypothesized to have produced the enormous diversity of color patterns in butterflies (Nijhout, 1991, 2001, 2017; Otaki, 2012) and possibly even moths (Gawne and Nijhout, 2019).
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FIGURE 1. The Nymphalid groundplan. The border symmetry system (BoSS) which includes the border ocelli and parafocal elements. The central symmetry system (CSS) and the basal symmetry system (BSS). Each system is composed of pattern elements that are serially repeated between the wing veins along the anterior–posterior axis of the wing.


Evolutionary change in any of these characteristics of symmetry systems can occur at various positions along the wing. In most cases each band or series of spots is interrupted by wing veins (Nijhout, 1991, 1994). This causes the band to look like a series of short segments that are imperfectly aligned. Developmental studies have shown that each pattern element develops independently within the regions between wing veins referred to as wing cells (Carroll et al., 1994; Panganiban et al., 1994; Keys et al., 1999; Weatherbee et al., 1999; Brunetti et al., 2001; Saenko et al., 2011). Wing veins, and the developmental mechanisms that position them, therefore play an important role in individuating pattern elements along the anterior–posterior (AP) axis.

Thus, the size, shape, and position of a pattern element depends on which wing cell it develops in. A good example of this are the border ocelli, which in some species have been elaborated into eyespots. In Bicyclus anayana, eyespots develop in every wing cell on the hindwing, yet each differs dramatically in size (Brakefield et al., 1996). An artificial selection experiment in Bicyclus demonstrated that the size of eyespots in the anterior portion of the wing can evolve independent of those in the posterior portion of the wing (Beldade et al., 2002; Beldade and Brakefield, 2003; Allen et al., 2008). In Junonia coenia, pattern elements that are farther apart along the AP axis have less correlated variation than elements in the same region (Paulsen and Nijhout, 1993; Paulsen, 1994). Anterior–posterior information may play a key role in the individuation of the pattern elements within a symmetry system, allowing for independent evolution of serially homologous characters and the pattern as a whole (Nijhout, 1991, 1994; Beldade and Brakefield, 2003).

A peculiar feature of the color pattern that occurs in some species is the precise discontinuity of color and shape along the midline of the wing at or near the M3 vein. In many species, the pattern anterior to the M3 vein has a distinctly different look than the pattern posterior to the vein. This manifests in several different ways. The pigmentation of homologous pattern elements may differ on either side of M3, or background pigmentation anterior to M3 may differ from that posterior to this dividing vein. Some have hypothesized that the M3 vein may serve a special function in compartmentalizing color pattern development (Nijhout, 1991; Abbasi and Marcus, 2017, 2019).

The shape of butterfly wings also can have characteristic AP differences on either side of the M3 vein. Several species develop a tail at the M3 vein and an associated distal dislocation of the pattern elements in the M3-Cu1 wing cell (Nijhout, 1991). In others like Hypanartia lethe, the entire wing region posterior to the M3 veins is longer than the region anterior to M3. This size difference is associated with the distal dislocation of color pattern elements posterior to M3.

These common alterations of the ground plan suggest that AP information plays a significant role in the development and evolution of wing color patterns. In this study we aim to uncover trends in the evolution of wing color patterns in butterflies using a comparative approach, with a focus on AP differentiation. We first homologize the regions of the Drosophila and lepidopteran wings in order to establish AP fate maps. We show that the lepidopteran wing is divided into four unique combinatorial expression domains of key regulatory genes, which may facilitate developmental independence. To test the developmental interconnectedness of these domains, we next quantified the degree to which the positioning of border ocelli in each wing cell covaries in Nymphalidae and Satyridae. This analysis suggests that development and evolution of color pattern elements is semi-autonomous in these four domains. We then investigated the role of the M1, M3, and Cu2 veins as pattern boundaries by analyzing color and shape heterogeneity across several butterfly families. Together, these data suggest that AP information serves an important role in butterfly wing color pattern evolution.



MATERIALS AND METHODS


Border Ocelli Analysis

Border ocelli placement in Satyridae and Nymphalidae was measured and analyzed using high-resolution digital images. Specimens were found in the collections of the Museum of Natural History in London, the Smithsonian National Museum of Natural History, the San Diego Natural History Museum, the Natural History Museum of Los Angeles, and the Nijhout lab’s personal collection. Specimens were photographed with a Nikon D-5300 digital camera with a scale bar. Measurements of wings were done from scaled photographs using the Fiji distribution of ImageJ (Schindelin et al., 2012).

