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Intermediate filaments spatially organize intracellular nanostructures to produce the bright structural blue of ribbontail stingrays across ontogeny
Michael J. Blumer1*†, Venkata A. Surapaneni2*†, Jana Ciecierska-Holmes3, Stefan Redl4, Elisabeth J. Pechriggl1, Frederik H. Mollen5 and Mason N. Dean2,3*
1Institute of Clinical and Functional Anatomy, Medical University Innsbruck, Innsbruck, Austria
2Department of Infectious Diseases and Public Health, City University of Hong Kong, Kowloon, Hong Kong SAR, China
3Department of Biomaterials, Max Planck Institute of Colloids and Interfaces, Potsdam, Germany
4Institute of Neuroanatomy, Medical University Innsbruck, Innsbruck, Austria
5Elasmobranch Research, Bonheiden, Belgium
Edited by:
Cédric Finet, National University of Singapore, Singapore
Reviewed by:
Benjamin Palmer, Ben-Gurion University of the Negev, Israel
Frane Babarovic, Ghent University, Belgium
Derval Gomes Ribeiro Neto, State University of Tocantins, Brazil
* Correspondence: Michael J. Blumer, michael.blumer@i-med.ac.at; Venkata A. Surapaneni, svamarnadh@gmail.com; Mason N. Dean, mndean@cityu.edu.hk, mason.dean@mpikg.mpg.de
†These authors have contributed equally to this work
Received: 28 February 2024
Accepted: 03 June 2024
Published: 10 July 2024
Citation: Blumer MJ, Surapaneni VA, Ciecierska-Holmes J, Redl S, Pechriggl EJ, Mollen FH and Dean MN (2024) Intermediate filaments spatially organize intracellular nanostructures to produce the bright structural blue of ribbontail stingrays across ontogeny. Front. Cell Dev. Biol. 12:1393237. doi: 10.3389/fcell.2024.1393237

In animals, pigments but also nanostructures determine skin coloration, and many shades are produced by combining both mechanisms. Recently, we discovered a new mechanism for blue coloration in the ribbontail stingray Taeniura lymma, a species with electric blue spots on its yellow-brown skin. Here, we characterize finescale differences in cell composition and architecture distinguishing blue from non-blue regions, the first description of elasmobranch chromatophores and the nanostructures responsible for the stingray’s novel structural blue, contrasting with other known mechanisms for making nature’s rarest color. In blue regions, the upper dermis comprised a layer of chromatophore units —iridophores and melanophores entwined in compact clusters framed by collagen bundles— this structural stability perhaps the root of the skin color’s robustness. Stingray iridophores were notably different from other vertebrate light-reflecting cells in having numerous fingerlike processes, which surrounded nearby melanophores like fists clenching a black stone. Iridophores contained spherical iridosomes enclosing guanine nanocrystals, suspended in a 3D quasi-order, linked by a cytoskeleton of intermediate filaments. We argue that intermediate filaments form a structural scaffold with a distinct optical role, providing the iridosome spacing critical to produce the blue color. In contrast, black-pigmented melanosomes within melanophores showed space-efficient packing, consistent with their hypothesized role as broadband-absorbers for enhancing blue color saturation. The chromatophore layer’s ultrastructure was similar in juvenile and adult animals, indicating that skin color and perhaps its ecological role are likely consistent through ontogeny. In non-blue areas, iridophores were replaced by pale cells, resembling iridophores in some morphological and nanoscale features, but lacking guanine crystals, suggesting that the cell types arise from a common progenitor cell. The particular cellular associations and structural interactions we demonstrate in stingray skin suggest that pigment cells induce differentiation in the progenitor cells of iridophores, and that some features driving color production may be shared with bony fishes, although the lineages diverged hundreds of millions of years ago and the iridophores themselves differ drastically.
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INTRODUCTION
Animal coloration serves a variety of functions, including communication, camouflage from predators, and thermoregulation (Sun et al., 2013). In most cases, skin color is due to the presence of specialized cells, collectively referred to as chromatophores, that produce a wide range of natural hues (Bagnara et al., 1968; Stavenga, 2014). Pigment-containing chromatophores include melanophores (black-brown pigment), xanthophores (yellow pigment), and erythrophores (red pigment), which selectively absorb some wavelengths of light while reflecting others, thereby producing colors that do not change at any observation angle. On the other hand, chromatophores called iridophores lack pigments and instead use nanostructural architectures (e.g., guanine or isoxanthopterin crystals) to selectively reflect light (Ligon and McCartney, 2016). These so-called ‘structural colors’ can produce strikingly brilliant colors that can be either iridescent or non-iridescent (dependent on or independent of viewing/illumination angle) (Taylor and Bagnara, 1972; Simonis and Berthier, 2012; Figon et al., 2021). Iridophores are not only found in the skin, but occur in other organs, such as the eyes of crustaceans, where reflector cells with isoxanthopterin crystals produce non-iridescent colors (Palmer et al., 2020; Shavit et al., 2023).
In most vertebrates, color-determining cells are located in the dermis and usually involve multiple chromatophore types (Bagnara et al., 1968). Typically, the various chromatophores are by no means randomly distributed, but form several discrete layers, together referred to as the dermal chromatophore unit. Despite variation across species, this stratified unit generally comprises an uppermost single layer of xanthophores or erythrophores, an intermediate layer of crystal-containing iridophores, and finally a layer of branched melanophores whose thin processes extend upwards and interact with the iridophores (Bagnara et al., 1968; Hirata et al., 2003; Bagnara et al., 2007). Dermal chromatophores function as layered filters, keeping pigment- and crystal-containing cells in close association. It is the combined action of pigments and crystals that controls color production, with the first layer absorbing shorter wavelengths of incident light, while longer wavelengths passing the first filter are either scattered and reflected back by the iridophores or absorbed by the melanophores (Taylor and Bagnara, 1972; Ligon and McCartney, 2016). On the other hand, colors can also be generated by extracellular nanostructures that vary in shape and/or composition, fashioned from chitin or keratin scales or rods or from collagen fibrils (Prum and Torres, 2003; Prum and Torres, 2004; Prum et al., 2004; Bagnara et al., 2007; D'Alba et al., 2011; Parnell et al., 2015; Orozco et al., 2017). In this way, nature has produced a variety of natural hues through variations in the structure of dermal chromatophore units (e.g., variations in the presence, density and arrangement of certain chromatophores) or through the development of optical extracellular nanostructures.
Among all hues in the animal kingdom, blue is surprisingly rare, but occurs in almost all classes of vertebrates and in many species of mollusks and arthropods (Bagnara et al., 2007; Mäthger et al., 2009; Hsiung et al., 2015). In these diverse species, the blue color is almost always structural, with cases of true pigments reported in just two genera of butterflies (Papilio and Graphium) and at least two species of callionymid fish (Vuillaume and Barbier, 1969; Goda and Fujii, 1995; Simonis and Berthier, 2012; Goda et al., 2013). Instead, the ‘structural’ blues of most animals rely on physical mechanisms to produce color, with the nanoscale arrangement, morphology and optical properties of scattering elements in their cells and tissues controlling how light is reflected and transmitted. The mechanisms used are diverse and may include thin film/multi-layer interference, diffraction, and coherent/incoherent scattering, or a combination of these mechanisms. The blue coloration of numerous bony fish (teleosts), for instance, is the result of multilayer interference that occurs in a stack of light-reflecting guanine crystals (Land, 1972; Zhao et al., 2022). In contrast, in mammals or in the feathers and skin of birds, blue color derives from coherent scattering from either photonic-crystal-like arrangement of melanin granules; quasi-ordered air cavities in a keratin matrix; or arrays of densely packed and quasi-ordered collagen fibril bundles present in the deeper dermis (Prum and Torres, 2003; Prum and Torres, 2004). Often, an underlying melanin pigment layer absorbs longer wavelengths to produce brighter blues (Prum and Torres, 2003; Prum and Torres, 2004; Bagnara et al., 2007; Simonis and Berthier, 2012; Sun et al., 2013).
