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The e-vector orientation of linearly polarized light represents an important visual stimulus for many insects. Especially the detection of polarized skylight by many navigating insect species is known to improve their orientation skills. While great progress has been made towards describing both the anatomy and function of neural circuit elements mediating behaviors related to navigation, relatively little is known about how insects perceive non-celestial polarized light stimuli, like reflections off water, leaves, or shiny body surfaces. Work on different species suggests that these behaviors are not mediated by the “Dorsal Rim Area” (DRA), a specialized region in the dorsal periphery of the adult compound eye, where ommatidia contain highly polarization-sensitive photoreceptor cells whose receptive fields point towards the sky. So far, only few cases of polarization-sensitive photoreceptors have been described in the ventral periphery of the insect retina. Furthermore, both the structure and function of those neural circuits connecting to these photoreceptor inputs remain largely uncharacterized. Here we review the known data on non-celestial polarization vision from different insect species (dragonflies, butterflies, beetles, bugs and flies) and present three well-characterized examples for functionally specialized non-DRA detectors from different insects that seem perfectly suited for mediating such behaviors. Finally, using recent advances from circuit dissection in Drosophila melanogaster, we discuss what types of potential candidate neurons could be involved in forming the underlying neural circuitry mediating non-celestial polarization vision.

Keywords: insect vision, polarized light, behavior, orientation, water detection, neuroethology, visual ecology, neural circuits

INTRODUCTION

Across insect species, a great diversity of photosensitive, image-forming structures (eyes) has been described which allow for visually guided navigation during daytime under bright illumination, as well as around dusk or dawn, or even at very low light intensities during the moonlit night (Land and Fernald, 1992). The mechanisms underlying both the sensation and subsequent integration of different aspects of the visual world, like intensity, contrast, motion, or color are crucial for shaping the specific behavioral repertoires of different animal species. One well-studied example is the perception of linearly polarized light, a sensory ability that is common to some vertebrates (birds, fishes), as well as marine invertebrates (Cephalopods, Crustaceans), and many insects (Nilsson and Warrant, 1999; Cronin et al., 2003; Mathejczyk and Wernet, 2017). Initially, sunlight (or moonlight) is unpolarized and manifests a randomly distributed e-vector, but atmospheric scattering produces a celestial e-vector pattern that changes during the course of the day. Hence, polarized skylight represents wide-field celestial cue for navigation (for instance when the celestial body is obstructed from view), used by many insects: “Truly navigating” central place forager species like honeybees or desert ants certainly manifest the most impressive navigational skills (from their hive/nest to a food source and back), whereas other insect species appear to use celestial polarization for more basic orientation tasks (for instance crickets or dung beetles; Labhart and Wehner, 2006; Homberg, 2015). Reflection of sunlight off shiny surfaces (water, leaves, or body surfaces) represents the second important source of polarized light found in nature (Wehner, 2001). Such polarized reflections (always horizontally polarized, in the case of water bodies) can be used to either seek out or avoid localized water sources (ponds, lakes), or to follow the course of a continuous stream (creeks, rivers). Studies on many different insect species have shown that polarized reflections also provide important information for evaluating the quality of certain environments, for instance as suitable food source, or oviposition sites (Wehner, 2001). Similarly, polarized reflections off shiny body surfaces can be used to identify both conspecifics (for instance during courtship), as well as prey (in the case of certain blood-sucking insects). Conversely, the glare resulting from polarized reflections can be a nuisance to insects living on the water surface, resulting in mechanisms to specifically filter it out. In the “Behavioral Responses of Different Insect Species to Reflected Linearly Polarized Light” section we present an overview over the growing number of insect species that manifest specific behavioral responses to linearly polarized reflections.

The necessary substrate for polarization sensitivity in the insect retina is formed by a specialized ultrastructure of the photoreceptor light-gathering membranes, the so-called rhabdomeres (Wehner, 1976). Usually eight or nine photoreceptor neurons (in some species even more) are organized within stereotypical unit eyes, or ommatidia, varying numbers of which together form the insect retina (Wernet et al., 2015). Specialized ommatidia in the “Dorsal Rim Area” (DRA) of many insect eyes contain highly polarization-sensitive photoreceptors that have been identified as the substrate for detecting linearly polarized skylight (for review see Labhart and Meyer, 1999). In the DRA, two groups of photoreceptor cells from the same ommatidium have rhabdomeres with straightly aligned microvillar membranes. Such a design is crucial for achieving high polarization sensitivity, since the rhodopsin molecules appear to be anchored in a fixed orientation along the axis of these membranes, leading to preferential absorption of light of a specific e-vector orientation (Roberts et al., 2011). Outside the DRA region, polarization sensitivity is often suppressed through rhabdomere twisting (i.e., the rhabdomere orientation changes as a function of the depth through the retina), thereby avoiding mixture of color and polarization information within the same photoreceptor cell (Wehner and Bernard, 1993). In the DRA, the two groups of untwisted, polarization-sensitive photoreceptors manifest preferred e-vector orientations that are orthogonal to each other (Labhart and Meyer, 1999), a design that is optimal for polarization-opponent coding (Labhart, 1988; Heras and Laughlin, 2017). Furthermore, they always express the same Rhodopsin molecules thereby again avoiding confusion between color and polarized light information. Interestingly, the wavelength sensitivity of polarization-sensitive DRA photoreceptors varies between species, most likely reflecting their different life styles (Barta and Horváth, 2004; Hegedüs et al., 2006a): UV-sensitive receptors are found in bees, ants, flies, butterflies and some beetles (Vonhelversen and Edrich, 1974; Labhart, 1986; Fortini and Rubin, 1990); blue-sensitive rhodopsins in the DRA of crickets and locusts (Henze et al., 2012; Schmeling et al., 2014); green-sensitive DRA photoreceptors are used by cockchafers and the European corn borer moth Ostrinia nubialis (Labhart et al., 1992; Belušič et al., 2017). At the ventral rim of the insect retina there exists no specialized type of polarization-sensitive ommatidia analogous to the DRA, which would be common to all insects. Despite the growing list of reports describing behavioral responses to reflected polarized light, the retinal substrate mediating these responses remains elusive, for the large part. In fact, only three well-documented examples exist demonstrating the existence of photoreceptor cells with specialized rhabdomere ultrastructure at the ventral periphery of insect eyes (from water striders, back swimmers and long-legged flies). Interestingly, the organization and extent of the retinal area harboring specialized photoreceptors for ventral polarization vision differs greatly between these three examples: either (i) the entire ventral retina manifests specialized photoreceptor ultrastracture (with a sharp boundary to the rest of the eye); or (ii) discrete zones within the ventral half of the retina show different specializations; or (iii) alternating stripes of ommatidia, each containing pairs of photoreceptors manifesting two characteristic rhabdomere orientations vis-à-vis each other (either orthogonal or parallel) that are characteristic for each row. In the “Ommatidial Subtypes in the Ventral Insect Retina with Increased Polarization Sensitivity” section, we will compare these three examples and discuss the different use by the animals, as well as their relevance for a life in their respective habitats.

The signals from polarization-sensitive photoreceptors are collected and further processed by the underlying circuits within the optic lobes and the central brain. Both anatomical and electrophysiological studies in several insect species (most prominently: the desert locust) have revealed numerous cell types that show very specific responses to linearly polarized light. In the case of polarized skylight detected by the DRA, a neuronal “compass” pathway was reconstructed, leading from the DRA ommatidia to the central complex, via an optic glomerulus called the anterior optic tubercle (Homberg et al., 2011; Homberg, 2015). Over the past decades, work in this field has provided exciting insight into how e-vectors are detected and processed into polarization-opponent signals that become modulated with respect to the time of day (in a process referred to time compensation), ultimately lading to a map-like representation of different e-vectors within columnar structures of the central complex (Sakura et al., 2006; Heinze and Homberg, 2007; Kinoshita et al., 2007; Heinze and Reppert, 2011; Homberg et al., 2011; el Jundi et al., 2015). Considering this high degree of detail, it is quite shocking that virtually nothing is known about the neural circuits processing polarized reflections detected by specialized ommatidia in the ventral periphery of the insect retina. Systematic approaches towards characterizing most, if not all neuronal subtypes in the fruit fly brain provide one attractive way towards characterizing these elusive circuit elements (Pfeiffer et al., 2008). Interestingly, two independent studies have demonstrated that fruit flies can detect linearly polarized light when presented to the ventral half of the retina, by analyzing spontaneous alignment of the body axis with respect to the incident e-vector (polarotaxis; Wolf et al., 1980; Wernet et al., 2012). Surprisingly, these responses appear to be mediated by only one of the two ommatidial subtypes that are randomly distributed throughout the fly retina. However, an incomplete ultrastructure analysis of only a small sample from this ommatidial subtype called “pale” revealed no subtype-specific rhabdomere untwisting indicative of high polarization sensitivity (Wernet et al., 2012). Nevertheless, a different study revealed a specific role for the other stochastic ommatidial subtype (called “yellow”) in mediating color discrimination (Schnaitmann et al., 2013). It remains an open question whether “pale” and “yellow” ommatidia (found across fly species) could indeed serve different functions like polarization vs. color vision. Nevertheless, the fly retinal mosaic of randomly distributed ommatidial subtypes provides an attractive model for investigating differences in the cellular composition of their downstream circuits. In the “Neural Circuits Connecting to Specific Ommatidial Subtypes—Lessons from Drosophila” section, we will summarize the growing data on the neuronal subtypes that are specific to “pale” or “yellow” ommatidia in Drosophila, as well as the developmental mechanisms leading to subtype-specific connectivity. Even if serving a different function, the logic behind forming “pale” vs. “yellow” specific differences in circuitry could serve as a model for how distinct polarization vision circuit elements are specified at the ventral periphery of the insect eye.