Wing length of forewings and hindwings was measured as the distance from the base of the Radial vein bundle to the tip of the M1 vein. To measure border ocelli placement, a straight line was drawn from the center of each ocellus to the wing margin following the ridge that is present along the midline of each wing cell (Figure 2). To generate correlation heat maps, ocelli distance was normalized to wing length and used JMP Pro to generate correlation matrices. The list of species surveyed are supplied in the Supplementary Data File.
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FIGURE 2. Diagram of wing measurements on a general Nymphalid wing surface. Wing length was measured as the distance from the base of the wing to the distal tip of the M1 vein for forewing (a) and hindwing (c). Placement of an ocellus was measured as the distance from the focus to the wing margin (b,d). A straight line was drawn following the groove along the midline (e) of each wing cell.




Color and Tail Boundary Survey

To survey the diversity of color pattern discontinuities and tails, we used photographed specimens from the agencies listed above as well as a rich photographic dataset from books by Bernard D’Abrera ([citeskum]BR15,BR16,BR17,BR18,BR19,BR20,BR21,BR22[citeekum]D’Abrera, 1980, 1981, 1982, 1984a, 1984b, 1985, 1986, 1990). Images of Pedaliodes species were kindly supplied to us by Dr. Tomasz Pyrcz. We counted the number of genera in five major butterfly Families (Lycaenidae, Nymphalidae, Papilionidae, Pieridae, and Riodinidae) in which a vein associated color boundary or tail occurred, focusing on the hindwing. We defined a color pattern discontinuity as a change in the background color or an element in the color pattern that appeared between intervein regions. Count data were subsequently analyzed using JMP Pro. Adobe Photoshop was used to edit images and produce the final figures. The list of the genera surveyed are supplied in the Supplementary Data File.



RESULTS


Defining Anterior–Posterior Organization in Lepidoptera

Anterior–posterior (AP) information serves a fundamental role in the evolution of butterfly wing color patterns. Much of what we know about AP axis differentiation of the insect wing comes from foundational work in Drosophila melanogaster. In this species, a cell lineage boundary occurs between veins R4 + R5 and M1 + M2 (Figure 3). Cells anterior to the boundary express Cubitus interruptus (Ci) and those posterior to the boundary express Engrailed/Invected (En/Inv) (Blair, 1992; Zecca et al., 1995; Blair and Ralston, 1997).
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FIGURE 3. Homology of expression domains of key transcriptional regulators in wing imaginal disks of Nymphalid butterflies and Drosophila melanogaster. (A) Expression of Cubitus interruptus (Ci), Engrailed (En), Invected (Inv), and Spalt (Sal). (B) Superimposing expression domains creates four unique regulatory environments. Ci expression in Nymphalidae from Carroll et al. (1994). Inv and En domains of expression from Banerjee and Monteiro (2020). Spalt expression domains from Reed et al. (2007). Expression data for Drosophila pupal imaginal disks come from Blair (1992) and Milán et al. (2002).


The cells at the AP boundary secrete the diffusible protein decapentaplegic (Dpp), stimulated by the diffusible protein Hedgehog (Hh) secreted from En/Inv cells (Zecca et al., 1995; Tanimoto et al., 2000). Decapentaplegic serves to differentiate the anterior and posterior compartments by inducing the expression of the selector genes Spalt (Sal) and Optomotor blind (Omb). Sal and Omb are induced via a threshold-diffusion mechanism: at high Dpp concentrations Sal and Omb are both expressed (Nellen et al., 1996; Sturtevant et al., 1997; Lecuit and Cohen, 1998; Cook et al., 2004). As Dpp concentrations decline anteriorly and posteriorly away from the AP boundary, Dpp fails to induce the expression of Sal but maintains the expression of Omb. Thus, at least two distinct domains are established by Dpp: a Sal + Omb domain and an Omb domain. This is important because the induction of these domains within anterior Ci and posterior En/Inv cells, and in combination with other genes known to influence cell fate (Shen et al., 2010; Sugimori et al., 2016; Wang et al., 2016), produces combinatorial interactions that may establish semi-independent developmental microenvironments in the wing (Figure 3).

