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RESEARCH ARTICLE



The importance of ultraviolet and near-infrared sensitivity for visual discrimination in two species of lacertid lizards



ABSTRACT Male and female Lacertid lizards often display conspicuous coloration that is involved in intraspecific communication. However, visual systems of Lacertidae have rarely been studied and the spectral sensitivity of their retinal photoreceptors remains unknown. Here, we characterise the spectral sensitivity of two Lacertid species from contrasting habitats: the wall lizard Podarcis muralis and the common lizard Zootoca vivipara. Both species possess a pure-cone retina with one spectral class of double cones and four spectral classes of single cones. The two species differ in the spectral sensitivity of the LWS cones, the relative abundance of UVS single cones (potentially more abundant in Z. vivipara) and the coloration of oil droplets. Wall lizards have pure vitamin A1-based photopigments, whereas common lizards possess mixed vitamin A1 and A2 photopigments, extending spectral sensitivity into the near infrared, which is a rare feature in terrestrial vertebrates. We found that spectral sensitivity in the UV and near infrared improves discrimination of small variations in throat coloration among Z. vivipara. Thus, retinal specialisations optimise chromatic resolution in common lizards, indicating that the visual system and visual signals might co-evolve. KEY WORDS: Colour vision, Chromatic resolution, UV sensitivity, Vitamin A1/A2-based pigments, Cone abundance, Zootoca vivipara, Podarcis muralis



INTRODUCTION



Vision is a key sense involved in tasks such as mating, foraging and predator avoidance, and visual capabilities are expected to be optimised to the ecological niche of each species (Bradbury and Vehrencamp, 2011; Land and Nilson, 2012). Thus, it is of considerable interest to comprehend how animals perceive their environment and distinguish different visual targets. In vertebrates, photopic and colour vision are served by cone photoreceptor cells (see Bradbury and Vehrencamp, 2011). Photosensitivity is conferred by visual pigment molecules embedded in the membranes of the outer segments of retinal photoreceptor cells, and composed of a transmembrane opsin protein associated with a chromophore (for details, see Yokoyama, 2000). Photopigments are usually specified by the wavelength of peak absorbance, λmax, and include longwavelength sensitive (LWS class), middle-wavelength sensitive (MWS class), short-wavelength sensitive (SWS class) and very1 CNRS UMR 7618, iEES Paris, Université Pierre et Marie Curie, 75005 Paris, France. 2CNRS UMR 7179, Département d’Ecologie et de Gestion de la Biodiversité, Muséum National d’Histoire Naturelle, 91800 Brunoy, France. 3CNRS UMS 3194, CEREEP – Ecotron IleDeFrance, École Normale Supérieure, 77140 StPierre-lès-Nemours, France. 4ESPE de Paris-Université Sorbonne Paris IV, 75016 Paris, France. 5Department of Biomedical Sciences, College of Veterinary Medicine, Cornell University, Ithaca, NY 14853, USA.



*Author for correspondence ([email protected]) Received 27 October 2014; Accepted 8 December 2014