BEHAVIORAL RESPONSES OF DIFFERENT INSECT SPECIES TO REFLECTED LINEARLY POLARIZED LIGHT

When reflected off a shiny, flat and non-metallic surface like water, sunlight becomes horizontally polarized, with the maximum degree of polarization occurring at an angle of incidence of 53° (for an air/water interface), also known as “Brewster’s angle”. Different flying insects appear to use polarized reflections to identify water bodies (Wehner, 2001; summarized in Figure 1). Depending on the species studied, such polarized reflections can be attractive, as well as repulsive, since swarms of flying desert locusts were shown to avoid flying over polarized surfaces, probably to avoid crash-landing over sea (Shashar et al., 2005). Probably the best studied example of any water-seeking insect attracted to polarized surfaces is the hemipteran back swimmer Notonecta glauca. This bug visually identifies water surfaces when conducting dispersal flights between water bodies, resulting in a characteristic diving reaction during which the animal raises its body axis to an angle of 53 degrees shortly before diving into the water (Schwind, 1984; Wehner, 1987). Horizontal platforms emitting linearly polarized UV light are sufficient to induce this diving reaction (Schwind, 1983a). Interestingly, Notonecta spends much of its lifetime hanging under the water surface, from where it observes the airy world above. Hence its visual system needs to accommodate both sensitivity to horizontally polarized light, as well as accurate vision through the water/air interface, which is reflected by the separation of its ventral retina into discrete zones (as discussed in the “Ommatidial Subtypes in the Ventral Insect Retina with Increased Polarization Sensitivity” section). It is known that females from many different semi-aquatic insect species erroneously lay their eggs on shiny surfaces that they seem to have mistook for water. Examples are parked cars, black gravestones, glass buildings, and sometimes even oil pits (Horváth et al., 1998, 2007; Kriska et al., 1998, 2008, 2007). One fly species, Halaeomyia petrolei even became adapted to a life near (or in the case of its larvae/pupae: inside) naturally occurring petroleum pools, feeding on arthropod prey that became trapped there (Thorpe, 1930). Female mayflies were shown to use horizontally polarized reflections off water to direct their so-called “compensatory upstream flights” before oviposition (Farkas et al., 2016) and this dispersion behavior is disrupted by (unpolarized) light pollution, for instance illuminated bridges (Szaz et al., 2015). In another example, female dragonflies attempted to lay eggs on an artificial, horizontally polarized surface, assuming it to be water (Wildermuth, 1998). Similarly, male dragonflies approach polarized surfaces to establish an aquatic territory, hence in this case both sexes show strong responses to reflected polarized light. At this point it remains unclear whether insects can distinguish different degrees of polarization (a stimulus that is 100% polarized virtually never occurs in nature). For instance, it was proposed that dragonflies could use such information to distinguish between habitats, for instance dark and light ponds since the degree of polarization (i.e., the ratio between reflected, polarized light and scattered, unpolarized light) is proportional to the absorbance of water in the pond and to the amount of organic nutrients suspended in water (Bernáth et al., 2002). Interestingly, visual cues like polarized reflections seem to play a rather minor role for female mosquitoes when identifying oviposition sites after a blood meal. Instead, chemical cues indicating the presence of conspecifics, eggs, or larvae appear to strongly dominate (Bernáth et al., 2008, 2012). However, one recent study confirmed polarization sensitivity of the ventral half of the retina for the Zika virus transmitting species Aedes aegypti. In these experiments, an optomotor reaction to rotating stripes of alternating orthogonal directions of polarization was demonstrated (Bernáth and Meyer-Rochow, 2016). Hence, it appears that mosquito polarization vision may usually be masked by the chemical senses and it remains possible that plays a role only under very specific behavioral conditions (Bernáth et al., 2012). Interestingly, the related non-biting midges (Chironomidae) which have a comparable lifestyle appear to rely more heavily on visual cues for the detection of water surfaces (Lerner et al., 2008; Horváth et al., 2011). It must be noted that polarized reflections off water can also be problematic for many (semi-)aquatic insects: for instance, the resulting glare interferes with observing underwater objects from above the water surface (Wehner, 2001). This can be particularly relevant for species living directly on the water surface, like water striders (Gerris lacustris), or certain flies hunting for prey living on the water surface (like Doliochopodidae). Specific retinal adaptations found in these species could therefore aim at filtering out this stimulus (as we will discuss in the “Ommatidial Subtypes in the Ventral Insect Retina with Increased Polarization Sensitivity” section).
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FIGURE 1. Examples of insect responses to linearly polarized light reflected off water. Specific adaptions of different semi-aquatic insect species to a life in close proximity to water bodies and their characteristic behavior in response to linearly polarized, shiny surfaces (symbolized by double-headed arrows). (1) Different species of long-legged dipteran flies (Dolichopodidae) can be found close to the water, hunting for prey on the water surface, which produces strong glare due to polarized reflections. (2) Dragonflies are known to oviposit (lay their eggs) onto the water surface, or in some cases on any shiny surface they mistake for water. (3) The “back swimmer” Notonecta glauca, a hemipteran bug shows a characteristic “plunge reaction” into water (or linearly polarized surfaces). It then spends a considerable part of its life hanging under the water surface hunting for prey. (4) Another hemipteran, the water strider Gerris lacustris is constantly faced with the surface glare of polarized reflections, making it more difficult to identify features under water. (5) During their “dispersal flight” after copulation, female Mayflies (Ephemeroptera) are known to follow a river upstream, to find an oviposition site. Linearly polarized reflections have been identified as a major guiding cue during this process and unpolarized light pollution (for instance at illuminated bridges) forms a major obstacle. (6) Flying desert locusts (Schistocerca gregaria) are repelled by linearly polarized reflections, most likely to avoid crash-landing in the sea. (7) Different mosquito species, as well as certain midges (all Nematocera), seem attracted to water surfaces via their linearly polarized reflections. However, this effect seems to be rather minor in some cases, since olfactory stimuli dominate.



Of course linearly polarized reflections can be produced by any shiny, non-metallic object and many insects have been shown to detect such stimuli (summarized in Figure 2). For instance, shiny leaves are an attractive oviposition cue for certain butterfly species (Kelber, 1999a,b). Interestingly, female butterflies most likely perceive “false colors”, since their visual system is mixing e-vector orientation and information about wavelength. This way, female butterflies can distinguish matte from shiny leaves by perceiving them as different colors (Kelber et al., 2001). Such a system is suitable to evaluate different features, like quality of the landing site (leaf orientation), food quality (for caterpillar offspring), or protection for the eggs. Similar mixing of linear polarization and the intensity of light was also shown in butterflies (Kinoshita et al., 2011), in this case resulting in the perception of differently polarized surfaces as differing in brightness. The wings of many butterflies also produce linearly polarized reflections that can serve as mating signals for conspecifics (Sweeney et al., 2003; Yoshioka and Kinoshita, 2007; Stavenga et al., 2012). Heliconius butterflies most likely use these reflections to increase their visibility in the midst of highly complex visual environment (Douglas et al., 2007). Hence, polarized reflections are used in this case to increase the perceived visual contrast. Some true flies (Diptera) not only show strong attraction to polarized surfaces, but also linearly polarized objects, which was demonstrated for blood-sucking horse flies (Tabanidae; Horváth et al., 2008; Egri et al., 2013). Some of these behaviors are most likely involved in prey detection since polarimetric imaging of horses and cattle reveals strong linearly polarized reflections off their fur (Horváth et al., 2010). Brown and black fur produces the strongest polarized reflections, while the scattering effect of white fur or certain fur patterns like stripes (zebras) and spots (cows) appear to be a suitable protection against horse fly attacks (Blahó et al., 2012a; Egri et al., 2012). An even more sophisticated example for learning to distinguish between different patterns of linearly polarized light comes from bumblebees: it appears that pollinators may also use polarized reflections to identify or evaluate floral targets (Foster et al., 2014). Finally, in a less well understood example, the body cuticle of some scarab beetles were shown to reflect circularly polarized light (Hegedüs et al., 2006b; Jewell et al., 2007; Sharma et al., 2009). This stimulus (an e-vector rotating as the beam of light propagates) would appear unpolarized to most insects, since all e-vector orientations are equally represented as they hit a photoreceptor (Labhart, 1996; Henze and Labhart, 2007). Nevertheless, one study reported specific phototactic responses to circularly polarized light were reported for the scarab beetle Chrysina gloriosa, whose body surface produces strong circularly polarized reflections (Brady and Cummings, 2010). Interestingly, the closely related species Chrysina woodii, whose cuticle manifests only weak circularly polarized reflections, exhibited no phototactic discrimination between linearly and circularly polarized stimuli. However, it must be noted that another study investigating four different scarab beetle species with well-documented circularly polarized reflections off their exocuticle found no evidence for specific behavioral responses to circularly polarized light (Blahó et al., 2012b). Taken together, a great variety of behavioral responses to reflected polarized light has been described across insect species, affecting very different aspects of their respective ecology and life cycle.
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FIGURE 2. Examples of insect responses to linearly polarized reflections from other substrates. Any shiny, non-metallic surface can produce linearly polarized reflections from unpolarized sunlight, as shown for the example of a flower, where both flowers and leaves can produce this stimulus (symbolized by the double headed arrows) and carry different kinds of information for insects. (1) Blood-sucking horse flies (Tabanidae) are strongly attracted by objects reflecting linearly polarized light (a fact exploited in horse-fly traps). The facts that horses and cattle reflect linearly polarized light is in agreement with these insects using this stimulus to detect their prey. (2) The exocuticle of several species of scarab beetles (Coleoptera) was shown to reflect circularly polarized light, yet it remains unclear whether this stimulus can be perceived by the animals (i.e., rightward- vs. leftward circularly polarized light), since contradicting behavioral studies exist. (3) Bumblebees (Hymenoptera) can be trained to learn different patterns of polarized light, reminiscent of the patterns that could be produced by blooming flowers, suggesting this stimulus may influence their pollenating activity. (4) It is unlikely that female mosquitoes (Nematocera) are attracted by linearly polarized reflections off the body surface of their prey and olfactory stimuli (sweat, CO2) clearly dominate. Nevertheless, optomotor responses to alternating stripes of orthogonally oriented polarization demonstrate the existence of polarization sensitivity in the ventral half of the retina. (5) Linearly polarized reflections represent an important stimulus for different butterfly species (Lepidoptera): for instance, reflections off the body surface of conspecifics are an important cue for identifying potential mates in an otherwise cluttered, optically rich environment. Furthermore, reflections off leaves bear important information about how well-suited they are as an oviposition site.