Some of these transcriptional regulators have been studied in Lepidoptera. We used published studies that described the expression of Ci, En/Inv, and Sal to homologize developmental regulatory environments in the wing of lepidoptera and Drosophila. In the buckeye butterfly, J. coenia, the AP boundary occurs between the R5 and M1 veins, where cells anterior to M1 express Ci and cells posterior express En/Inv (Keys et al., 1999). Interestingly, the fluorescence of En/Inv strains are not homogenous throughout the posterior of the wing and seem to fade posterior to M3 (Carroll et al., 1994; Reed et al., 2007; Abbasi and Marcus, 2017). The antibody for En/Inv recognizes both En and Inv (Patel et al., 1989), and the gradual posterior dilution of the fluorescence may be due to reduced expression of one or both of these posterior selector genes. Indeed, in situ hybridization in Bicyclus anyana demonstrates that En is expressed from M1 to the posterior margin, whereas Inv expression starts at M1 and ends at 2a (Banerjee and Monteiro, 2020).

Although there have been no studies of Omb expression, Sal expression has been readily analyzed in Junonia and Bicyclus (Reed et al., 2007; Monteiro, 2015). In these species a Sal expression domain appears anterior to the Sc vein, homologous to the far anterior domain in Drosophila (Sturtevant et al., 1997; Milán et al., 2002). The space from the Sc vein to R2 has little to no fluorescence of Sal, but from R2 to M3 Sal expression is strong. There is weak or no expression that spans the region between M3 to Cu2 (Figure 3). Between Cu2 and 2A another expression domain emerges that has a sharp posterior boundary along the 2A vein. No Sal expression is observed around the 2A vein, but a fourth and final expression domain occurs posterior to 2A that extends to the posterior wing margin.

When the Sal domains are superimposed onto anterior Ci and posterior En/Inv compartments, the wing is secondarily subdivided into four domains with characteristic combinations of expression of the various regulatory genes just as they are in Drosophila (Figure 3). The anterior most domain is between the R1-M1 veins (Rs-M1 on the hindwing), characterized by the expression of Ci and Sal. The next domain is between M1-M3 veins where Sal and En/Inv are co-expressed. Posterior to this domain is the M3-Cu2 domain where only En/Inv is expressed, and likely express Omb or BMP2/Dpp inhibitors. Posterior to Cu2, cells do not express Inv, but maintain En expression. The fourth domain occurs between the Cu2-2A veins where En cells also express Sal. These domains represent unique combinatorial interactions of compartment selector genes (Ci and En/Inv) and Dpp response elements. Such combinatorial interactions may allow for independent developmental regulation of the patterning mechanisms that specify serially homologous elements and background color.



Correlated Color Pattern Variation Maps to Expression Domains

Morphologically, the degree of independence of AP serial homologs can be demonstrated by measuring their correlated variation among individuals or across species. Within a species there is always some degree of individual variation in the position of pattern elements that emerges from genetic or environmental variation (Nijhout, 2001). Similarly, within a particular genus or family and even across families, the positioning of serial homologs differs because species vary in the genetic makeup of the developmental process that specifies and positions each pattern element. If two serially homologous pattern elements covary in position from species to species, it may indicate that they share developmental regulation of the patterning mechanism. If two serially homologous pattern elements do not covary – one may vary in the opposite direction from the first or one varies more than the other – then they may not share the same developmental regulation of the mechanism that positions said pattern element.

To determine if the four AP expression domains described above influence the evolution of ocelli placement, we measured the patterns of correlated variation of ocelli in Satyridae and Nymphalidae. Both Families develop border ocelli in each of the four expression domains, thus allowing us to analyze the degree of independence of AP serial homologs (Figure 4).
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FIGURE 4. Example of forewing and hindwing dislocation of border ocelli. Forewings in panel (A) show different patterns of ocelli dislocation. Hindwings in panel (B) show different degrees of dislocation. Veins are outlined to represent boundaries between expression domains. Ocelli are connected by white dashed line.


When the measurements from Satyridae and Nymphalidae are combined, a pattern of correlated variation emerged that seems to map directly to the four domains (Figure 5). That is, ocelli that lie within the same domain are strongly correlated, but ocelli in different domains are not. This is true for the forewing and the hindwing. However, when the measurements for the two families are analyzed separately, the strength of these correlations are different. For Satyridae, the forewing correlations were strongest within domains but there was a stronger correlation between domains in close proximity. For the hindwing the strength of the correlations between domains was weak, strengthening the support of evolutionary independence of the domains.
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FIGURE 5. Border ocelli placement is modular and maps to the AP expression domains. Heatmaps of correlations between the relative distance from the wing margin of border ocelli in Satyridae and Nymphalidae. Dark red colors indicate strong correlations. Light red, white, and blue represent weaker correlations. In the forewing (A) and hindwing (B), ocelli within each expression domain are strongly correlated with each other and are weakly correlated with ocelli in other expression domains.