Among fishes, elasmobranchs (sharks and rays) are generally not conspicuously colored and therefore have been of little concern to scientists interested in how nature makes color. Blue coloration, as far as we know, has only been explored in two species, an electric ray (Torpedo ocellata, a junior synonym of T. torpedo; Linnaeus, 1758) and a ribbontail stingray (Taeniura lymma; Fabricius, ex Forsskål, in Niebuhr, 1775), both of which bear prominent blue spots on their backs (Taylor and Bagnara, 1972; Bagnara et al., 2007; Surapaneni et al., 2024). In the electric ray, ultrastructural data on the cellular architecture of the skin have never been published, but in a literature review by Bagnara et al. (2007), an artist’s reconstruction shows histological characteristics of the spot and adjacent region, however with no cellular and intracellular details. The blue spots are surrounded by a dark ring, in turn by a concentric pale area, contrasting the spot against the brown dorsal skin. Bagnara et al. (2007) reported that the epidermis of the blue spot contains no melanophores, while cells with “exceedingly large melanosomes” (their exact size not reported) are present in the dermis, embedded in a thick collagen layer that they argue is responsible for the blue hue, not unlike the collagen-based mechanisms known in various birds and mammals (Taylor and Bagnara, 1972; Prum and Torres, 2003; Prum and Torres, 2004; Bagnara et al., 2007).
In contrast, we have recently shown that the blue color (reflectance peaks ∼447–452 nm) of the ribbontail stingray (T. lymma; Figure 1A) is due to a novel type of iridophore that occurs in the epidermis and in exceptionally high density in the dermis, equipped with a stable colloidal system of crystal-containing vesicles (referred to as iridosomes in the present study) that coherently scatter incident light, while associated melanophores absorb the longer incident wavelengths (Surapaneni et al., 2024). Surapaneni et al. (2024) is the first study to describe structural color formation in elasmobranchs, using a combination of optical, histological and modeling methods to explain the basis for the non-iridescent blue of the ribbontail ray.
[image: Figure 1]FIGURE 1 | (A) The blue spotted ribbontail ray T. lymma, (B, C) examined with a stereomicroscope at higher magnification. (B) The blue areas show a speckled pattern consisting of numerous small blue splotches (40–60 µm in diameter) interspersed with black dendritic melanophores (M) in comparatively high density on a white-bluish background. (C) The non-blue areas show aggregated brown (light-pigmented) melanophores (LM) and individual, sparse, roundish black melanophores (M). In the bottom left of the image the blue area is visible.
In the current study, our goal is to provide a detailed ultrastructural description of the ribbontail ray’s novel iridophore, using finescale morphological characterizations (e.g., scanning and transmission electron microscopy) to investigate how the colloidal system of iridosomes is stabilized intracellularly, and provide evidence that this cell type can migrate from the dermis into the epidermis. In addition, we demonstrate the presence of mixed pigment organelles (containing both pigments and crystals) in the blue regions and highlight the differences in cell composition and nanoscale architecture that distinguish blue from non-blue regions, thereby framing tissue alterations that decide body pattern and supported the evolution within elasmobranchs of nature’s rarest color. By contrasting the cellular anatomies and ultrastructures in blue and non-blue regions of skin, we provide a natural test of the optical morphology hypothesis posed by Surapaneni et al. (2024) that cellular components and their nanoscale arrangements differ in characteristic, hierarchical and predictable ways between the two tissue regions.
MATERIALS AND METHODS
Sample collection
Specimens of the blue-spotted ribbontail ray T. lymma were from the same individuals used in Surapaneni et al. (2024), collected opportunistically from commercial fisheries operating off Singapore (Pulan Ubin–Changi area), Indonesia (Jakarta), and Kenya (Eastern Indian Ocean) between May 2017 and June 2022, following the sampling protocol by Mollen (2019). Specimens in this study included two females, one adult of ∼26.0 cm DW (disc width) and 72.5 cm TL (total length) and one juvenile of ∼14.9 cm DW and 35.7 cm TL. Immediately after fish death, skin samples (approximately 8 × 8 × 8 mm) were fixed for either light or electron microscopy (see below). Samples were stored in the relevant fixative (see below) at 4 °C for 1 week and shipped to the Medical University of Innsbruck, where they were further processed. The samples were cut into smaller pieces, each containing a blue spot and adjacent non-blue tissue. Several tissue blocks from the young and adult specimens were examined.
Light microscopy (LM)
Samples were fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer saline (PBS, pH = 7.4), rinsed in PBS, and one set of samples was dehydrated in a graded isopropanol and xylene series and embedded in paraffin using a routine histological infiltration processor (Miles Scientific Inc., Naperville, IL, USA). Vertical serial sections (7 µm) were cut on a HM 355 S microtome (Microm, Walldorf, Germany) and stained either with hematoxylin and eosin (H&E) (Shandon Varistain 24–4, Histocom Vienna, Austria) or with periodic acid-Schiff (PAS) reaction according to the manufacturer’s protocol. PAS was used to detect deposits of mucosubstances such as glycoproteins and glycolipids in the sections. A second set of samples was embedded in a cryomatrix (Tissue-Tek O.C.T compound, Science Services, Munich, Germany) after rinsing in PBS and vertical serial frozen sections (50 µm) were cut using a CM3050S cryostat (Leica, Wetzlar, Germany). These sections were not stained. Paraffin, cryo- and semi-thin resin sections (see below) were examined with a Zeiss ax10 microscope equipped with a Zeiss AxioCam 512 color digital camera and ZEN 3.0 blue edition software (Zeiss, Oberkochen, Germany).
Tissue preparation for transmission (TEM) and scanning electron microscopy (SEM)
Samples were fixed in 2.5% glutaraldehyde (GA) and 2% PFA in 0.1 M sodium cacodylate buffer (pH = 7.4), rinsed in sodium cacodylate buffer and post-fixed in 0.5% osmium tetroxide and 1% potassium ferricyanide in distilled water overnight at 4 °C. Samples were rinsed again, dehydrated in a graded ethanol series and acetone and embedded in EPON resin (#45359, Sigma-Aldrich, Austria). Vertical serial semi-thin sections (1–2 µm) were cut on a Reichert Ultracut S microtome (Leica Microsystem, Wetzlar, Germany) with a Histo-Jumbo diamond knife (Diatome, Biel, Switzerland) and stained with toluidine blue (TB) for 3 min at 60°C. Semi-thin toluidine-blue-stained sections were observed with light microscopy first to guide TEM observations of ultra-thin sections from the same block. Unstained semi-thin were observed with SEM (see below). Vertical serial ultra-thin sections (90 nm) for TEM were cut with an ultradiamond knife (Diatome, Biel, Switzerland), mounted on dioxane formvar-coated slot grids (#PYSL2010S-CU, Science Services, München, Germany), and stained with 1% uranyl acetate and lead citrate (after Reynolds, 1963).