OMMATIDIAL SUBTYPES IN THE VENTRAL INSECT RETINA WITH INCREASED POLARIZATION SENSITIVITY

Insect retinas are composed of repetitive unit eyes (ommatidia) which usually contain eight or nine photoreceptor neurons (Wernet et al., 2015). In many cases, specialized ommatidia containing photoreceptors with increased polarization sensitivity can be found in the dorsal periphery, a region called the DRA (Labhart and Meyer, 1999). Only there, pairs of untwisted photoreceptor rhabdomeres within each ommatidium form orthogonal analyzers and gradual differences between neighboring DRA ommatidia are in turn forming a fan-shaped array of analyzers across the DRA. This structure acts as the retinal substrate for detecting the e-vector orientation of the celestial polarization pattern, which the animal can use for improving its navigational skills (Blum and Labhart, 2000; Homberg and Paech, 2002; Wernet et al., 2012; Weir et al., 2016). Although both structure and function of the insect DRA, as well as its downstream circuitry have been described in great detail, much less is known about polarization-sensitive photoreceptors in the ventral periphery of the retina. Most importantly, there exists no specialized type of ommatidia at the ventral rim of the retina with polarization-sensitive photoreceptors for mediating responses to linearly polarized reflections that would be common across insects. Despite the numerous examples for behavioral responses to such stimuli, it is therefore surprising that only three retinal specializations have so far been characterized in the ventral periphery of different insect eyes (see below). For each case, a different design principle is responsible for adapting the ventral retina to the ecological needs of the animal: either specialized ommatidia can be organized as a homogeneous ventral region (Gerris lacustris), or subdivided into separate zones (Notonecta glauca), or even into alternating rows of ommatidial subtypes (Dolichopodidae).

In the retina of the hemipteran water strider Gerris lacustris, ommatidia in the ventral zone of the adult eye show characteristic morphological specializations: only there, one of the two central cells is lost and the proximal cell extends through the entire retina (Schneider and Langer, 1969; Figures 3A–E). Curiously, this single cell forms two untwisted rhabdomeres, which are both oriented along the dorsoventral axis of the animal. This unidirectional design (as opposed to orthogonal analyzers) is ideal for filtering out polarized reflections, since the resulting glare might represent a challenge for any animal living on the water surface. Hence, such a ventral adaptation forms a “matched filter” which equips the animal with an improved ability to look deeper into the water (Wehner, 1987). Alternatively, it can serve to increase contrast when observing animals against the glare that results from polarized reflections (Schneider and Langer, 1969). Hence, in analogy to the insect DRA, the ventral ommatidia from Gerris are morphologically specialized, forming a region with a sharp boundary to the rest of the retina. Only in this ventral region, identified photoreceptor subsets manifest important morphological features with regard to polarization sensitivity.
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FIGURE 3. Retinal specialization in the ventral periphery of three semi-aquatic insect species. Investigation of retinal ultrastructure using electron microscopy has revealed three very informative examples for specializations in the ventral periphery of the insect retina, each providing unique adaptations to the life close to linearly polarized water surfaces. (A–E) The ventral retina of the water strider Gerris lacustris (A) is perfectly adapted for filtering out horizontally polarized surface glare. A morphologically distinct ventral region is clearly visible (B, marked in yellow). The cellular composition of ommatidia changes drastically at the boundary between dorsomedial and ventral retina: only in the ventral part, the proximal cell with two vertically oriented rhabdomeres spans the entire thickness of the retina (double headed red arrows in B), whereas an additional, distal cell with one horizontally oriented rhabdomere is found on top of the distal cell across the dorsomedial retinal field (double headed blue arrow in B). Electron microscopy sections through the distal part of the Gerris retina shown in (D), with a dorsal ommatidium on the left, and a ventral ommatidium on the right. Summary of cells and rhabdomere orientations at the interface of dorsal and ventral Gerris ommatidia shown in (E). (F–I) Zonation of the ventral retina in the back swimmer Notonecta glauca (F) Three distinct zones can be distinguished within the ventral retina of Notonecta, based on the rhabdomere orientations of the inner photoreceptors (named R7 and R8, according to Drosophila nomenclature), visualized by electron microscopy (G). Orientation of R7 vs. R8 rhabdomeres differ from parallel and horizontal (most dorsally), to different orthogonal configurations (H). The relative position of the three zones within the ventral retina and their inner photoreceptor rhabdomere orientations are shown in (I). (J–N) Alternating rows of ommatidial subtypes in long-legged flies (Dolichopodidae): alternating rows of shiny red and green colored facets in Dolichopus nitidus shown in (K). Analysis of retinal ultrastrure using electron microscopy revealed specific differences in R7 vs. R8 rhabdomere orientation between “Type A” ommatidia (red) and “Type B” ommatidia (green): parallel and vertically oriented (Type A) vs. orthogonal (Type B) shown in (L). This subtype-specific difference is achieved by alternating changes in R7 cell rhabdomere orientation. An electron microscopy section through a Type B ommatidium (left) and a Type A ommatidium (right) in (M). (A,F,J) Reproduced from Wikimedia under Creative Commons licenses; (K) reproduced from (Stavenga et al., 2017) under Creative Commons licenses; (D) reproduced with permission from (Schneider and Langer, 1969); (I) reproduced with permission from (Schwind, 1983b); (M) and (N) reproduced with permission from (Trujillo-Cenóz and Bernard, 1972).



The second, very well-characterized example for polarization-sensitive photoreceptors at the ventral rim of the insect retina is the hemipteran back swimmer Notonecta glauca (Figures 3F–I). In this case, different zones within the ventral periphery of the retina can be distinguished, covering different areas of the visual field as the animal is flying, or when it is hanging under the water surface. Within these zones, the rhabdomeres of the two central photoreceptors of each ommatidium are untwisted (and therefore polarization sensitive), yet their microvilli orientations differ between zones: the two most ventrally facing zones are formed by ommatidia containing photoreceptor pairs with orthogonally oriented microvilli, a structure perfectly adapted for detecting polarized reflections like water surfaces in a way that is insensitive to fluctuations in radiant intensity (Schwind, 1983b). Keeping in mind the optical axes of the photoreceptors in question, it appears therefore that Notonecta uses orthogonal analyzers to detect water surfaces when flying. This design is therefore similar to the fan-shaped array of orthogonal analyzers in the DRA. Orthogonally oriented rhabdomeric microvilli were also proposed for the ventralmost ommatidia of the non-biting midge Chironomus transvaalensis, yet to our knowledge no 3D reconstruction was performed to demonstrate an increased polarization sensitivity (Lerner et al., 2008). The third, most dorsally located zone of ventral Notonecta ommatidia right adjacent to the “main” retina, contains photoreceptor pairs with more or less parallel rhabdomeric microvilli—a design that may increase contrast during under water vision, while the animal is hanging under the water surface (a theory supported by the optical axes of these photoreceptors; Wehner, 1987, 2001). Overall, such an interrupted design in which the ventral periphery of the retina is subdivided into discrete zones represents an ideal adaptation to the sum of its very specialized aquatic lifestyles above and below the water surface, all of which are directly affected by horizontally polarized light.