For Nymphalidae, the independence between domains on the forewing was weaker than they are in Satyridae (Supplementary Figure S1). The position of ocelli in the M1-M3 domain were equally correlated with the adjacent domains. The position of the M1-M2 ocellus was equally correlated with that of the R5-M1 ocellus and the M2-M3 ocellus but was not correlated with that of the M3-Cu1 ocellus. The position of the M2-M3 ocellus was equally correlated with the M3-Cu1 ocellus but not with the Cu1-Cu2 ocellus. Thus, forewing ocelli in Nymphalidae displayed the pattern of correlations within domains but displayed stronger correlations between adjacent domains. Similarly, the pattern of correlations on the hindwing are completely different. The position of the Rs-M1 ocellus was uncorrelated with all other ocelli, but ocelli between M1-Cu2 were strongly correlated with each other and less correlated with ocelli between Cu2-2A. This suggests the positioning of ocelli in the M1-M3 and M3-Cu2 domains may share a greater degree of developmental regulation in this family despite differences in the combinatorial transcriptional regulation.



Color Boundaries

Previous studies have documented a widespread occurrence of color pattern discontinuities that form at various positions on the wing (Nijhout, 1991). The most notable discontinuity occurs around the M3 vein. In several species the pattern elements anterior to M3 are different from those posterior to the vein in almost every aspect (size, color, and position) (Nijhout, 1991). The M3 vein, however, is not the only location on the wing where such extreme pattern differences form. Many seem to form near the M1 and Cu2 veins. Interestingly, these veins happen to occur at the boundaries between the combinatorial expression domains (Figure 3).

We sought to discover the abundance of various color pattern boundaries to see if they occur in multiple butterfly taxa and to determine whether boundaries between expression domains were more common in some taxa than others. Genera in every Family displayed some form of color discontinuities at one or more of the veins that mark a boundary between expression domains (Figure 6). Within all five Families that we surveyed, there were genera that have a color pattern boundary at M1, M3, and Cu2/2A. When the genera from each Family were combined into a single dataset, the most frequent color pattern discontinuity occurred at the M1 vein (29%), followed by the Cu2 vein (19%), M3 vein (18%), 2A vein (16%), Rs vein (8%), M2 vein (6.4%), and the Cu1 vein (4.6%). Together, the veins that represent boundaries between expression domains (M1, M3, Cu2, and 2A) represented 82% of the color pattern discontinuities observed in the 201 genera included in this study (Figure 7).


[image: image]

FIGURE 6. Anterior–posterior color pattern heterogeneity in hindwings across four butterfly families. Wings show color pattern discontinuities at the M1 vein position (A–D), at the M3 vein position (E–H), and at the Cu2 or 2a vein position (I–L). The occurrence of M1, M3, and Cu2/2a discontinuities across diverse taxa highlights the universality of an underlying anterior–posterior pattern formation mechanism on the wing (Chorinea sylphina wing image obtained from Wikimedia Commons, https://commons.wikimedia.org/wiki/File:Chorinea_3.jpg).
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FIGURE 7. Frequency of anterior–posterior color pattern heterogeneity across five butterfly families. A total of 201 genera from five families were found to have anterior–posterior color pattern discontinuities. Several genera were counted more than when they had color dislocations at multiple boundaries on the same wing for a total count of 413 individuals. Across the specimens surveyed, a color boundary at M1 (29%) occurred most frequently followed by Cu2 (19%) and M3 (18%). These data show that color pattern discontinuities occur most frequently at expression domain boundaries.