TEM of phosphotungstic acid-stained ultra-thin sections
A small number of ultra-thin sections were collected on 100 µm copper hexagonal grids, incubated with prewarmed 1% phosphotungstic acid in 95% ethanol for 5 min at 55°C, followed by three 5-min washes in absolute ethanol, and then air-dried. Ultra-thin sections were examined at 80 kV with a Philips CM 120 transmission electron microscope (FEI, Eindhoven, Netherlands) equipped with a MORADA digital camera and iTEM software (Olympus SIS, Münster, Germany).
Measurements of cellular nanostructures
The iTEM software was used to take the following measurements (n=50 each): size of iridosomes, vesicles and crystals, spacing of iridosomes and vesicles, diameter of intermediate filaments and the size of melanosomes. Statistical comparisons of sizes were made in Python software, using non-parametric Kruskal-Wallis tests with the scipy module, with plots generated using the seaborn module.
SEM of semi-thin sections
Unstained semi-thin sections (2 µm) were mounted on glass slides and the superficial layer of resin removed by treating sections with 10% potassium hydroxide (KOH) in absolute methanol for 30–90 s at room temperature. Sections were then rinsed three times in absolute ethanol for 5 min each. The slides were broken and the bottom side attached to SEM pins with carbon adhesive tabs. A conductive connection was then applied between the upper side of the slides and the pin stubs using conductive carbon cement. Sections were sputter coated with 3 nm Au/Pd (Balzers) and examined with a Zeiss DSM 982 Gemini operated at 1–3 kV.
Literature analysis
In order to understand the morphology of ribbontail stingray scattering elements in a broader functional context, a Factor Analysis of Mixed Data (FAMD) was performed including morphological features from diverse literature examples of natural structural “blues” (388–490 nm). Similar to Principal Component Analysis (PCA) and Multiple Correspondence Analysis (MCA), FAMD reduces the dimensionality of complex datasets, but allows simultaneous analysis of continuous and categorical variables. This can reveal hidden correlations among variables as starting points for more formal downstream hypothesis testing (e.g., pairwise correlation, chi-squared test). Variables included in our FAMD analysis related to the structural and optical properties of scatterers (summarized in Supplementary Table S1) from diverse eukaryotic groups (vertebrates, invertebrates and algae; Prum et al., 1999; Prum and Torres, 2004; Prum et al., 2004; Noh et al., 2010; Saenko et al., 2013; Teyssier et al., 2015; Gur et al., 2015a; Gur et al., 2015b; Gur et al., 2020; Chandler et al., 2015; Hsiung et al., 2015; Lopez-Garcia et al., 2018; Jeon et al., 2023; Surapaneni et al., 2024). FAMD analysis and plotting were performed using FactoMineR and Factoextra packages in R software version 4.2.2 (Lê et al., 2008; Kassambara and Mundt, 2020; R Development Core Team, 2023). Additionally, the structural and optical properties of various blue-producing structures were plotted using pandas, matplotlib and seaborn modules in python software.
RESULTS
Juvenile and adult specimens of the ribbontail ray had striking electric blue spots (0.5–0.7 cm in diameter) on the yellow-brownish background of their dorsal skin. Despite the uniform appearance of the blue spots at low magnification, examination of the blue spots with a stereomicroscope at higher magnification revealed a speckled appearance consisting of numerous small translucent blue splotches (40–60 µm in diameter) interspersed in a semi-uniform dispersion of black dendritic melanophores on a white-bluish background (Figures 1A, B). In contrast, the adjacent non-blue regions had far more sparse and rounded black melanophores, scattered among aggregated brown melanophores (Figure 1C). To investigate the region-specific differences at the cellular and intracellular level, vertical sections were examined by light and electron microscopy, respectively.
The epidermis
In blue and non-blue areas, the epidermis was histologically similar and consisted of a multilayered epithelium (up to 250 µm thick in adults) dominated by two types of mucus-containing PAS (periodic acid-Schiff)-positive cells: large goblet cells (50–70 µm in size) and small columnar mucocytes (20 µm in size) (Figures 2A, B). Desmosomes were abundant connecting both types of mucus cells and basal cells, the latter forming the deepest epidermis and attached to the underlying basement membrane by hemidesmosomes (Figures 2A, B insets). The epidermis, however, differed in several aspects that distinguished the blue from the non-blue regions.
[image: Figure 2]FIGURE 2 | Vertical sections of the multilayered epidermis of ribbontail stingray, showing mucus-containing cells and basal cells in the (A) upper and (B) lower epidermis. (A) Goblet cells (GC) and (B) mucocytes (MC) stain purple after PAS staining. In addition, the basement membrane (BM) stains purple, but no staining is visible in the basal cells (BC) that form the deepest layer of the epidermis. Desmosomes are abundant in the epidermis connecting neighboring cells (inset in A). The basal cells (BC) are anchored to the basement membrane (BM) via hemidesmosomes (brackets, inset in B).
In the epidermis of the blue areas of both juvenile and adult specimens, iridophores were scattered between goblet cells and mucocytes (Figure 3A; Figure 7A). Taeniura lymma iridophores, first described by Surapaneni et al. (2024), have a distinct translucent appearance, especially in electron microscopy, exhibiting fingerlike processes off the cell body and an internal array of quasi-ordered nanovesicles (see below). The processes of iridophores were observed to extend down into the basal layer, some coming in contact with the basement membrane (Figure 7B). Iridophores were a major component of the dermis and are described in more detail in ‘The dermis’ section below. Black melanophores were scattered throughout the epidermis, sparsely in the juvenile, but more abundantly in adult specimens, particularly in the lower epidermis (Figure 3C). In histological cross sections, melanophores had a stellate appearance with long processes extending from the cell body (similar to cellular gross morphologies in stereomicroscopy; Figure 1B) and contained melanosomes evenly distributed throughout the cell (Figure 3A inset). Iridophores and melanophores were never observed to contact each other in the epidermis, but were surrounded by mucus-containing cells, albeit not linked to them via desmosomes.
[image: Figure 3]FIGURE 3 | LM Vertical sections of the epidermis show chromatophore types in blue areas (left images) and non-blue areas (right images). (A, B) Upper epidermis. (A) In the blue area, a few branched iridophores (brackets) and dark-pigmented (black) stellate melanophores (M and inset) are located among the mucocytes (MC) and goblet cells (GC). (B) In the non-blue area, iridophores are absent and light-pigmented (brown) melanophores (LM) are scattered among mucus-containing cells. (C, D) In the lower epidermis in both blue and non-blue areas, melanophores are more numerous than in the upper epidermis. In the blue area, (C) dark-pigmented (black) melanophores (M) are located among the mucocytes (MC). Although few branched iridophores are also present in this region, it is not possible to distinguish between them and mucocytes (MC) in paraffin sections. (D) In the non-blue area, only sparse light-pigmented melanophores (LM) are present.
Iridophores were absent in the epidermis of the non-blue areas of both juvenile and adult specimens. As in blue areas, the melanophores had a stellate shape, however, they were present in far lower density than in the blue regions and were predominantly brown melanophores, their melanosomes staining more lightly in TB- and H&E-stained sections (Figures 3B, D).