A completely different retinal design was described for long-legged flies (Dolichopodidae), which live close to water bodies, and are known to hunt smaller insects on the water surface (Figures 3J–N). The retina of several Dolichopodidae species consists of alternating rows of ommatidia that can be identified based on their orange/red (Type A) vs. green/yellow (Tybe B) reflecting lenses (Stavenga et al., 2017). More importantly, the rhabdomeric ultrastructure of two central photoreceptors (called R7 and R8 in related Drosophila) differs between alternating rows of Type A and Type B ommatidia: the rhabdomeric microvilli of “Type A” central photoreceptors are both aligned along the dorsoventral axis, whereas an orthogonal orientation is found in Type B ommatidia (Trujillo-Cenóz and Bernard, 1972). It appears therefore, that “Type A” ommatidia would be perfectly suited for detecting objects against the water surface, by filtering out the horizontally polarized glare, whereas “Type B” ommatidia could be used to detect the water bodies themselves. Additionally, the different modes of polarization sensitivity could be used for perceiving “false colors”, since the two inner photoreceptors might express different Rhodopsin molecules. It remains unknown how signals from intermixed, yet alternating rows of ommatidia with different functional properties could be processed by post-synaptic units. Nevertheless, the problem is similar to the integration of signals from stochastically distributed ommatidial subtypes in other dipteran species (like Drosophila or Musca), as we will discuss in the “Neural Circuits Connecting to Specific Ommatidial Subtypes—Lessons from Drosophila” section. Taken together, retinal specializations in the ventral retina that are most likely related to polarized reflections (based on rhabdomeric ultrastructure) can serve very different functions, depending on their arrangement, their optical axes and the lifestyle of the insect: attraction to water via detection of horizontal e-vectors, the specific screening of such surface-reflected light, or even underwater vision. In some cases several of these functions appear to be integrated within one and the same retina.

In addition to these three specific examples for polarization-sensitive photoreceptors being organized in specific regions outside the DRA, several examples exist where insect photoreceptor subtypes throughout the retina seem to partially or completely untwist. Recently, photoreceptor cells with extreme polarization-sensitivity were characterized in the European corn borer moth Ostrinia nubialis (Belušič et al., 2017). In this case, each ommatidium contains one or two blue-sensitive photoreceptors with straight rhabdomeric microvilli manifesting polarization-sensitivities far greater than those measured in the DRA of the same animal. Interestingly, a very similar retinal design seems to have evolved independently in some scarab beetles (Gokan, 1989). Although the functional role of these extremely polarization-sensitive cells is not yet understood, the orientation of their rhabdomeric microvilli along the dorsoventral axis has led to the hypothesis that they could be used for filtering out horizontally polarized reflections, or for detecting vertically polarized skylight patterns in the north and south at sunset or sunrise. Less dramatic examples where photoreceptor subtypes manifest only partial untwisting of their rhabdomeric microvilli exist for several species. Such a design must result in mixing of e-vector information with the perception of either color or intensity. For instance, the “false color” detection system of the Australian orchard butterfly Papilio aegeus results from blue- and green-sensitive photoreceptors outside the DRA retaining polarization sensitivity due to insufficient rhabdomere twist (Arikawa and Uchiyama, 1996). Hence, the polarized reflections from different leaves (and therefore potential oviposition sites) will be perceived as different colors as the animal flies by. Another example is from blood-sucking horse flies (Tabanidae): electron microscopy revealed that in the mid region of the retina, both R7 and R8 cell rhabdomeres are largely untwisted, a design that should also function as a “false color” system. It is therefore possible that tabanid inner photoreceptors could be used for finding prey via the polarized light reflected off their fur (Wunderer and Smola, 1986; Smith and Butler, 1991). Interestingly, very similar studies also identified a subtype of untwisted R8 photoreceptor in blow flies, yet no specific function could be attributed to it (Wunderer and Smola, 1982). Similarly, systematic analysis of rhabdomere twist in Drosophila melanogaster revealed a low number of untwisted, UV-sensitive R7 cells in the ventral fly retina (Wernet et al., 2012). Together with low twisting R1–6 photoreceptors within the same ommatidia, these cells could provide the retinal substrate for Drosophila’s polarotactic responses to linearly polarized stimuli presented (Wolf et al., 1980; Wernet et al., 2012; Velez et al., 2014a,b). The exact number and distribution of untwisted R7 cells remains unknown and additional studies are needed for a complete description of a putative “ventral polarization area” formed by these cells somewhere in the fly retina. It must be noted that the analysis of rhabdomere twist is tedious and labor intensive, due to the need for 3D reconstruction of serial electron microscopy sections. It is therefore possible that polarization-sensitive photoreceptors might exist in the ventral periphery of the retina of many insect species, yet it is likely that they have been overlooked in the past.

NEURAL CIRCUITS CONNECTING TO SPECIFIC OMMATIDIAL SUBTYPES—LESSONS FROM DROSOPHILA

The ommatidial mosaic of the fruit fly Drosophila melanogaster has long served as a powerful genetic model system for the dissection of cell-cell interactions during photoreceptor cell fate specification, revealing a long list of molecular key players involved in this process (Johnston, 2013; Wernet et al., 2014). Of particular interest are transcription factors expressed in very restricted groups of cells where they induce specific cell types while repressing other fates. For instance, the homeodomain transcription factor Homothorax (Hth) is expressed specifically in developing polarization-sensitive central photoreceptors R7 and R8 exclusively within prospective DRA ommatidia which form a narrow band of ommatidia along the dorsal margin of the fly eye (Wernet et al., 2003; Wernet and Desplan, 2014). Genetic manipulations revealed that Hth is both necessary and sufficient to induce the DRA fate when (mis-) expressed in any inner photoreceptor (Wernet et al., 2003). Importantly, Hth is usually not expressed at the ventral margin of the retina, nor anywhere else in the retina where one could suspect polarization-sensitive photoreceptors. The rest of the fly retina consists of two randomly yet unevenly distributed ommatidial types called “pale” and “yellow” (summarized in Figure 4A). The main difference between these two subtypes lies in the identity of the Rhodopsin molecules expressed by the central photoreceptors R7 and R8, resulting in subtype-specific pairing of the Rh3/Rh5 gene products in “pale” ommatidia and Rh4/Rh6 in “yellow” ommatidia (where both Rh3 and Rh4 are UV-sensitive Rhodopsins, Rh5 is blue-sensitive, and Rh6 is UV+green-sensitive; Johnston, 2013). Due to this mosaic of randomly distributed chromatic sensitivities it was long assumed that pale and yellow ommatidia serve color vision in Drosophila, and several recent studies have supported this hypothesis (Yamaguchi et al., 2010; Schnaitmann et al., 2013, 2018; Melnattur et al., 2014). Importantly, very similar ommatidial mosaics with two or three randomly distributed ommatidial subtypes have been described for many different insect species (Diptera, Hymenoptera, Lepidoptera, Hemiptera, Orthoptera; reviewed in: Wernet et al., 2015). More importantly it was recently shown that the same transcription factor is responsible for establishing the pale/yellow mosaic between central photoreceptor cells, both in flies and butterflies: using the Crispr/Cas9 technique in Papilio butterflies to produce large patches of retina lacking the Dioxin receptor (called Spineless in Drosophila), the butterfly retinal mosaic was disrupted in a predictable manner (Perry et al., 2016). Like in the Drosophila retina, loss of Spineless led to a complete loss of one ommatidial subtype (“yellow” in Drosophila, Wernet et al., 2006). It appears therefore, that the molecular mechanisms shaping the stochastic retinal mosaic are conserved between these distantly related species.


[image: image]

FIGURE 4. Drosophila ventral polarization vision and ommatidial subtype-specific circuitry. (A) Schematic description of the Drosophila retinal mosaic: specialized, polarization-sensitive ommatidia for detecting celestial cues are found in the dorsal rim area (DRA; pink), where both inner photoreceptors (R7 and R8) express the UV Rhodopsin Rh3. The remaining retina is populated by randomly distributed omatidial subtypes named “pale” and “yellow” in which R7 and R8 cells always express specific Rhodopsins. All short visual fiber photoreceptors R1–6 express the same Rhodopsin (Rh1) across all ommatidial subtypes. (B) Summary of population responses of walking Drosophila trained to discriminate between colors (blue and green quadrants) observed with the ventral half of the retina. Sufficiency experiments using cell-type specific restoration of the phototransduction cascade component NorpA (Phospholipase D) revealed a specific role for “yellow” ommatidia (more specifically: the combination of Rh4-containing yR7 cells and R1–6 photoreceptors). (C) Summary of spontaneous alignment behavior of (upside-down) walking Drosophila populations in response to linearly polarized UV light perceived with the ventral half of the retina. In this case, sufficiency experiments using cell-type specific NorpA rescue revealed a specific role for “pale” ommatidia (more specifically: the combination of Rh3-containing pR7 cells and R1–6 photoreceptors). (D) Summary of our current knowledge about ommatidial subtype-specific neural circuit elements within the optic lobes of Drosophila. In the distal medulla neuropile, both pR7 and yR7 cells connect to the amacrine-like cell type Dm8. Results obtained from RNA profiling of inner photoreceptors and Dm8 cells suggests expression of specific cell-surface molecules in yR7 cells (expressing Dpr11) and their Dm8 connections (termed here yDm8, expressing DIP-γ) are important for establishing pale vs. yellow specific circuits. Furthermore, anatomical studies have identified the transmedullary (Tm) cell type Tm5a (sending projections to the lobula neuropile) as being specific to columns connected to yellow ommatidia (hence missing from those columns connected to pale ommatidia). Finally, a study using a trans-synaptic tracer technique identified four distinct classes of bifurcated TmY cell types (sending projections to both the lobula and lobula plate neuropiles), each type being specifically connected to pR7, yR7, pR8, or yR8 cells, respectively (hence termed rh3Tmy, rh4Tmy, rh5TmY and rh6TmY).