We found that the five Families we studied (Lycaenidae, Nymphalidae, Papilionidae, Pieridae, and Riodinidae) had Family-specific differences in these locations of color pattern boundaries (Figure 8). In Lycaenidae, color boundaries primarily occurred at the M1 vein (59%), followed by the M3 (21%), Cu2 (8%), 2A (4%), Cu1 (3%) and Rs (3%). In Nymphalidae, Cu2 (24%) was the most common vein boundary, followed by 2A (22%), M1 (16%), M3 (13%), Rs (11%), M2 (9%), and Cu1 (4%). In Papilionidae, most color boundaries occurred at M3 (24%) and the AP boundary at the M1 (22%) vein, followed by Cu2 (19%) and Rs (11%). Very few color boundaries occurred at M2, Cu1, and 2A (each of with approximately 8%). In Pieridae, the most common color boundary occurred at the 2A vein (32%), followed by M3 (18%), Cu2 (18%), M1 (14%), M2 (9.1%) and Cu1 (9.1%). Finally, in Riodinidae, M1 (55%) represented the most common boundary, followed by M3 (32%), Cu2 (9.7%) and Cu1 (3.2%).
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FIGURE 8. Color pattern heterogeneity and tail occurrence frequency subdivided by Family. There is Family level variation in the position at which color boundaries and tails occur. The color boundaries in Lycaenidae (A) and Riodinidae (I) occur most frequently at M1, while color boundaries appear more frequently posterior to M3 in Nymphalidae (C) and Pieridae (G). In Papilionidae (E), color discontinuities occur most frequently at M3 and equally so at M1 and Cu2. Tails appear most frequently at M3 from all Families (D,F,H,J), but Lycaenidae (B).




Tails and Shape Boundaries

The shapes of butterfly wings can also have AP differences. For instance, a tail that develop from the outward protrusion of a vein is also frequently associated by a dislocation, exaggeration and/or reduction of pattern elements on either side of the vein. As with our analysis of color pattern discontinuities above, we sought to determine the frequency of various vein protrusions as they relate to the AP expression domains.

There is a diversity of tail shapes across the butterfly taxa we sampled as well as differences in the veins at which tails occurred (Figure 9). When the data were combined into a single dataset, tails largely occurred at or posterior to M3, with a 97.2% likelihood (Figure 10). The most common vein to form a tail is the M3 vein (40%), followed by Cu2 (28%), Cu1 (21%), and 2A (8%). Tails anterior to M3 were very rare accounting for approximately 3% of all tails observed (M2; 2%, M1; 0.8%, Rs; 0.4%) in the 161 genera that were included in this study.
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FIGURE 9. Tail diversity across butterfly families and their correspondence to domain boundaries. Across butterfly taxa, tails most frequently occur at the M3 vein position and posterior to it as seen in nymphalids (A,B,D,E,G,I), a papilionid (C), and a lycaenid (F). There are few instances of wings with projections at M1 and M2, as seen in the riodinid (H). The absence of tails above M3 is most likely due to biomechanical constraints. Frequently, wings that display tails also have a scalloped distal margin (exemplified in C), with most of the veins extending beyond the intervein region, compared to smooth distal wing margin in species where tails are absent (see Figure 6, wings B,E,I,J,L).
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FIGURE 10. Frequency of tails across five butterfly families. A total of 161 genera across 5 families were observed to have tails. Some genera had multiple tails and were counted more than once for a total of 256 observations. Tails emerge most frequently at M3 (40%), followed by Cu2 (28%), and Cu1 (21%).


There are interesting differences in tail position among the Families we studied. In Lycaenidae, M3 tails are the least common (13%), whereas Cu2 (49%) and Cu1 (37%) tails are the most common, together making up 86% of tails in the Family (Figure 8B). Conversely in Nymphallidae, M3 tails are by far the most common making up 50% of tails (Figure 8D). The next most common tails are Cu2 (20%), 2A (15%), Cu1 (11%), and M2 (3.3%). In Papilionidae, tails almost exclusively occur at the M3 vein (89%) with the remaining 11% tails occurring at the Cu2 vein (Figure 8F). Tails and vein protrusions were very rare in Pieridae (Figure 8H). In this family, we could only identify four genera where tails were present. Of these, two had tails at M3, two at Cu1, and one at vein 2A. The Riodinidae displayed tails primarily at M3 and posteriorly, with tails at M3 most frequently followed by Cu1 and Cu2, respectively (Figure 8J). In some instances, the entire wing posterior to M3 is elongated (Figure 11, and see also Figures 6G,H,L). This was most often observed in Nymphallidae, but also appears in the Riodinidae (Figure 6H). These species show a clear demarcation between the anterior and posterior regions of the wing with respect to shape, but also with regard to the pattern. In some instances, there is a color pattern dislocation (Figure 11A), a change in the predominant background color (Figures 11B,D), or the appearance of a pattern element in the elongated posterior region that was not present in the anterior region (Figure 11C).
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FIGURE 11. Anterior–posterior dislocation at the M3 vein in hindwings. Butterfly wings can display elongation of the M3, Cu1, and Cu2 veins, leading to a larger posterior wing region (A–D). In some cases, the region of elongation begins at the M3 vein (A,B), in the intervein region posterior to M3 (C), or in the intervein region anterior to M3 (D), suggesting that the expression domain boundary can shift. All four wing examples are from the family Nymphalidae.