The dermis
In both blue and non-blue regions, the dermis was multi-layered, involving an upper layer of chromatophores, and a lower dense fibrous tissue layer. Depending on location (blue or non-blue regions), the chromatophore layer consisted of multiple chromatophore types, including iridophores, melanophores, and novel cells we define as ‘pale cells’ (iridophore-like cells, but lacking key features) (Figures 4A–D), which exhibited striking differences in their cellular and subcellular architecture that distinguished the blue from the non-blue regions (see below). The chromatophore layer was sandwiched between an upper meshwork (mat) of collagen fibrils (≤5 µm thick, beneath the epidermal basement membrane) and the lower dermis (Figures 4C–G). The lower dermis could also be divided into two dominant layers, an upper region beneath the chromatophore layer with randomly arranged collagen bundles, and a lower region where collagen bundles were arranged orthogonally (Figures 4C,D,F,G).
[image: Figure 4]FIGURE 4 | LM (A–D) and TEM (E–G). Vertical sections of the chromatophore layer (CL) of the upper dermis and the fibrous tissue of the lower dermis (loD) in both blue (left) and non-blue (right) areas. (A, B) Unstained cryosections (50 µm) show the general composition of the chromatophore layer, reflecting differences between blue and non-blue regions seen in the stereomicroscope. (A) Translucent iridophores (IP and inset) and black branched melanophores (M) are present in the blue area, while (B) predominantly brown (LM) and isolated black melanophores (M) are present in the non-blue area, but no iridophores (inset). (C, D) Semi-thin sections (1 µm) show the cellular architecture and thickness (red arrows) of the chromatophore layer (CL), sandwiched between a mat of collagen (CM) and the lower dermis (loD) in both blue and non-blue regions. In the blue area, (C) the iridophores (IP) encase a single melanophore (brackets) with several broad processes (inset). In the non-blue area, (D) the chromatophore layer is only one-third as thick as in the blue area. It comprises pale cells (PC), showing a different morphology compared to iridophores (inset), and brown, light-pigmented melanophores (LM). The black, dark-pigmented melanophores (M) are sparsely located immediately below the pale cells and light-pigmented melanophores. (E–G) In both the blue and non-blue areas, (E) the mat of collagen (CM) is composed of irregularly arranged collagen fibrils in contact with the basement membrane (BM) of the epidermis (Ep). (F, G) The lower dermis (loD) is divided into two distinct regions that differ in structure: immediately below the chromatophore layer (F), the collagen bundles (CF) are arranged randomly, while in the deepest region of the dermis, (G) they are arranged orthogonally (see also C, D).
In contrast to the lower dermis, the structure of the chromatophore layer varied considerably between blue and non-blue areas (Figures 4C, D). In the blue regions of both juvenile and adult specimens, the chromatophore layer was 30–35 µm thick and consisted of dendritic black melanophores and iridophores in a dense, epithelial-like arrangement, but lacking desmosomes between cells and with negligible extracellular matrix (except for the periodic vertical collagen bundles; see below) (Figure 4C; Figure 7C).
Ribbontail stingray iridophores were remarkable in terms of both shape and ultrastructural organization and strikingly different from iridophores of other vertebrate taxa. The iridophores showed numerous broad and long processes (≤10 µm wide and up to 30 µm long), appearing with varying thicknesses and shapes in our vertical sections (Figure 4C; Figure 5A; Figures 7C, D). These structures were verified as cellular processes rather than individual iridophores by observing them across contiguous serial sections (of 90nm, 1µm and 7µm in thickness) and confirming their lack of nuclei and their attachments to iridophore cell bodies. From individual 2D sections it was impossible to estimate the number of processes per cell, but from the synthesis of all slices we examined and by tracking individual processes across multiple serial sections, we estimate that individual iridophores likely bear >10 extensions off their cell bodies. The finger-like processes of iridophores encircled nearby melanophores, with each iridophore associated with a single pigment cell. The iridophore processes encased melanophores completely, being particularly dense above the melanophore in the upper chromatophore layer, creating a near mono-layer just beneath the mat of collagen fibrils (Figure 4C; Figure 6A; Figure 7C). In contrast, the processes formed only a thin layer below the cell bodies of melanophores (Figure 4C; Figure 6A). Thick (7 µm) paraffin sections showed that the two chromatophore types were grouped together into structural units (up to 60 µm in diameter) separated by vertical collagen bundles, with at least three iridophores surrounding a single melanophore (Figure 6E). These chromatophore units correspond to the numerous small blue splotches interspersed with black dendritic melanophores observed by stereomicroscope (Figure 6E inset).
[image: Figure 5]FIGURE 5 | TEM and LM (inset in A) Ultrastructural characteristics of stingray iridophores. (A) The iridophores contain a lobed nucleus (Nu) and several cisternae of Golgi apparatus (GA) and are otherwise packed with iridosomes. Note that the uniform speckling in this image represents the huge numbers of iridosomes within the iridophore and the multiple iridophore processes (IP). The inset shows three processes projecting from an iridophore cell body. (B) The cells also contain several mitochondria (Mi) and rough endoplasmic reticulum (rER); the remaining cytoplasm is filled with spherical iridosomes (red arrowheads). (C) The iridosomes typically contain two parallel crystal platelets or occasionally a single crystal block, which turn dark (electron-dense) after staining with phosphotungstic acid (rectangular inset; same magnification as E–G). The arrowhead points to an iridosome with an empty oval space. (D) Iridosomes (red arrowheads) near the Golgi apparatus are typically densely arranged, surrounded by small vesicles, and apparently containing only fibrillar material. The vesicles (blue arrowheads) appear to have budded off from the flattened Golgi membranes (brackets) to fuse with iridosomes (inset). (E) Some iridosomes do not show clear crystals, but contain fibrils sectioned in transverse and longitudinal directions. (F, G) The iridophore cytoskeleton consists of a dense network of filaments that (F) are radially-arranged around and (G) connecting iridosomes. (H, I) A few iridophore processes contain larger iridosomes, typically with elongated internal gaps, indicating that their crystals have been extracted during sample preparation (brackets in I).
[image: Figure 6]FIGURE 6 | SEM (A), TEM (B–D) and LM (E). Ultrastructural characteristics of melanophores and the chromatophore units they form with iridophores. (A) The cell body of melanophores (M), which contains the nucleus (Nu), is located in the lower part of the chromatophore layer. Several horizontal and vertical processes originate from the cell body and numerous iridophore processes (IP) envelop the melanophore. Note the vertical collagen fiber bundles (vCF) bounding this chromatophore unit. (B, C) Melanophores are densely packed with melanosomes (Ms), which are fully melanized (i.e., completely filled with radio-opaque material), but rarely, some have crystal inclusions (brackets in B, also shown in D at higher magnification). (D) When present, the crystals are rectangular and do not turn dark after staining with phosphotungstic acid (as with iridosome crystals), whereas the melanin becomes lighter (inset). (E) In the chromatophore layer, each melanophore (M) is surrounded by at least three iridophores (IP), visible by their nuclei (brackets). Chromatophore units are separated from neighboring units by vertical collagen bundles (vCF), connecting the collagen mat (CM) of the upper dermis with the lower dermis (loD). Fibrocytes (FC) are located between the collagen bundles and, in contrast to iridophores, have flat nuclei. The tight association of melanophores and multiple iridophores reflects the combination of blue splotches and stellate melanophores seen in the stereomicroscope (inset and Figure 1B).