A rather unexpected potential function of the randomly distributed “pale” and “yellow” ommatidia as separate input channels for polarization vision vs. color vision was revealed by two independent studies both presenting visual stimuli to isogenic populations of walking Drosophila. In both cases sufficiency of “pale” and “yellow” ommatidia was investigated by rescuing phototransduction in a cell-type specific manner in blind flies lacking an eye-specific isoform of Phospholipase C (called NorpA in Drosophila). One study found that “yellow” ommatidia were sufficient to mediate color discrimination in an assay where the flies were presented blue and green quadrants (more specifically: the combination of rh4-expressing yR7 cells in combination with rh6-expressing yR8 or in combination with R1–6, the short visual fiber photoreceptors; Schnaitmann et al., 2013). In this assay, “pale” ommatidia were not sufficient to mediate color discrimination (Figure 4B). Another study presented isogenic populations of walking Drosophila with linearly polarized light of different, fixed e-vector orientations (Wernet et al., 2012). Strikingly, in this case only rescue of “pale” ommatidia was sufficient to mediate a polarotactic orientation response in which the flies oriented their body with the incident e-vector (more specifically: the combination of rh3-expressing pR7 cells with R1–6 photoreceptors). However, “yellow” ommatidia were not sufficient to mediate such a response (Figure 4C). These genetic experiments indicate that under certain conditions “pale” and “yellow” ommatidia in the ventral half of the retina may serve two separate functions: color vision (yellow) vs. polarization vision (pale). If this was the case, one would predict differences in rhabdomeric twist between pR7 (not twisting) and yR7 (twisting) cells. However, the analysis of rhabdomeric twist within a randomly chosen region of the fly retina revealed no difference between the two (both twisting) and the low-twisting R7 cells that were identified could not be attributed to a specific subtype (Wernet et al., 2012). A possible functional specialization therefore cannot apply to all “pale” vs. “yellow” ommatidia. However, there may exist a region within the ventral half of the fly retina where pR7 cells are specifically untwisted while yR7 cells remain twisted. An example for such subtype-specific untwisting of photoreceptor rhabdomeres was described for R8 cells in Calliphora, a functional significance for this anatomical substrate has yet to be demonstrated (Wunderer and Smola, 1982). Taken together, groups of ommatidia from different subtypes may form segregated input channels mediating distinct behavioral responses (color vs. polarization vision), yet more data is needed to understand their relative contribution. Strikingly, functionally specialized ommatidial subtypes could be distributed randomly (as in the case of Drosophila), or in alternating rows (as shown for Dolichopodidae)—two fundamentally different design principles that could be viewed as alternative solutions for spatially separating these inputs without sacrificing too much of the visual field to either one modality (while neglecting the other). Interestingly, similar segregation of color- and polarization sensitive pathways has recently been proposed for a vertebrate retina (Novales Flamarique, 2017).

Over the past few decades, the neural circuits mediating polarization vision downstream of DRA ommatidia have been described in great detail, across species. The circuit diagram deduced from these studies reveals how celestial e-vectors are represented in the central brain, how they are integrated with other positional cues like the sun, and how the compass system is compensating for the changes in e-vector orientation as the sun moves across the celestial hemisphere (Homberg et al., 2011; Homberg, 2015). In contrast, next to nothing is known about the neural circuits underlying ommatidial specializations in the ventral periphery of the insect retina, like those described for Gerris, Notonecta and Dolichopodidae. In recent years, powerful molecular genetic tools have been developed for the cellular dissection of neural circuits across the Drosophila visual system, with a special emphasis on the optic lobes (Takemura et al., 2015). One first step towards addressing the neural circuitry of non-celestial polarization vision therefore lies in identifying optic lobe cell types that make ommatidial subtype-specific connections. At first glance, it seems hard to imagine how such connections could be wired during development of the visual system, given that Drosophila “pale” and “yellow” ommatidia are specified in a stochastic and therefore non-deterministic manner. Nevertheless, examples for pale- vs. yellow-specific optic lobe cell types exist and are currently increasing. For instance, anatomical characterization of the transmedullary cell type Tm5 (connecting the medulla neuropile with the lobula neuropile) revealed three subtypes termed Tm5a, Tm5b and Tm5c (Meinertzhagen et al., 2009). Interestingly, Tm5a cells were found to specifically arborize dendrites in single medulla columns containing yR7 terminals (Karuppudurai et al., 2014), whereas Tm5b and Tm5c are not subtype-specific (summarized in Figure 4D). Another study revealed subtype-specific circuit elements using a transgenic approach for trans-synaptically labeling optic lobe cell types that are connected to specific photoreceptor subtypes (Jagadish et al., 2014). In this case, four similar yet different cell types of so-called TmY cells with bifurcated axons (connecting the medulla neuropile with both the lobula and lobula plate neuropiles) were identified. Each of the four TmY subtypes appeared to specifically connect to either pR7, yR7, pR8, or yR8 cells and they were therefore termed rh3-TmY, rh4-TmY, rh5-TmY and rh6-TmY. So far, the existence of these cells and their subtype specific synaptic connections remain to be confirmed by EM reconstruction (Takemura et al., 2015). If confirmed, it is not known how these cell types would establish specific connections with photoreceptor cells that were specified stochastically. However, an important first step towards understanding how such wiring could be achieved came from two studies investigating the development of R7 connections with their most important synaptic partners, a distal medulla cell type called Dm8. Roughly every medulla column contains one Dm8 cell that receives inputs from ~10–16 neighboring R7 cells (Gao et al., 2008; Karuppudurai et al., 2014; Ting et al., 2014). Assuming that each Dm8 cell receives preferential synaptic input from the R7 terminal located within its “home cartridge”, one can therefore deduce the existence of Dm8 cells that receive predominant “pale” vs. “yellow” input (hence termed pDm8 and yDm8, in Figure 4D). How “pale” and “yellow” information is then processed further is currently not well understood and made more difficult by the fact that Dm8 cells appear to be locally processing units without a clear directed axonal output (Gao et al., 2008; Karuppudurai et al., 2014; Ting et al., 2014; Lin et al., 2016). Via profiling of the RNA transcriptome of R7 vs. R8 cells, recent studies studying the role of two classes of immunoglobulin transmembrane proteins (called DIPs and Dpr’s) identified one protein that is specifically expressed in developing yR7 cells (Dpr11). More importantly, its ligand DIP-γ, the protein that specifically binds to Dpr11, is expressed in developing Dm8 cells (Carrillo et al., 2015; Tan et al., 2015). It appears therefore that the specific interaction between these transmembrane proteins could be the key to establishing subtype-specific connectivity between stochastically specified photoreceptor subtypes and their specific post-synaptic targets, thereby shaping distinct input pathways with different properties. Although still being in a very early stage, these experiments on ommatidial subtype-specific wiring could serve as a model system for understanding how neural circuits in the ventral periphery of the insect retina are shaped in order to result in functionally specialized channels.

CONCLUDING REMARKS

Different visual responses of insects to linearly polarized reflections have been described. Given the general importance of water bodies as habitats for insects, as well as the well-described adaptation of many species to a (semi-)aquatic lifestyle, a multitude of such behaviors could have been expected. That makes it even more surprising that only few examples exist for the retinal detectors responsible for processing linearly polarized reflections. The most fascinating aspect of these retinal detectors remains their developmental Bauplan: specialized ommatidia are found either restricted locally at the ventral edge, or subdivided into zones or even alternating stripes. Some retinal designs are capable of detecting linearly polarized reflections (the zonated ventral retina of Notonecta, or those ommatidial rows of Dolichopodidae with crossed polarizers), whereas others most likely serve to filter out linearly polarized light, like glare at the water surface (for instance the ventral retina of the water strider and potentially the retina of the corn borer moth). In the future, new studies should focus on analyzing the retinal ultrastructure from additional (semi-)aquatic insect species to deepen our understanding of how linearly polarized reflections are being detected.

What are the neural circuits processing the information from these ommatidial subtypes? To our knowledge, nothing is known about the underlying circuits in (semi-)aquatic insects. Using electrophysiology, many of the underlying circuit elements can be characterized. We expect that future studies on different species like tabanids will reveal important insight into the functional properties and the anatomy of the underlying circuits. Alternatively, we have shown how the investigation of photoreceptor subtype-specification in the molecular genetic model organism Drosophila melanogaster can provide insight into how the establishment of ommatidial subtype-specific circuitry may be regulated. A growing number of studies demonstrates the existence of neural circuit elements whose identity or morphology are specific to either one of the two stochastically distributed ommatidial subtypes. Combining the molecular genetic toolkit of Drosophila with behavioral paradigms for quantifying the behavioral response to linearly polarized reflections therefore presents another attractive approach for studying how subtype-specific cell types might specifically alter the function of repetitive, retinotopic micro-circuits.

AUTHOR CONTRIBUTIONS

MFW wrote the manuscript. TH and JU assisted with the writing and provided all the figures.

ACKNOWLEDGMENTS

This work was supported by the Deutsche Forschungsgemeinschaft (DFG) through grants WE 5761/2-1 and collaborative research grant SFB958 (Project A23). The authors would like to thank Robin Hiesinger, Mike Perry, Claude Desplan, as well as two reviewers for helpful discussion.