458



short-wavelength sensitive (VS/UVS class) (Kelber et al., 2003). Colour vision requires the presence of at least two visual pigments differing in their spectral sensitivity as well as the neural and perceptual mechanisms capable of analysing and interpreting signals from the photoreceptors (Bowmaker, 2008). Characterisation of the spectral properties of the retina in various species is therefore a prerequisite for understanding the evolution of visual capabilities. Spectral absorption of the visual pigments is determined by both the amino acid sequence of the opsin protein and the chromophore used, either the aldehyde of vitamin A1 or vitamin A2 (Bowmaker, 2008). Vitamin A1 is commonly encountered in the eyes of terrestrial vertebrates and marine species, whereas vitamin A2 is usually associated with freshwater species or the aquatic phase of terrestrial amphibians (reviewed by Bridges, 1972). For the same opsin protein, A2-based pigments (porphyropsins) show an absorption peak shifted toward longer wavelengths than the A1based pigment (rhodopsins) (Hárosi, 1994; Whitmore and Bowmaker, 1989). It has been shown that some amphibian and fish species present individual plasticity in the relative proportion of A1and A2-based visual pigments with age, hormonal state, light, temperature, season or life stage (Beatty, 1966; Beatty, 1975; Beatty, 1984; Crescitelli, 1972; Knowles and Darntnall, 1977). Some studies have found a chromophore mixture in lizards such as chameleons and Podarcis sicula (Bowmaker et al., 2005; Provencio et al., 1992) and, more surprisingly, Anolis carolinensis possesses a pure-cone retina containing only A2 pigments (Provencio et al., 1992; Loew et al., 2002). The adaptive significance of vitamin A1- versus A2based visual pigment in the vertebrate retina is poorly understood. A common feature of the retina of most diurnal reptiles and birds is the presence of pigmented oil droplets located in the distal region of the inner segment of cones, except for the accessory member of the double cones (reviewed by Bowmaker, 2008). Their lipid content and high concentration of carotenoid pigments act as a longpass filter for the photons entering the outer segment, which shifts the sensitivity peaks of the photoreceptors to longer wavelengths. Oil droplets are believed to improve hue discrimination by restricting the range of wavelengths that enters the outer segment and reducing the overlap of spectrally adjacent cones (Stavenga and Wilts, 2014; Vorobyev, 2003). Previous studies in birds and lizards have demonstrated that each photoreceptor type can be associated with specific oil droplet types, based on its apparent colour to humans (e.g. Fleishman et al., 2011; Loew et al., 2002) [for examples in birds, see Hart and Vorobyev (Hart and Vorobyev, 2005)]. This specificity is particularly interesting because it allows indirect evaluation of the abundance of the different cone types and, therefore, part of the noise surrounding the response of a given photoreceptor type (Bradbury and Vehrencamp, 2011). The majority of diurnal lizards are known to possess no rods and three or four spectral classes of photoreceptors (tri- or tetrachromats) including one photoreceptor sensitive to light in the UV range (300–400 nm) (reviewed by Pérez i de Lanuza and Font, 2014)
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interspersed with black spots, and females are duller (Bauwens, 1987; Vercken et al., 2007). The ventral ornament also reflects in the UV range, especially on the throat of males which is exposed to conspecifics sight during agonistic interactions (Martin et al., 2013). The wall lizard inhabits stone walls and natural rock outcrops in open habitats dominated by a grey, highly reflective background. Adults of both sexes exhibit three ventral colour morphs (white, yellow and orange) (Galeotti et al., 2010; Sacchi et al., 2007) and males also have bright, UV–blue marginal ventral scales called blue spots that they exhibit by presenting their flank and by push-up displays (Pérez i de Lanuza, 2012; Martin, 2013). In this study, we used microspectrophotometry (MSP) to determine the spectral absorbance of the visual pigments and oil droplets in Z. vivipara and P. muralis. From retinal photomicrographs, we also aimed to evaluate the relative abundance of the different oil droplet types, based on their colour for human eye. In both lacertid species, we found visual characteristics close to those of diurnal lizards studied so far. Nevertheless, Z. vivipara presented an A1/A2-based chromophore mixture and our data suggest that UV cones might be twice more abundant in Z. vivipara than in P. muralis. We thus used physiological data to model visual capabilities of the common lizard in order to investigate how the UV cone density and chromophore type affect chromatic resolution. This exercise helped us to gain further insight into the evolution of the visual system structure in lizard species by testing for optimisation of alternative visual systems against naturally occurring visual signals.



List of abbreviations colourless type 1 oil droplet colourless type 2 oil droplet dispersed pigment green oil droplet just-noticeable difference long-wavelength sensitive microspectrophotometry medium-wavelength sensitive orange oil droplet short-wavelength sensitive ultraviolet very-short-wavelength sensitive yellow oil droplet



(supplementary material Table S1). There are also three to five spectral classes of oil droplets. One to three types of green and/or yellow (to the human eye) coloured oil droplets are paired with MWS and LWS pigments, and one or two types of colourless oil droplets are always associated with cells containing UVS and SWS pigments (Bowmaker et al., 2005; Loew et al., 2002; Pérez i de Lanuza and Font, 2014). Over the past decades, spectral absorbance of pigments has been investigated in several lizard species, but these species belong to a limited number of families and, to date, spectral sensitivity of several entire lizard infraorders remains essentially unknown (see supplementary material Table S1). Here, we focused on the Lacertidae family of the Lacertibaenia group, which includes most of the diurnal common European lizard species. Several lacertid species display coloured ornaments that differ between sexes, including in the UV range (e.g. Font et al., 2009; Martin et al., 2013). Even though olfaction plays a major role for foraging, navigation and communication in this family of lizards (see Mason and Parker, 2010), visual signals are also involved in intraspecific communication. Recent work in lacertids provided evidence for visual sensitivity to UV from retinal structure and molecular data (Pérez i de Lanuza and Font, 2014). In addition, behavioural tests indicate that lacertids can use UV signals of conspecifics to settle male contest and female mate choice (Bajer et al., 2010; Bajer et al., 2011). The common lizard Zootoca vivipara Jacquin 1789 and the wall lizard Podarcis muralis Laurenti 1768 are interesting candidates for the study of visual systems of lacertids because the two species inhabit contrasting habitats, display bright, non-nuptial colour patches that reflect UV and use visual signals for intraspecific communication (Martin, 2013; Vacher and Geniez, 2010). The common lizard is commonly found in moist and grassy open habitats dominated by a green background. Males bear a whitish throat and a belly coloration ranging from yellow to dark red