[image: Figure 7]FIGURE 7 | TEM (A–C, E, F) and LM (D) and inset in (E). Iridophores have the same ultrastructural characteristics in both the epidermis (Ep) and upper dermis and appear to migrate from the chromatophore layer (CL) into the epidermis. (A) In the epidermis, an iridophore (highlighted in red) and iridophore processes (IP) are wedged between mucocytes (MC). The iridophore’s lobed nucleus (Nu), crystal-bearing iridosomes (inset) and its Golgi apparatus, surrounded by vesicles (brackets), are visible. (B) Iridophore processes (IP) extended into the lowest layers of the epidermis, squeezed between the basal cells (BC). An iridophore process is in contact with the basement membrane (BM) but neither shows hemidesmosome formation there, nor desmosome formation with adjacent cells (inset). (C) In the upper dermis, below the mat of collagen (CM), processes of iridophores (IP) are arranged in tightly packed layers. An iridophore with its nucleus (Nu) is highlighted in red. Vertical collagen bundles (vCF) run between the iridophore processes (IP). (D, E) Iridophore processes (brackets in D and highlighted red in E) could be seen to break through the collagen mat (CM) beneath the basement membrane (BM) and one process (arrows in the inset) has migrated into the epidermis. (F) At the site of penetration, the basement membrane (BM) is interrupted (brackets and arrows pointing to the basement membrane) and the iridophore process (IP) and its iridosome contents are squeezed between the basal cells (BC).
Iridophores contained a multi-lobed nucleus, several mitochondria, and sparse rough endoplasmic reticulum (Figures 5A, B). Several Golgi apparatuses were located in close proximity to the nucleus, a feature we found to be characteristic of all ribbontail ray iridophores (Figure 5A). Iridophores were densely packed with membrane-bound spherical iridosomes (Figures 5A–D), 126.79 ± 13.08 nm in size and separated from their nearest neighbors by 61.13 ± 13.89 nm (Figure 10A). From the TEM data, iridosomes usually contained two platelet-shaped crystals or occasionally a single crystal block (up to 85 nm wide), but a few iridosomes contained only loose fibrillar material (Figures 5C, E). The crystals were separated from the surrounding membrane by a gap of ∼20 nm and stained dark (electron dense) after treatment with phosphotungstic acid (Figure 5C). Some iridosomes exhibited an empty oval or rectangular space (≤90 nm wide; see Figure 5C bottom left) indicating that their crystals had been extracted during sample preparation, a well-known artifact described by other authors (Taylor, 1969; Wagner et al., 2022).
In iridophores, thin filaments (8–10 nm diameter) were observed, arranged radially around iridosomes, connecting them in a dense filamentous network that traversed the entire iridophore cytoplasm (Fig. F, G). We never observed neighboring iridosomes fusing or coalescing. Clusters of iridosomes near to the Golgi apparatus tended to have exclusively fibrillar contents and were surrounded by smaller vesicles merging with them, the vesicles appearing to originate from the nearby Golgi apparatus (Figure 5D). In a few cases, we observed iridophore processes with far larger iridosomes (∼300 nm wide), below the cell bodies of melanophores. These iridosomes had round to ellipsoidal shapes and typically were empty, indicating their crystals had been extracted (Figures 5H, I).
In contrast to the iridophores (predominantly in the upper part of the chromatophore layer), the melanophores were only in the lower part of the chromatophore layer, embedded periodically and with numerous irregularly shaped processes (≤25 µm long) extending from the melanophore cell bodies, either horizontally or vertically toward the epidermis (Figure 4C and Figure 6A). The melanophores contained densely packed melanosomes with round to elliptical shapes, measuring ≤700 nm in diameter. Most melanosomes were full of black (electron-dense) melanin, but a small number contained both melanin and numerous small rectangular crystals, of a size similar to those seen in iridosomes (up to 120 nm wide) (Figures 6B–D). When stained with phosphotungstic acid, these crystals, however, did not change their appearance (Figure 6D inset). We could not detect a well-developed cytoskeleton in melanophores.
In samples from the young individual, we detected single slender iridophore processes, extending superficially from the chromatophore layer to penetrate the mat of collagen fibrils beneath the epidermis (Figures 7D, E). Examination of serial sections showed that the processes eventually penetrated the basement membrane and advanced into the epidermis (Figures 7E, F). At the site of penetration, the processes became far narrower in their diameter, a bottleneck resulting in tight clustering of the iridosomes within the process (Figure 7F).
In contrast to the blue areas, the dermal chromatophore layer of the non-blue areas of both juvenile and adult specimens was only 10–15 µm thick and consisted of brown, light-pigmented melanophores and pale cells (see below). Immediately below this layer, individual black (dark-pigmented), rounded melanophores with few short processes were observed (Figures 4B, D; Figure 8A), corresponding to the sparse black melanophores observed with stereomicroscopy (Figure 1C).
[image: Figure 8]FIGURE 8 | TEM (A–D, F) and LM (E). Ultrastructural characteristics of the pale cells (PC) and the brown (LM) and black (M) melanophores in tissue of the non-blue area. (A) Pale cells and brown, light-pigmented melanophores (LM) are visible beneath the collagen mat (CM), the latter cell type having relatively loosely packed melanosomes. Both pale cells and brown melanophores have numerous slender processes arranged in alternating layers (also seen in E, F), with the melanophore being the most superficial. The comparatively rare black, dark-pigmented melanophores (M) are located immediately below this stratified layer, are round in shape, and densely packed with melanosomes. (B) The interface between blue and non-blue regions is delineated by iridophores (IP) and pale cells in contact, with the ultrastructural differences between the two cell types evident, especially in their iridosome/vesicle arrangements. The blue arrows point to the blue area, the green-brown arrows to the non-blue area. (C) In non-blue areas, the pale cells (PC, with one pale cell highlighted in green) have numerous thin, closely spaced processes and large vesicles. A Golgi apparatus near the nucleus (Nu) was usually not visible and could be observed only occasionally in the pale cells (inset). (D) Pale cell vesicles (V) have various shapes and sizes and contain fibrillar material but no crystal inclusions. The cytoskeleton is only weakly developed. (E) The brown melanophores (LM) exhibit long and horizontally aligned processes, in some cases even turning 180° back on themselves (brackets). (F) The processes of the brown melanophores (LM) are interleaved with those of the pale cells (PC), with the first processes directly beneath the mat of collagen (CM) and the others slotted between the pale cells. Ep = Epidermis; CL = Chromatophore layer of the upper dermis; loD = lower dermis.
The cells we refer to as pale cells were only observed in the non-blue regions, inconspicuous in thick cryosections and visible for the first time only in semi-thin sections (Figures 4B, D). Pale cells had a similar gross morphology to iridophores and location in the skin’s chromatophore layer, but with notable differences. In TB sections, the cytoplasm of the pale cells stained similarly to iridophores from the blue regions, but TEM observations showed that they differed markedly from iridophores in both shape and subcellular architecture (Figure 8B). In comparison with iridophores, the pale cells had more slender processes (≤2.5 µm wide and 25 µm long) and contained larger vesicles with more variable shape and size (221.1 ± 40.18 nm in diameter) (Figure 10A). The intervesicular space (distance to nearest neighbors) was twice as large (121.32 ± 36.12 nm) as between iridosomes in iridophores (Figures 8C, D; Figure 10A). Additionally, although pale cell vesicles had a fibrillar content, we could not detect any vesicles with crystal-like inclusions or empty spaces to suggest crystal loss in sample preparation (Figure 8D). The cytoplasm of the pale cells comprised a lobulated nucleus and several mitochondria but, although we examined a great number of pale cells in TEM, we rarely found Golgi apparatuses surrounded by clustered vesicles, as in blue areas (Figure 8C). The cytoskeleton was weakly developed and comprised only a small number of filaments (8–10 nm in diameter), resulting in a more electron-translucent cytoplasm in pale cells than in iridophores (Figures 8B, D).