REFERENCES

Arikawa, K., and Uchiyama, H. (1996). Red receptors dominate the proximal tier of the retina in the butterfly Papilio xuthus. J. Comp. Physiol. A Sens. Neural Behav. Physiol. 178, 55–61. doi: 10.1007/bf00189590

Barta, A., and Horváth, G. (2004). Why is it advantageous for animals to detect celestial polarization in the ultraviolet? Skylight polarization under clouds and canopies is strongest in the UV. J. Theor. Biol. 226, 429–437. doi: 10.1016/j.jtbi.2003.09.017

Belušič, G., Sporar, K., and Meglič, A. (2017). Extreme polarisation sensitivity in the retina of the corn borer moth Ostrinia. J. Exp. Biol. 220, 2047–2056. doi: 10.1242/jeb.153718

Bernáth, B., Horváth, G., Gál, J., Fekete, G., and Meyer-Rochow, V. B. (2008). Polarized light and oviposition site selection in the yellow fever mosquito: no evidence for positive polarotaxis in Aedes aegypti. Vision Res. 48, 1449–1455. doi: 10.1016/j.visres.2008.04.007

Bernáth, B., Horváth, G., and Meyer-Rochow, V. B. (2012). Polarotaxis in egg-laying yellow fever mosquitoes Aedes (Stegomyia) aegypti is masked due to infochemicals. J. Insect Physiol. 58, 1000–1006. doi: 10.1016/j.jinsphys.2012.05.004

Bernáth, B., and Meyer-Rochow, V. B. (2016). Optomotor reactions reveal polarization sensitivity in the zika virus transmitting yellow fever mosquito aedes (Stegomyia) aegypti (Diptera; Nematocera). Zoolog. Sci. 33, 643–649. doi: 10.2108/zs160005

Bernáth, B., Szedenics, G., Wildermuth, H., and Horváth, G. (2002). How can dragonflies discern bright and dark waters from a distance? The degree of polarisation of reflected light as a possible cue for dragonfly habitat selection. Freshw. Biol. 47, 1707–1719. doi: 10.1046/j.1365-2427.2002.00931.x

Blahó, M., Egri, A., Bahidszki, L., Kriska, G., Hegedüs, R., Akesson, S., et al. (2012a). Spottier targets are less attractive to tabanid flies: on the tabanid-repellency of spotty fur patterns. PLoS One 7:e41138. doi: 10.1371/journal.pone.0041138

Blahó, M., Egri, A., Hegedüs, R., Jósvai, J., Tóth, M., Kertész, K., et al. (2012b). No evidence for behavioral responses to circularly polarized light in four scarab beetle species with circularly polarizing exocuticle. Physiol. Behav. 105, 1067–1075. doi: 10.1016/j.physbeh.2011.11.020

Blum, M., and Labhart, T. (2000). Photoreceptor visual fields, ommatidial array, and receptor axon projections in the polarisation-sensitive dorsal rim area of the cricket compound eye. J. Comp. Physiol. A 186, 119–128. doi: 10.1007/s003590050012

Brady, P., and Cummings, M. (2010). Natural history note differential response to circularly polarized light by the jewel scarab beetle chrysina gloriosa. Am. Nat. 175, 614–620. doi: 10.1086/651593

Carrillo, R. A., Özkan, E., Menon, K. P., Nagarkar-Jaiswal, S., Lee, P. T., Jeon, M., et al. (2015). Control of synaptic connectivity by a network of Drosophila IgSF cell surface proteins. Cell 163, 1770–1782. doi: 10.1016/j.cell.2015.11.022

Cronin, T. W., Shashar, N., Caldwell, R. L., Marshall, J., Cheroske, A. G., and Chiou, T. H. (2003). Polarization vision and its role in biological signaling. Integr. Comp. Biol. 43, 549–558. doi: 10.1093/icb/43.4.549

Douglas, J. M., Cronin, T. W., Chiou, T. H., and Dominy, N. J. (2007). Light habitats and the role of polarized iridescence in the sensory ecology of neotropical nymphalid butterflies (Lepidoptera: Nymphalidae). J. Exp. Biol. 210, 788–799. doi: 10.1242/jeb.02713

Egri, A., Blahó, M., Száz, D., Kriska, G., Majer, J., Herczeg, T., et al. (2013). A horizontally polarizing liquid trap enhances the tabanid-capturing efficiency of the classic canopy trap. Bull. Entomol. Res. 103, 665–674. doi: 10.1017/s0007485313000357

Egri, A., Blahó, M., Kriska, G., Farkas, R., Gyurkovszky, M., Akesson, S., et al. (2012). Polarotactic tabanids find striped patterns with brightness and/or polarization modulation least attractive: an advantage of zebra stripes. J. Exp. Biol. 215, 736–745. doi: 10.1242/jeb.065540

el Jundi, B., Warrant, E. J., Byrne, M. J., Khaldy, L., Baird, E., Smolka, J., et al. (2015). Neural coding underlying the cue preference for celestial orientation. Proc. Natl. Acad. Sci. U S A 112, 11395–11400. doi: 10.1073/pnas.1501272112

Farkas, A., Száz, D., Egri, A., Barta, A., Mészáros, A., Hegedüs, R., et al. (2016). Mayflies are least attracted to vertical polarization: a polarotactic reaction helping to avoid unsuitable habitats. Physiol. Behav. 163, 219–227. doi: 10.1016/j.physbeh.2016.05.009

Fortini, M. E., and Rubin, G. M. (1990). Analysis of cis-acting requirements of the Rh3 and Rh4 genes reveals a bipartite organization to rhodopsin promoters in Drosophila-melanogaster. Genes Dev. 4, 444–463. doi: 10.1101/gad.4.3.444

Foster, J. J., Sharkey, C. R., Gaworska, A. V., Roberts, N. W., Whitney, H. M., and Partridge, J. C. (2014). Bumblebees learn polarization patterns. Curr. Biol. 24, 1415–1420. doi: 10.1016/j.cub.2014.05.007

Gao, S., Takemura, S. Y., Ting, C. Y., Huang, S., Lu, Z., Luan, H., et al. (2008). The neural substrate of spectral preference in Drosophila. Neuron 60, 328–342. doi: 10.1016/j.neuron.2008.08.010

Gokan, N. (1989). The compound eye of the dung beetle Geotrupes auratus (Coleoptera, Scarabaeidae). Appl. Entomol. Zool. 24, 133–146. doi: 10.1303/aez.24.133

Hegedüs, R., Horváth, A., and Horváth, G. (2006a). Why do dusk-active cockchafers detect polarization in the green? The polarization vision in Melolontha melolontha is tuned to the high polarized intensity of downwelling light under canopies during sunset. J. Theor. Biol. 238, 230–244. doi: 10.1016/j.jtbi.2005.05.033

Hegedüs, R., Szél, G., and Horváth, G. (2006b). Imaging polarimetry of the circularly polarizing cuticle of scarab beetles (Coleoptera: Rutelidae, Cetoniidae). Vision Res. 46, 2786–2797. doi: 10.1016/j.visres.2006.02.007

Heinze, S., and Homberg, U. (2007). Maplike representation of celestial E-vector orientations in the brain of an insect. Science 315, 995–997. doi: 10.1515/nf-2007-0205

Henze, M. J., and Labhart, T. (2007). Haze, clouds and limited sky visibility: polarotactic orientation of crickets under difficult stimulus conditions. J. Exp. Biol. 210, 3266–3276. doi: 10.1242/jeb.007831

Heinze, S., and Reppert, S. M. (2011). Sun compass integration of skylight cues in migratory monarch butterflies. Neuron 69, 345–358. doi: 10.1016/j.neuron.2010.12.025

Henze, M. J., Dannenhauer, K., Kohler, M., Labhart, T., and Gesemann, M. (2012). Opsin evolution and expression in arthropod compound eyes and ocelli: insights from the cricket Gryllus bimaculatus. BMC Evol. Biol. 12:163. doi: 10.1186/1471-2148-12-163

Heras, F. J., and Laughlin, S. B. (2017). Optimizing the use of a sensor resource for opponent polarization coding. PeerJ 5:e2772. doi: 10.7287/peerj.preprints.2192v1

Homberg, U. (2015). Sky compass orientation in desert locusts-evidence from field and laboratory studies. Front. Behav. Neurosci. 9:346. doi: 10.3389/fnbeh.2015.00346

Homberg, U., Heinze, S., Pfeiffer, K., Kinoshita, M., and el Jundi, B. (2011). Central neural coding of sky polarization in insects. Philos. Trans. R. Soc. Lond. B Biol. Sci. 366, 680–687. doi: 10.1098/rstb.2010.0199

Homberg, U., and Paech, A. (2002). Ultrastructure and orientation of ommatidia in the dorsal rim area of the locust compound eye. Arthropod Struct. Dev. 30, 271–280. doi: 10.1016/s1467-8039(02)00010-5

Horváth, G., Bernáth, B., and Molnár, G. (1998). Dragonflies find crude oil visually more attractive than water: multiple-choice experiments on dragonfly polarotaxis. Naturwissenschaften 85, 292–297. doi: 10.1007/s001140050503

Horváth, G., Blahó, M., Kriska, G., Hegedüs, R., Gerics, B., Farkas, R., et al. (2010). An unexpected advantage of whiteness in horses: the most horsefly-proof horse has a depolarizing white coat. Proc. Biol. Sci. 277, 1643–1650. doi: 10.1098/rspb.2009.2202