RESULTS Spectral characteristics of lacertid lizards



We did not measure spectral properties of ocular fluid but our MSP analyses of the cornea revealed no significant absorption in the range 350–750 nm as in a recent analysis of eight lacertid lizard species (Pérez i de Lanuza and Font, 2014). The two study species possessed a pure-cone retina, which contained single cones with an oil droplet in their inner segment and double cones consisting of a principal member with an oil droplet and an accessory member with a dispersed pigment in its inner segment. In each species, four distinct single-cone classes were identified and were characterised as UVS, SWS, MWS and LWS. The details of pigment λmax values of both species are provided in Table 1 (see supplementary material Figs S1 and S2 for representative examples). Absorption profiles of visual pigments from P. muralis were best fitted by a vitamin A1 template. In Z. vivipara, pigment absorptions were best fitted by a rhodopsin (vitamin A1) or a porphyropsin (vitamin A2) template, depending on the tested inner segment. Based on the absorption profile of LWS pigments, we estimated that vitamin A1- and A2based pigments are a 10:90 proportion in Z. vivipara. However, this



Table 1. Characteristics of visual pigments found in cones of common and wall lizards Z. vivipara



P. muralis



Pigment class



N



λmax



Oil droplet



N



λmax



Oil droplet



UVS (single) SWS (single) MWS (single) LWS (single), form A1 LWS (single), form A2 LWS (principal member of double) LWS (accessory member of double)



4 1 20 2 23 6 5



358±8 437 487±14 544±4 617±23 614±17 624±27



C2 C1 O



2 3 3 11 – 1 1



367±9 456±23 497±19 562±17 – 584 558



C2 C1 G Y or G – Y DP



}



G or O G DP



Number of counted cells, spectral sensitivity (mean λmax ± s.d.) and associated oil droplet types for the different cone types. Because we could make a clear distinction between absorption profiles of LWS single cones fitted by a vitamin A1 or A2 template, the λmax of each LWS pigment form is reported. Oil droplets belong to five classes: C1, C2, G, Y, O, plus a dispersed pigment (see List of abbreviations and Table 2).
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Table 2. Characteristics of oil droplets in retinal samples of common and wall lizards Z. vivipara



P. muralis



Oil droplet class



N



λmid



% (Range)



N



λmid



% (Range)



Orange (O) Green (G) Yellow (Y) Colourless, type 1 (C1) Colourless, type 2 (C2) Dispersed pigment (DP)



28 24 – 9 4 2



538±6 503±10 – 406±9 + 485±11



52 (15–71) 29 (13–63) –



– 55 5 4 2 7



– 500±8 470±4 429±22 + 460±11



– 27 (22–42) 64 (53–69)



}



19 (15–25) –



}



9 (6–11) –



Number and spectral features (λmid ± s.d., the wavelength at which the absorbance is 50%) of oil droplets measured by MSP and abundance based on retina images (as a percentage) were reported for each oil droplet type. Cut-off of the C2 droplets over the measurement range 340–750 nm is not measureable and thus a ‘+’ indicates their presence in the cells of the retina.



(UVS:SWS:MWS:LWS, 1:2:5:9). However, it should be noted that model outputs were almost identical when we assumed an equal abundances for MWS and LWS cones based on oil droplet counts (model 1:2:6:6, results not presented here). Using the spectral data of ventral coloration of 84 adult male common lizards described in Martin et al. (Martin et al., 2013), we quantified the Cartesian distance in colour space for all possible pairs of males among spectra from the throat on one hand and from the belly on the other (3486 pair-wise comparisons for each body zone). The sample distribution of throat or belly colour distances for our MSP estimates (model with an A1/A2 chromophore mixture of 10/90 and cone ratios of 1:2:5:9, hereafter referred to as the empirical model) was characterised by a fat tail skewed to the right, a mode around 5 just-noticeable distance (JND) and 
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