DISCUSSION

The work presented above provides several novel insights into the evolution and development of color pattern diversity in Lepidoptera, especially the role of positional information along the AP and PD axes. We have shown that there are conserved developmental microenvironments in the wings of butterflies that divide the AP axis into 4 developmental domains, each characterized by unique combinatorial patterns of gene expression. We hypothesize that the combinatorial activity of selector genes En, Inv, Ci, Sal, and likely others, may facilitate the establishment of unique cellular states that influence color pattern formation and evolution.


Development and Evolution of Border Ocelli Placement

Lepidopteran wing color patterns are composed of three unique character systems that develop along the PD axis of the wing: the BSS, CSS, and the BoSS (Nijhout, 1991). Each system is composed of serially homologous pattern elements that are repeated along the AP axis between the veins.

The organizing principles that specify each character system are coming to be increasing well understood. Most developmental studies have targeted the BoSS, which is composed of border ocelli and parafocal elements. Although this is perhaps the most complex symmetry system, these studies have discovered a relatively simple patterning mechanism that can explain the placement and morphology of ocelli and parafocal elements (Nijhout, 2017).

Early studies into ocelli development discovered that several genes involved in embryonic and limb patterning are redeployed in the later stages of wing imaginal disk development (Carroll et al., 1994; Brakefield et al., 1996; Keys et al., 1999). In both J. coenia and B. anyana, the process begins with the determination of ocelli in the wing imaginal disk shortly after the vein lacuna have formed. This is characterized by an initial patterning of homeobox gene distal-less (Dll) throughout the distal region of the wing epithelia near the dorsal ventral boundary (DV; Brakefield et al., 1996; Reed and Serfas, 2004; Reed et al., 2007; Connahs et al., 2019). As the wing matures later in the instar, Dll begins to localize to a focus in each wing cell (Reed and Serfas, 2004; Reed et al., 2007; Nijhout, 2017).

Theoretical models such as Nijhout’s grassfire model (Nijhout, 2017) and the Gray–Scott model by Connahs et al. (2019) suggest Dll expression is confined to a focus of cells via a diffusion-threshold mechanism. In these models, cells respond to a diffusible signal from the DV boundary to pattern Dll expression (Nijhout, 2017). The actual identities of the morphogenetic signal and the pathway that activates Dll has remained elusive, however, Wnt1/Wg signaling from the DV boundary is known to induce Dll expression in Drosophila (Strigini and Cohen, 2000). In Lepidoptera, several Wnts are expressed in the DV boundary cells: Wnt1/Wg, Wnt6, and Wnt10 (Martin and Reed, 2010; Martin et al., 2012; Martin and Reed, 2014; Mazo-Vargas et al., 2017). Which of these Wnts specify border ocelli is unknown.

Other morphogenetic genes may also be involved in the patterning of eyespots. For instance, Hh and Dpp are redeployed late in butterfly wing development wherein Hh is expressed in eyespot foci (Keys et al., 1999) and Dpp is expressed throughout the wing but is noticeably absent from eyespot foci (Connahs et al., 2019). The mechanism by which they are redeployed in a novel spatial context decoupled from their role in AP organization of the wing is unknown. Their presence however may be significant for the placement of eyespots, exemplified by the Gray–Scott model (Connahs et al., 2019).

We have shown that there are homologous distinct regions of gene expression in the developing wing imaginal disks of Nymphalidae and Drosophila. These divide the wing into four domains with characteristic combinatorial patterns of gene expression of the transcription factors En, Inv, Ci, and Sal. The boundaries between these domains are just anterior to the M1 vein, at the M3 vein, and at the Cu2 vein. Exactly how the expression and overlap of these transcriptional regulators influences the expression of Dpp, Hh, Wnt1/Wg and the deployment of Dll remains an open question. It is entirely possible that local differences in each of these factors could lead to differential placement of ocelli. Rationale for this hypothesis comes from previous developmental studies in J. coenia and B. anyana, which clearly show differential positioning of ocelli occurs by positioning Dll in the larval wing imaginal disk (Brakefield et al., 1996; Reed and Serfas, 2004; Saenko et al., 2011; Connahs et al., 2019).