Similar to the association of melanophores and iridophores in blue regions, both melanophores and pale cells formed small structural units separated from each other by vertical collagen bundles (Figure 8E brackets). The brown melanophores (which we only observed in non-blue areas) had numerous thin processes (≤30 µm long) arranged in a horizontally layered architecture. These processes were interleaved with those of the pale cells with the first processes lying immediately below the sub-epidermal mat of collagen fibrils and the others sandwiched between the pale cells (Figures 8E, F). The brown melanophores contained round or ellipsoidal melanosomes that were loosely packed and less electron-dense than those of black melanophores (Figures 8A, F). Melanosomes with crystalline inclusions were found in neither brown nor black melanophores in the non-blue areas. The size of the melanosomes did not differ from that of the blue regions.
DISCUSSION
Despite the body of work on shark denticle hydrodynamics (e.g., Lang et al., 2012; Oeffner and Lauder, 2012), there is a shocking lack of information on the basic skin biology of sharks and rays: the scant information summarized in Meyer and Seegers (2012) more than a decade ago sadly remains the state of the art, with core concepts of tissue organization and patterning still undescribed. For example, our results apparently provide the first demonstration of brown melanophores in elasmobranchs, likely responsible for the huge diversity of brown and yellow skin mottling among shark and ray species (Last et al., 2016; Ebert et al., 2021). Moreover, our findings demonstrate important associations between different chromatophores (black and brown melanophores, pale cells and iridophores) in the skin of ribbontail stingrays that are key to color production, but also perhaps play a role in the ontogenetic development of distinct colors in different body regions (see below).
Chromatophore units are key organs in skin color
The chromatophore units of ribbontail stingray provide a ‘packaging’ for the melanophore and iridophore association in the upper dermis of blue skin regions (Figure 4A; Figure 6E; see also tissue schematics in Figure 9, summarizing our findings): the iridophores produce the blue color, while the black melanophores are broadband absorbers, helping saturate the color (Figures 4A, C) (Surapaneni et al., 2024). Stingray chromatophore units are particularly discrete and spatially confined, sandwiched between upper and lower collagen layers and bounded laterally by vertical collagen bundles, which traverse the chromatophore layer like a building’s columns linking floor and ceiling (Figure 6E; Figure 9A). Within each chromatophore unit, the several iridophores surround their single melanophore, similar to multiple fists clenching the same black stone (Figure 4C; Figures 9B, C). Ribbontail stingray iridophores are strikingly odd chromatophores, in both morphology and crystallography. In vertebrates, iridophores are typically simple ovoids or polygons in cross section, lack cell processes, and are localized in the dermis above a layer of melanophores (Taylor, 1969; Taylor and Bagnara, 1972; Zhao et al., 2022). In contrast, ribbontail ray iridophores have numerous fingerlike projections (resembling sunstar echinoderms or ‘Buddha’s hand’ citrus fruits) and were observed in both the epidermis and dermis (Figure 5A inset; Figures 7A, C; Figure 9D see below). Of all described iridophores, these most closely resemble the reflector cells in the eyes of crustaceans, which also have finger-like projections, albeit less densely arranged than in the ribbontail stingray (Palmer et al., 2020; Shavit et al., 2023).
[image: Figure 9]FIGURE 9 | Schematics summarizing the hierarchical architecture of color-producing tissue in ribbontail stingray. In blue regions of the skin, the chromatophore layer sandwiched between the collagen mat (CM) and lower dermis (loD) (A) consists of densely arranged iridophores (IP) and melanophores (M) grouped together in chromatophore units and separated by vertical collagen bundles (vCF). Each chromatophore unit (B) involves a single melanophore (M) and multiple iridophores (IP), enfolding the black pigment melanophore with their numerous fingerlike extensions. Note how the section plane intersects portions of all three iridophores (C). In slices through individual iridophores (D), they are seen to be densely packed with iridosomes (IS), the cellular organelles such as the nucleus (Nu) and Golgi apparatus (GA), mitochondria (Mi) and rough endoplasmic reticulum (rER) consolidated to the cell’s central body. The boxed area is depicted at higher magnification in (E). Iridosomes (IS) contain crystal platelets (Cr) and are kept in place relative to one another by a dense scaffold of intermediate filaments (IF).
The tight tissue linkages and collagenous containment of chromatophore units likely provides structural integrity to the association of melanophore and iridophores, and thereby robustness and resilience to the skin color: this may explain how the blue color of ribbontail stingray can be recovered even after multiple freezing/thawing or dehydration/rehydration cycles (Surapaneni et al., 2024). The color of the blue spots also does not seem to vary with body movement of living stingrays (e.g., the curving of the wings during swimming; M. Dean and Ashlie McIvor, personal observations), suggesting the structure of the chromatophore unit (coupled with the non-iridescence of the color from iridosome arrangements; Surapaneni et al., 2024) helps to maintain a consistent optical signal in the environment, regardless of viewing angle or tissue deformation. The mechanical robustness of the color, therefore, makes the architecture of this system potentially interesting for the design of structural-colored flexible membranes (e.g., functional textiles).
Unlike the thickened collagen layers and bundles bounding them, chromatophore units (with their thin membranes and discontinuous internal architecture) likely play little role in skin integrity and material properties. This suggests a certain freedom in the evolution of coloration in elasmobranchs, as the tissue mechanisms underlying color production would not compete with constraints shaping tissue mechanics. In contrast, Bagnara et al. (2007) argued that the blue coloration of the ocellate torpedo ray (Torpedo ocellata, syn. T. torpedo) is due to blue wavelength reflection by a collagen layer in the dermis. Since the torpedo’s blue regions are localized to eyespots on its back, this would indicate that either the specific collagen organization differs in those areas (i.e., also affecting local mechanical properties) or that the collagen organization that reflects blue is ubiquitous in the integument, but is somehow blocked in non-blue regions from incident light, as in the zebra killifish Fundulus heteroclitus, where melanophores shield thick collagen bundles that produce blue skin color elsewhere (Junqueira et al., 1970). Although Bagnara et al. (2007) did not address this topic explicitly and no histological images exist for torpedo ray skin, neither option is well supported in Bagnara et al.‘s work: the collagen layer was not mentioned to differ between blue and non-blue regions and the tissue in both areas appears similar in the authors’ sketch (based on TEM and LM observations), with only sparse melanophores above the collagen layer. We therefore believe that collagen is likely not responsible for the blue coloration of electric rays and that the mechanism of color production should be revisited; following on from our work and that of Surapaneni et al. (2024), particular attention should be paid to detecting chromatophore units in electric rays.
Iridophores migrate from the dermis to the epidermis
Epidermal iridophores in ribbontail stingrays had the same ultrastructural organization as those of the dermis, but were separated from each other by mucus-containing cells, not organized into tight chromatophore units (compare Figures 7A, C). The presence of iridophores in the epidermis is intriguing and, to the best of our knowledge, has only been shown in an invertebrate, the marine nudibranch Flabellina iodine (Dearden et al., 2018). In vertebrates, the only chromatophores typically found in the epidermis are melanophores, whereas the dermis can contain all three subclasses of chromatophores (Taylor and Bagnara, 1972). In the fire salamander, however, xanthophores migrate from the dermis into the epidermis during metamorphosis after penetrating the basement membrane, resulting in the adult skin pattern of yellow spots or stripes on black skin. The xanthophores remain loosely anchored to their surroundings even after settling in the epidermis, not forming desmosomes with their neighboring cells (Pederzoli et al., 2003).