Horváth, G., Malik, P., Kriska, G., and Wildermuth, H. (2007). Ecological traps for dragonflies in a cemetery: the attraction of Sympetrum species (Odonata: Libellulidae) by horizontally polarizing black gravestones. Freshw. Biol. 52, 1700–1709. doi: 10.1111/j.1365-2427.2007.01798.x

Horváth, G., Majer, J., Horvath, L., Szivák, I., and Kriska, G. (2008). Ventral polarization vision in tabanids: horseflies and deerflies (Diptera: Tabanidae) are attracted to horizontally polarized light. Naturwissenschaften 95, 1093–1100. doi: 10.1007/s00114-008-0425-5

Horváth, G., Móra, A., Bernáth, B., and Kriska, G. (2011). Polarotaxis in non-biting midges: female chironomids are attracted to horizontally polarized light. Physiol. Behav. 104, 1010–1015. doi: 10.1016/j.physbeh.2011.06.022

Jagadish, S., Barnea, G., Clandinin, T. R., and Axel, R. (2014). Identifying functional connections of the inner photoreceptors in Drosophila using Tango-Trace. Neuron 83, 630–644. doi: 10.1016/j.neuron.2014.06.025

Jewell, S. A., Vukusic, P., and Roberts, N. W. (2007). Circularly polarized colour reflection from helicoidal structures in the beetle Plusiotis boucardi. New J. Phys. 9:99. doi: 10.1088/1367-2630/9/4/099

Johnston, R. J. Jr. (2013). Lessons about terminal differentiation from the specification of color-detecting photoreceptors in the Drosophila retina. Ann. N Y Acad. Sci. 1293, 33–44. doi: 10.1111/nyas.12178

Karuppudurai, T., Lin, T. Y., Ting, C. Y., Pursley, R., Melnattur, K. V., Diao, F., et al. (2014). A hard-wired glutamatergic circuit pools and relays UV signals to mediate spectral preference in Drosophila. Neuron 81, 603–615. doi: 10.1016/j.neuron.2013.12.010


Kelber, A. (1999a). Ovipositing butterflies use a red receptor to see green. J. Exp. Biol. 202, 2619–2630.


Kelber, A. (1999b). Why ‘false’ colours are seen by butterflies. Nature 402, 251–251. doi: 10.1038/46204

Kelber, A., Thunell, C., and Arikawa, K. (2001). Polarisation-dependent colour vision in Papilio butterflies. J. Exp. Biol. 204, 2469–2480. doi: 10.1142/9789812799975_0010

Kinoshita, M., Pfeiffer, K., and Homberg, U. (2007). Spectral properties of identified polarized-light sensitive interneurons in the brain of the desert locust Schistocerca gregaria. J. Exp. Biol. 210, 1350–1361. doi: 10.1242/jeb.02744

Kinoshita, M., Yamazato, K., and Arikawa, K. (2011). Polarization-based brightness discrimination in the foraging butterfly, Papilio xuthus. Philos. Trans. R. Soc. Lond. B Biol. Sci. 366, 688–696. doi: 10.1098/rstb.2010.0200

Kriska, G., Bernáth, B., and Horváth, G. (2007). Positive polarotaxis in a mayfly that never leaves the water surface: polarotactic water detection in Palingenia longicauda (Ephemeroptera). Naturwissenschaften 94, 148–154. doi: 10.1007/s00114-006-0180-4


Kriska, G., Horvath, G., and Andrikovics, S. (1998). Why do mayflies lay their eggs en masse on dry asphalt roads? Water-imitating polarized light reflected from asphalt attracts Ephemeroptera. J. Exp. Biol. 201, 2273–2286.


Kriska, G., Malik, P., Szivak, I., and Horváth, G. (2008). Glass buildings on river banks as “polarized light traps” for mass-swarming polarotactic caddis flies. Naturwissenschaften 95, 461–467. doi: 10.1007/s00114-008-0345-4


Labhart, T. (1996). How polarization-sensitive interneurones of crickets perform at low degrees of polarization. J. Exp. Biol. 199, 1467–1475.


Labhart, T. (1988). Polarization-opponent interneurons in the insect visual-system. Nature 331, 435–437. doi: 10.1038/331435a0

Labhart, T. (1986). The electrophysiology of photoreceptors in different eye regions of the desert Ant, Cataglyphis-bicolor. J. Comp. Physiol. A 158, 1–7. doi: 10.1007/bf00614514

Labhart, T., and Meyer, E. P. (1999). Detectors for polarized skylight in insects: a survey of ommatidial specializations in the dorsal rim area of the compound eye. Microsc. Res. Tech. 47, 368–379. doi: 10.1002/(sici)1097-0029(19991215)47:6<368::aid-jemt2>3.0.co;2-q

Labhart, T., Meyer, E. P., and Schenker, L. (1992). Specialized ommatidia for polarization vision in the compound eye of cockchafers, Melolontha melolontha (Coleoptera, Scarabaeidae). Cell Tissue Res. 268, 419–429. doi: 10.1007/bf00319148


Labhart, T., and Wehner, R. (2006). “Polarization vision,” in Invertebrate Vision, eds E. J. Warrant and D. E. Nilsson (Cambridge, MA: Cambridge University Press), 291–348.


Land, M. F., and Fernald, R. D. (1992). The evolution of eyes. Annu. Rev. Neurosci. 15, 1–29. doi: 10.1146/annurev.ne.15.030192.000245

Lerner, A., Meltser, N., Sapir, N., Erlick, C., Shashar, N., and Broza, M. (2008). Reflected polarization guides chironomid females to oviposition sites. J. Exp. Biol. 211, 3536–3543. doi: 10.1242/jeb.022277

Lin, T. Y., Luo, J., Shinomiya, K., Ting, C. Y., Lu, Z., Meinertzhagen, I. A., et al. (2016). Mapping chromatic pathways in the Drosophila visual system. J. Comp. Neurol. 524, 213–227. doi: 10.1002/cne.23857


Mathejczyk, M., and Wernet, M. F. (2017). “Sensing polarized light in insects,” in Oxford Research Encyclopedia of Neuroscience (Oxford: Oxford Academy Press). Available online at: http://neuroscience.oxfordre.com/view/10.1093/acrefore/9780190264086.001.0001/acrefore-9780190264086-e-109


Meinertzhagen, I. A., Takemura, S. Y., Lu, Z., Huang, S., Gao, S., Ting, C. Y., et al. (2009). From form to function: the ways to know a neuron. J. Neurogenet. 23, 68–77. doi: 10.1080/01677060802610604

Melnattur, K. V., Pursley, R., Lin, T. Y., Ting, C. Y., Smith, P. D., Pohida, T., et al. (2014). Multiple redundant medulla projection neurons mediate color vision in Drosophila. J. Neurogenet. 28, 374–388. doi: 10.3109/01677063.2014.891590

Nilsson, D. E., and Warrant, E. J. (1999). Visual discrimination: seeing the third quality of light. Curr. Biol. 9, R535–R537. doi: 10.1016/s0960-9822(99)80330-3

Novales Flamarique, I. (2017). A vertebrate retina with segregated colour and polarization sensitivity. Proc. Biol. Sci. 284:20170759. doi: 10.1098/rspb.2017.0759

Perry, M., Kinoshita, M., Saldi, G., Huo, L., Arikawa, K., and Desplan, C. (2016). Molecular logic behind the three-way stochastic choices that expand butterfly colour vision. Nature 535, 280–284. doi: 10.1038/nature18616

Pfeiffer, B. D., Jenett, A., Hammonds, A. S., Ngo, T. T., Misra, S., Murphy, C., et al. (2008). Tools for neuroanatomy and neurogenetics in Drosophila. Proc. Natl. Acad. Sci. U S A 105, 9715–9720. doi: 10.1073/pnas.0803697105

Roberts, N. W., Porter, M. L., and Cronin, T. W. (2011). The molecular basis of mechanisms underlying polarization vision. Philos. Trans. R. Soc. Lond. B Biol. Sci. 366, 627–637. doi: 10.1098/rstb.2010.0206

Sakura, M., Lambrinos, D., and Labhart, T. (2006). Polarization-sensitive neurons in the central complex of crickets—how does the CNS code orientation? Comp. Biochem. Physiol. B Biochem. Mol. Biol. 145:406. doi: 10.1016/j.cbpb.2006.10.018

Schmeling, F., Wakakuwa, M., Tegtmeier, J., Kinoshita, M., Bockhorst, T., Arikawa, K., et al. (2014). Opsin expression, physiological characterization and identification of photoreceptor cells in the dorsal rim area and main retina of the desert locust, Schistocerca gregaria. J. Exp. Biol. 217, 3557–3568. doi: 10.1242/jeb.108514

Schnaitmann, C., Garbers, C., Wachtler, T., and Tanimoto, H. (2013). Color discrimination with broadband photoreceptors. Curr. Biol. 23, 2375–2382. doi: 10.1016/j.cub.2013.10.037

Schnaitmann, C., Haikala, V., Abraham, E., Oberhauser, V., Thestrup, T., Griesbeck, O., et al. (2018). Color processing in the early visual system of Drosophila. Cell 172, 318–330.e18. doi: 10.1016/j.cell.2017.12.018

Schneider, L., and Langer, H. (1969). Structure of rhabdome in bifunctional compound eye of pond skater, gerris lacustris. Z. Zellforsch. Mikrosk. Anat. 99, 538–559. doi: 10.1007/BF00340945