Because each expression domain spans two wing cells, regulation of the ocellus patterning process may be correlated in adjacent wing cells of the same domain. Thus, we hypothesized that patterns of correlated variation between ocelli should map to expression domains if these domains differentially regulate the ocelli patterning process. Our analysis of border ocelli positioning in Satyridae and Nymphalidae suggest that the AP expression domains do not produce the same patterns of correlated variation in these two families. In Satyridae, the positioning of ocelli displayed a pattern of correlations that supports developmental and evolutionary independence of the expression domains. In this family, the position of an ocellus was most strongly correlated with the ocellus in the same expression domain and was weakly correlated with ocelli in different domains. In Nymphalidae however, no such pattern was present. Instead, ocelli were most correlated with ocelli in wing cells directly adjacent to them. The difference in the patterns of correlation between these two Families suggest that these expression domains may not act as independent developmental and evolutionary modules by default. In fact, evolution of modularity likely requires special conditions where selection favors divergent specialization of parts (West-Eberhard, 2019). It is evident then to understand patterns of modularity in butterfly wing color patterns, we need to understand the selective pressures that favor specialization of pattern elements.

It is interesting to note the differences in forewing and hindwing patterns of correlation. These differences are most likely facilitated by local regulation of patterning events imposed by homeobox selector genes, Antennapedia (Antp) and Ultrabithorax (Ubx). Forewing development is regulated by Antp whereas hindwing development is regulated by Ubx, and mutations affecting Ubx lead to the development of forewing color patterns on the hindwing (Weatherbee et al., 1999; Matsuoka and Monteiro, 2019). These findings suggest homeobox genes play a significant role in shaping pattern formation. The fact that forewing and hindwing correlations differ so substantially suggests that the Hox environment may influence the evolution of AP modularity, and provides a unique opportunity to understand the evolution of developmental modularity.



Color Heterogeneity

Supporting evidence for the potential of developmental autonomy of the AP expression domains stems from our analysis of color and shape discontinuities across several lepidopteran families. In many species of butterflies and moths, the color of pattern elements or of the background display sharp boundaries at various wing veins (Nijhout, 1991; Abbasi and Marcus, 2017). Across the five Families, we found that the vast majority of color discontinuities occur at veins that mark the boundary between expression domains (i.e., M1, M3, and Cu2). When examined at the individual Family level, we observed variation in the position that a color boundary most frequently occurred (Figure 8). This suggests that there may be Family-specific developmental patterns that influence the phenotypes that are more and less likely to occur on the wings. Lycaenids and riodinids, sister taxa, display color pattern discontinuities more frequently above the M3 vein, whereas nymphalids and pierids tend to have color discontinuities below the M3 vein. Papilionids have a more equal distribution of color discontinuities above and below M3. While the expression domains may be conserved across Lepidoptera the downstream uses of them may have become more specialized in different lineages.

Tails almost exclusively occur posterior to M3. M3, Cu1, and Cu2 tails occur in each family we surveyed and again, the frequency of each of these veins was family specific. Tails manifesting from the anal veins were far less common. Although not included in this study, butterflies in the family Hesperiidae seem to break this trend and only develop tails from anal veins (Li et al., 2019). Interestingly, these shape differences along the AP axis of the wing seem to affect the color patterns non-randomly. A common feature of tail formation in each family was the alteration of pattern elements in the wing cells associated with the tails. In many cases, pattern elements were dislocated distally in the wing cells that made up the tail. If tails and other shape differences are formed via differential growth, then this may affect the placement and/or size of pattern elements because they differentiate during the growth period of the wing late in the final larval instar. In previous studies we have found that growth of lepidopteran wings is spatially patterned and changes over time (Nijhout et al., 2014). Therefore, it is possible that differential growth along the AP axis of the wing could affect the patterning and phenotypic evolution of serially homologous pattern elements.



Modes of Pattern Evolution

The results we have presented in this paper provide evidence that AP positional information influences the development and evolution of color pattern, as well as wing shape and the development of tails on the wing. In many species, color pattern and wing size show distinct discontinuities at the locations of the veins that mark boundaries between the four developmental domains we uncovered. These findings imply that both growth and color pattern formation can be influenced by factors that are different in each of the four domains. Since pattern element specification depends upon only a few variables (e.g., morphogen gradients, cellular sensitivity to morphogens, and pigment synthesis pathways), changes in the AP expression domains could have profound effects on various attributes of pattern elements.