Our data suggest a similar scenario for the ribbontail ray, where in young animals, we observed individual iridophores that appeared to be migrating, having detached from the chromatophore layer and penetrated the overlying collagen fibril mat and basement membrane, with those iridophores already established in the epidermis lacking strong adhesion to their neighboring cells (Figures 7D–F). Whether there is an optics-related role of this migration is unclear, but investigation of this process will surely reveal important cellular associations in the function of stingray iridophores (e.g., whether certain chromatophores attract or repel them; see below).
Despite the suggestion of ontogenetic stages of iridophore development (e.g., migration between tissue layers), we observed a consistent iridophore morphology between juvenile (e.g., Figure 7C) and adult individuals (e.g., Figure 5A). Moreover, the internal colloidal system of iridosome vesicles was maintained, with its short and consistent cytoplasmic distance between organelles, indicating that the overall light-reflecting ultrastructure of the cells—and the blue color it produces (see spectroscopy data in Surapaneni et al., 2024)— also do not change with development. This ontogenetically stable pattern differs markedly from that of lizards, in which juveniles have a conspicuous blue tail coloration (to distract predators from their vital body organs), which is lost in adults to be replaced by a cryptic light brown color. This color change is due to an increasing number of iridophore layers, maturation and realignment of the crystals coupled with pigment deposition in the overlying xanthophores of adult lizards (Kuriyama et al., 2016; Zhang et al., 2023). In stingrays, the structural consistency in iridophores across ontogeny, however, does not preclude them (or the color they produce) from playing different roles in the species’ ecology at different life stages since juveniles and adults tend to occupy different habitats (Surapaneni et al., 2024).
Melanophores may determine the fate of iridophore precursor cells
In vertebrates, chromatophores all derive from neural crest (Figon et al., 2021) explaining the existence of several heterogeneous cell types: mixed chromatophores with at least two types of pigment organelles or, less commonly, mosaic organelles containing different color-producing materials simultaneously (Taylor, 1971; Bagnara et al., 1979). In ribbontail stingray, we observed the latter: melanophores in the blue regions containing a small number of melanosomes with rectangular crystals. The crystal composition remains unclear, however, as they did not turn dark with phosphotungstic acid, indicating that they do not have a high nitrogen content (Sternberg, 1970) (Figures 6B–D). Mosaic organelles containing crystals and melanin have never been seen in skin, but have been observed in other animal tissues, mostly in relation to a silvery reflective quality: in the tapetum lucidum of the stingray Dasyatis sabina (Arnott et al., 1970), the liver of the frog Pachymedusa dacnicolor, and the iris of doves (Bagnara et al., 1979). Based on the optical performance of structurally analogous artificial polydopamine-polystyrene core-shell particles (Kawamura et al., 2016; Kohri et al., 2017) and depending on the refractive index differences between the crystalline structures and melanin, these mosaic organelles theoretically have the ability to produce a variety of structural colors. However, their apparent sparseness in ribbontail ray skin indicates that they would likely only play a minor role, if they were indeed involved in color production.
Whether in blue or non-blue skin regions, stingray melanophores showed close association with iridophores and iridophore-like pale cells, respectively. Similar to the chromatophore units of the blue regions, the pale cells and light-pigmented (brown) melanophores of the non-blue regions were located in the upper dermis, entwined and bounded by collagen fibers (Figure 8E). Also, pale cells had a similar general appearance to iridophores, with numerous cell processes, several mitochondria, cytoplasm dominated by nanovesicles, and lobed nuclei (Figures 8B–D). We therefore posit that pale cells and iridophores share the same progenitor cell, but are triggered during development to spatially differentiate into separate cell types with ultrastructural differences relevant to color production. In comparison to the iridophores, the pale cells showed a poorly developed cytoskeleton, a negligible Golgi apparatus, thinner cell processes and larger vesicles (221.1 ± 40.18 nm in diameter), which had a fibrillar content (like iridosomes) but showed no ultrastructural evidence of crystal formation (Figures 8A–D). In addition, the intervesicular distances were twice as large and more variable than in iridophores (Figure 10A). These differences relative to iridophores therefore reinforce the hypothesis that the precise spacing and resultant quasi-order of vesicles and their crystals are the bases of the coherent scattering of blue light in ribbontail stingray chromatophore units (Surapaneni et al., 2024). The factors driving the spatial differentiation of pale cells and iridophores from their common progenitor require attention, especially as a sharp distinction between blue and non-blue areas is vital for creating high chromatic contrast (important for how this species is perceived in its environment; Marshall et al., 2019).
[image: Figure 10]FIGURE 10 | Quantitative results in context, comparing (A) nanostructuring in blue and non-blue regions and (B–D) the architectures behind diverse blue structural colors (B–D). (A) Quantitative differences (Kruskal-Wallis and Dunn post hoc tests, n = 50; marked as lowercase letters) in the size and spacing of iridosomes (crystal-containing vesicles) in iridophores in the blue skin region and empty vesicles in pale cells in the non-blue skin region. (B) Comparison of optical thicknesses of scatterers/layers and their spacing in different taxa, with some taxa demonstrating deviation from the theoretical case of an ideal multilayered material with high reflectivity (grey line: optical thicknesses of layers and spacing are equal to a quarter of the wavelength). (C, D) Factor Analysis of Mixed Data (FAMD) reveals qualitative variables (e.g., arrangement, structure and taxa) that drive variation among diverse examples of natural blue structural colors (C), as well as highlighting probable co-occurrence of several quantitative variables (e.g., refractive index of the space between layers and layer thickness) along dimensions 1 and 2 (Dim1 and Dim2, respectively) (D). (see references in Supplementary Table S1).
We propose that the presence and type of melanophores may be driving factors in skin patterning in ribbontail stingray, based on the cellular interactions we observed in blue and non-blue areas and on signaling pathways that determine skin coloration in other vertebrates. In zebrafish (Danio rerio) stripe formation, for example, iridophore precursor cells develop first in larvae, with their fates decided by interactions among different chromatophore types. In later development, a specific microenvironment (absence or presence of melanophores) triggers the differentiation of iridophores into two subtypes of light-reflecting cells, which differ in architecture as well as cytoplasmic spacing of the crystals, eventually contributing to either the blue stripe or the yellow interstripe (Hirata et al., 2003; Frohnhöfer et al., 2013; Mahalwar et al., 2014; Gur et al., 2020).
Similarly, our observations of cell covariation suggest a progenitor cell’s local environment could control the development of light-reflecting organelles/cells in stingray skin, perhaps linked to the presence/absence of specific melanophore types. The skin patterns we observed in stingrays could be achieved, for example, if light-pigmented melanophores could suppress crystal formation in progenitor cells in non-blue areas (Figure 1C; Figures 8E, F), whereas crystal formation would occur where such melanophores were absent, namely, in the prospective blue areas. The intimate relationship of black melanophores and iridophores in chromatophore units further supports this proposed communication between chromatophore types (e.g., Figure 7D). The ribbontail ray has live birth, with blue spots already formed in hatchlings (Ashlie McIvor, personal communication), meaning that the ultrastructural differences between blue and non-blue regions are established during embryonic development. This, unfortunately, challenges experimental efforts to unravel the mechanisms driving local cell differentiation and crystal formation; embryonic specimens, experimental treatments (e.g., chemically/hormonally disrupting melanophores; Visconti and Castrucci, 1993), and investigations of skin tissue changes following damage would offer inroads for understanding this phenomenon.