Schwind, R. (1983a). A polarization-sensitive response of the flying water bug notonecta-glauca to UV-light. J. Comp. Physiol. 150, 87–91. doi: 10.1007/bf00605291

Schwind, R. (1983b). Zonation of the optical environment and zonation in the rhabdom structure within the eye of the backswimmer, notonecta-glauca. Cell Tissue Res. 232, 53–63. doi: 10.1007/bf00222373

Schwind, R. (1984). The plunge reaction of the backswimmer notonecta-glauca. J. Comp. Physiol. 155, 319–321. doi: 10.1007/BF00610585

Sharma, V., Crne, M., Park, J. O., and Srinivasarao, M. (2009). Structural origin of circularly polarized iridescence in jeweled beetles. Science 325, 449–451. doi: 10.1126/science.1172051

Shashar, N., Sabbah, S., and Aharoni, N. (2005). Migrating locusts can detect polarized reflections to avoid flying over the sea. Biol. Lett. 1, 472–475. doi: 10.1098/rsbl.2005.0334

Smith, W. C., and Butler, J. F. (1991). Ultrastructure of the tabanidae compound eye—unusual features for diptera. J. Insect Physiol. 37, 287–296. doi: 10.1016/0022-1910(91)90063-6

Stavenga, D. G., Matsushita, A., Arikawa, K., Leertouwer, H. L., and Wilts, B. D. (2012). Glass scales on the wing of the swordtail butterfly Graphium sarpedon act as thin film polarizing reflectors. J. Exp. Biol. 215, 657–662. doi: 10.1242/jeb.066902

Stavenga, D. G., Meglič, A., Pirih, P., Koshitaka, H., Arikawa, K., Wehling, M. F., et al. (2017). Photoreceptor spectral tuning by colorful, multilayered facet lenses in long-legged fly eyes (Dolichopodidae). J. Comp. Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 203, 23–33. doi: 10.1007/s00359-016-1131-y

Sweeney, A., Jiggins, C., and Johnsen, S. (2003). Insect communication: polarized light as a butterfly mating signal. Nature 423, 31–32. doi: 10.1038/423031a

Szaz, D., Horvath, G., Barta, A., Robertson, B. A., Farkas, A., Egri, A., et al. (2015). Lamp-lit bridges as dual light-traps for the night-swarming mayfly, Ephoron virgo: interaction of polarized and unpolarized light pollution. PLoS One 10:e0121194. doi: 10.1371/journal.pone.0121194

Takemura, S. Y., Xu, C. S., Lu, Z., Rivlin, P. K., Parag, T., Olbris, D. J., et al. (2015). Synaptic circuits and their variations within different columns in the visual system of Drosophila. Proc. Natl. Acad. Sci. U S A 112, 13711–13716. doi: 10.1073/pnas.1509820112

Tan, L., Zhang, K. X., Pecot, M. Y., Nagarkar-Jaiswal, S., Lee, P. T., Takemura, S. Y., et al. (2015). Ig superfamily ligand receptor pairs expressed in synaptic partners in Drosophila. Cell 163, 1756–1769. doi: 10.1016/j.cell.2015.11.021

Thorpe, W. H. (1930). The biology of the petroleum fly (Psilopa petrolei). Trans. Entomol. Soc. Lond. 78, 331–344. doi: 10.1111/j.1365-2311.1930.tb00391.x

Ting, C. Y., McQueen, P. G., Pandya, N., Lin, T. Y., Yang, M., Reddy, O. V., et al. (2014). Photoreceptor-derived activin promotes dendritic termination and restricts the receptive fields of first-order interneurons in Drosophila. Neuron 81, 830–846. doi: 10.1016/j.neuron.2013.12.012

Trujillo-Cenóz, O., and Bernard, G. D. (1972). Some aspects of retinal organization of Sympycnus-lineatus loew (Diptera, Dolichopodidae). J. Ultrastruct. Res. 38, 149–160. doi: 10.1016/s0022-5320(72)90089-5

Velez, M. M., Gohl, D., Clandinin, T. R., and Wernet, M. F. (2014a). Differences in neural circuitry guiding behavioral responses to polarized light presented to either the dorsal or ventral retina in Drosophila. J. Neurogenet. 28, 348–360. doi: 10.3109/01677063.2014.922556

Velez, M. M., Wernet, M. F., Clark, D. A., and Clandinin, T. R. (2014b). Walking Drosophila align with the e-vector of linearly polarized light through directed modulation of angular acceleration. J. Comp. Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 200, 603–614. doi: 10.1007/s00359-014-0910-6


Vonhelversen, O., and Edrich, W. (1974). Spectral sensitivity of polarized-light orientation in honeybee. J. Comp. Physiol. 94, 33–47.


Wehner, R. (1976). Polarized-light navigation by insects. Sci. Am. 235, 106–115. doi: 10.1038/scientificamerican0776-106

Wehner, R. (1987). ‘Matched-filters’—neural models of the external world. J. Comp. Physiol. A 161, 511–531. doi: 10.1007/bf00603659


Wehner, R. (2001). Polarization vision—a uniform sensory capacity? J. Exp. Biol. 204, 2589–2596.


Wehner, R., and Bernard, G. D. (1993). Photoreceptor twist: a solution to the false-color problem. Proc. Natl. Acad. Sci. U S A 90, 4132–4135. doi: 10.1073/pnas.90.9.4132

Weir, P. T., Henze, M. J., Bleul, C., Baumann-Klausener, F., Labhart, T., and Dickinson, M. H. (2016). Anatomical reconstruction and functional imaging reveal an ordered array of skylight polarization detectors in Drosophila. J. Neurosci. 36, 5397–5404. doi: 10.1523/JNEUROSCI.0310-16.2016

Wernet, M. F., and Desplan, C. (2014). Homothorax and Extradenticle alter the transcription factor network in Drosophila ommatidia at the dorsal rim of the retina. Development 141, 918–928. doi: 10.1242/dev.103127

Wernet, M. F., Huberman, A. D., and Desplan, C. (2014). So many pieces, one puzzle: cell type specification and visual circuitry in flies and mice. Genes Dev. 28, 2565–2584. doi: 10.1101/gad.248245.114

Wernet, M. F., Labhart, T., Baumann, F., Mazzoni, E. O., Pichaud, F., and Desplan, C. (2003). Homothorax switches function of Drosophila photoreceptors from color to polarized light sensors. Cell 115, 267–279. doi: 10.1016/s0092-8674(03)00848-1

Wernet, M. F., Mazzoni, E. O., Celik, A., Duncan, D. M., Duncan, I., and Desplan, C. (2006). Stochastic spineless expression creates the retinal mosaic for colour vision. Nature 440, 174–180. doi: 10.1038/nature04615

Wernet, M. F., Perry, M. W., and Desplan, C. (2015). The evolutionary diversity of insect retinal mosaics: common design principles and emerging molecular logic. Trends Genet. 31, 316–328. doi: 10.1016/j.tig.2015.04.006

Wernet, M. F., Velez, M. M., Clark, D. A., Baumann-Klausener, F., Brown, J. R., Klovstad, M., et al. (2012). Genetic dissection reveals two separate retinal substrates for polarization vision in Drosophila. Curr. Biol. 22, 12–20. doi: 10.1016/j.cub.2011.11.028

Wildermuth, H. (1998). Dragonflies recognize the water of rendezvous and oviposition sites by horizontally polarized light: a behavioural field test. Naturwissenschaften 85, 297–302. doi: 10.1007/s001140050504

Wolf, R., Gebhardt, B., Gademann, R., and Heisenberg, M. (1980). Polarization sensitivity of course control in Drosophila-melanogaster. J. Comp. Physiol. 139, 177–191. doi: 10.1007/bf00657080

Wunderer, H., and Smola, U. (1982). Morphological-differentiation of the central visual cells R7/8 in various regions of the blowfly eye. Tissue Cell 14, 341–358. doi: 10.1016/0040-8166(82)90032-5

Wunderer, H., and Smola, U. (1986). Functional-morphology of the retina of chrysops-caecutiens L. and haematopota-pluvialis L. (Diptera: Tabanidae): region around eye equator. Int. J. Insect Morphol. Embryol. 15, 311–319. doi: 10.1016/0020-7322(86)90048-6

Yamaguchi, S., Desplan, C., and Heisenberg, M. (2010). Contribution of photoreceptor subtypes to spectral wavelength preference in Drosophila. Proc. Natl. Acad. Sci. U S A 107, 5634–5639. doi: 10.1073/pnas.0809398107

Yoshioka, S., and Kinoshita, S. (2007). Polarization-sensitive color mixing in the wing of the Madagascan sunset moth. Opt. Express 15, 2691–2701. doi: 10.1364/oe.15.002691

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Heinloth, Uhlhorn and Wernet. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fncel-12-00050-g004.gif





OPS/images/fncel-12-00050-g002.gif





OPS/images/fncel-12-00050-g003.gif
A Gerris lacustris E Horonsen e Dolichopodidae






OPS/images/crossmark.jpg





OPS/images/fncel-12-00050-g001.gif





OPS/images/cover.jpg
, frontiers
In Cellular Neuroscience

Insect Responses to Linearly
Polarized Reflections: Orphan
Behaviors Without Neural Circuits









OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