Wing growth late in the instar is regulated by two hormones, 20-hydroxyecdysone (20E) and insulin (Kremen and Nijhout, 1998; Miner et al., 2000; Nijhout and Grunert, 2002). 20-Hydroxyecdysone primarily drives cell division while insulins seem to influence cellular growth (Nijhout et al., 2018; McKenna et al., 2019). Additionally, evidence from Drosophila suggests 20E influences the rate of Notch and Wnt pattern progression in the wing (Mirth et al., 2009; Oliveira et al., 2014), which therefore may play a significant role in shaping butterfly wings (Macdonald et al., 2010). In Drosophila, Notch induces expression of Wnt1/Wg and Cut along the peripheral margin (Panin et al., 1997). Each of these genes are expressed in butterfly wings, but there are some significant differences. First, the peripheral tissue in butterflies is relatively large and forms complex contours at the boundary between the Notch expressing cells that makeup the wing primordium and the Wg/Cut expressing peripheral cells (Macdonald et al., 2010). Second, the expression of Wnt1/Wg and Cut in peripheral region leads to programmed cell death of the periphery during the pupal stage (Macdonald et al., 2010). In Lepidoptera therefore, this mechanism works like a molecular cookie-cutter (Nijhout, 1991; Macdonald et al., 2010). In light of our results that hindwing tails and other shape differences largely occur posterior to the M3 vein, Notch/Wg patterning may be differentially regulated along the AP axis. Thus, regional differences in the sensitivity to 20E, or in the response to 20E, could control the relative rates of growth and differential patterning of the wing margin in each of the four domains, and this could account for the diversity of wing shapes found in the Lepidoptera.

Color pattern development and evolution can likewise depend on differences in the molecular and cellular properties of the four domains. For instance, Wnt signaling is involved in the development of several features of the color pattern (Martin et al., 2012). The Wnt pathway is composed of various membrane receptors and intra-cellular signaling proteins (Komiya and Habas, 2008), and the cellular context in which these components are expressed could affect their interaction kinetics or patterns of expression to alter the concentration-dependent response to the morphogens. Additionally, alteration of a pigment synthesis pathway may be the simplest way to modify the pattern. Within the expression domain of an eyespot, for instance, different pigments are synthesized at different distances form the focus. This can happen because differences in the expression patterns of key regulatory genes modify the expression and activity of enzymes in the pigment synthesis pathways, which leads to different outputs (Nijhout, 1991; Reed and Nagy, 2005; Hughes et al., 2020). The same may be true for differences between the four AP expression domains.

In order for AP domains to modularly control pattern formation and growth, there must be some level of genetic modularity. It is entirely possible that the genes involved in Wnt, Hh, Dpp, Insulin/TOR, 20E signaling, and pigment synthesis pathways may be controlled by modular cis-regulatory elements (CREs) that facilitate spatial and temporal differences in gene expression. For example, pigmentation pathways (Roeske et al., 2018) and the insulin/TOR cascade (Tang et al., 2011) are differentially utilized among tissues in Drosophila. Finer spatial resolution of gene expression in lepidopteran wings via RNA-seq and ATAC-seq should be able to determine how various signaling pathways are used throughout the wing. It will be interesting to see if CRISPR mutagenesis of CREs and spatially restricted transcriptional regulators results in more correlated development throughout the wing. If indeed the AP expression domains within the wing differentially regulate aspects of various pathways, this could be a mechanism by which the placement of pattern elements and development of wing shape evolve.

Our findings add several new tools to the toolbox of pattern development and evolution in the Lepidoptera. Not only can color patterns be compartmentalized by wing veins (Nijhout, 1991), but the nature of the background in which patterns develop can be different in the larger regions of the wing defined by the boundaries of the expression domains we describe. As we begin to learn more about how patterns and wing shapes arise from the underlying developmental mechanisms, it will also be interesting to explore why they come about. An investigation of potential selective pressures on wing shape and color pattern may shed light on what leads certain taxa to display heterogenous color patterns and shapes, while others do not. Understanding how selection shapes the reductionist control of gene expression to produce different patterns of developmental independence represents one of the most daunting challenges in biology. Nevertheless, the study of butterfly color patterns may provide a unique opportunity to shed light on some of these fundamental principles in evolutionary developmental biology.
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