Skin color is mediated by small crystals and intermediate filaments
From a physical-optical point of view, the material, size and spacing of the crystals in ribbontail stingray iridosomes (Figure 5C; Figure 10A) are crucial for color production. Our recent work (Surapaneni et al., 2024) confirmed that the light-reflecting crystals in iridosomes are composed of anhydrous beta-guanine, a common natural material with high nitrogen content and refractive index (n = 1.83) involved in the structural coloration. From plankton to vertebrates, the guanine crystals involved in color production form through a sequence of morphologically well-defined stages (Bagnara, 1983; Figon et al., 2021; Pinsk et al., 2022). Our observations of ribbontail stingray tissues suggest a mechanism of crystal development very similar to zebrafish, the white widow spider Latrodectus pallidus, and the scallop Pecten maximus, where (i) crystals form near the Golgi apparatus (Figure 5D) (Wagner et al., 2022), (ii) small Golgi vesicles fuse with early iridosomes (Figure 5D) (Wagner et al., 2022; Wagner et al., 2023) and (iii) a pre-assembled scaffold of amyloid fibrils inside iridosomes drives crystal growth (Figure 5E) (Eyal et al., 2022; Wagner, et al., 2023). The development of iridosomes suggested by our data is also strikingly similar to the well-documented morphogenesis of melanosomes (Hurbain et al., 2008; Wagner et al., 2023), further strengthening the idea that stingray melanophores and iridophores have a common neural crest progenitor cell, and melanosomes and iridosomes share a common endosomal origin (Figon et al., 2021).
In the ribbontail stingray, we observed some larger crystals with an elongated shape (∼300 nm long), but the vast majority remained exceptionally small (∼85 nm) in comparison with most other known vertebrate iridophores (Figure 5C; Figures 10A, B), suggesting that the process of crystal development is truncated in stingrays. The mechanism that dictates crystal shape is still unclear, but recent studies on other species have ruled out the iridosome membrane as the limiting factor (Wagner et al., 2022; Wagner et al., 2023). In the skin of most fishes, amphibians, reptiles, and some invertebrate species, guanine crystals are large (several µm long) and in a multilayer arrangement, with individual platelets stacked on top of each other, separated by a cytoplasmic layer with a much lower refractive index (n = 1.33) than that of the crystals (n = 1.83; Taylor and Bagnara, 1972; Goda et al., 1994; Kottler et al., 2014; see additional references in Supplementary Table S1). Such a multilayered arrangement of crystalline sheets produces visible colors when the optical thicknesses (product of refractive index, n and thickness, d) of the crystal sheets and of the cytoplasmic layers separating them are of a comparable nanometer-scale to the wavelength of light. In copepods and some teleosts, the reflected color is primarily determined by the spacing between crystal layers, whereas the crystal layer thickness is constant (Denton and Land, 1971; Amiri and Shaheen, 2012; Sun et al., 2013; Gur et al., 2015b; Gur et al., 2017; Gur et al., 2020). Similarly, in a 3D photonic glass, such as the iridophore of the ribbontail stingray, the cytoplasmic spacing between crystal-bearing iridosomes determines the resonant wavelengths coherently scattered from the colloidal system (Magkiriadou et al., 2014; Surapaneni et al., 2024). Outside of stingrays, such a uniform and stable arrangement of small crystalline organelles has so far only been reported in the reflector cells of crustacean eyes (Palmer et al., 2020; Shavit et al., 2023).
In our previous study (Surapaneni et al., 2024), we demonstrated a constant distance between crystals, and here we provide evidence of a well-developed cytoskeleton between iridosomes, suggesting a tensegrity network that maintains the necessary stable colloidal arrangement of short guanine crystals to produce a structural blue (Figures 5F, G; Figure 9E). Based on cytoplasmic spacing and the crystals not completely filling iridosomes (Figure 5C; Figure 9E), we measured a distance of ∼100 nm between crystals, similar to the distance between platelets in other vertebrate structural blues (Figure 10B). In fact, our metadata FAMD analysis shows that variation among reported natural examples of blue structural color is largely driven by architectural and material variables that determine optical thickness (those loading heavily on Dim1 and Dim2: e.g., the material, spacing and shape of scatterers and/or the matrix between them; Figures 10C, D). Similarly, the observed variation among taxa (e.g., birds vs. fishes), among optical structures producing color (e.g., multilayers vs. quasi-ordered arrays) and their spatial arrangements (e.g., 1D or 2D/3D) is distributed largely over Dim 1 with groups represented in relatively discrete clumps (barely, if at all, overlapping; Figure 10C). This clumping of related groups suggests the factors shaping optical thickness are tied to phylogeny, tissue architecture, and optical performance; however, broader versions of this survey would help pinpoint fundamental factors and selective pressures driving structural color evolution across a huge phylogenetic scope.
Although the components of the cytoskeleton that provide constant spacing between crystals are crucial to the control and production of structural color in vertebrate iridophores, they have received little attention in the literature, likely because they are more challenging to image than the crystals themselves. In fact, despite several studies having observed fibrils in light-reflecting cells, few have even commented on their presence (Taylor, 1969; Rohrlich and Porter, 1972; Rohrlich, 1974). In the lizard Anolis carolinensis and two teleost species, Holocentrus adscensonis and Carassius auratus, iridophores contain two classes of filaments: thick intermediate filaments (10 nm diameter) and thin actin filaments (6.5 nm diameter) forming an elaborate network in the cytoplasm. The thin filaments allow for crystal movement and cell shape changes, while the thick filaments act as a cytoskeleton, holding crystals precisely in place (Rohrlich and Porter, 1972; Rohrlich, 1974). Similarly, the dense cytoskeletal scaffold in ribbontail stingray iridophores are likely intermediate filaments, based on their diameter (Figures 5F, G; Figure 9E). In other animals, thick intermediate filaments are known to form remarkably flexible and viscoelastic interconnected networks (Fudge et al., 2003; Böni et al., 2018), promoting important dynamic behaviors to intracellular components of skin when hydrated. We therefore posit that the hydration-sensitive mechanical properties (e.g., extensibility, stiffness) of the intermediate filament scaffold in stingray iridophores are key factors for maintaining the necessary inter-crystal spacing to produce blue structural color. This is similar to the hydration-induced structural color of red algae (Chandler et al., 2015) and supports our previous observation that rehydration returns the bright blue structural color of dried ribbontail stingray skin (Surapaneni et al., 2024). Consequently, these dynamic mechanical properties of the intermediate filament matrix in ribbontail stingray iridophores also present an excellent model for designing tunable man-made photonic glasses.
CONCLUSION
This study describes how distinct local variation of two chromatophore types (iridophores, melanophores) is responsible for the electric blue spots of the ribbontail stingray. We identify a new type of structurally-complex iridophore, involving crystalline iridosomes arranged in a stable colloidal pattern suspended by an intricate cytoskeleton. Iridophores interact in distinct organs (chromatophore units) in the dermis of blue regions, enveloping single melanophores: our data show a key link between the iridophore ultrastructural features necessary for blue color production (e.g., iridosome spacing and crystallinity) and the presence of dark melanophores as broadband-absorbers, further suggesting that chromatophore co-association is key in this system and that variation in this relationship may explain individual color/pattern variation in nature (e.g., relating to important ecological factors like mate choice and camouflage). We show the architecture of the chromatophore layer and the ultrastructure of iridophores remains unchanged during ontogeny, indicating that the blue skin color is consistent and likely ecologically important throughout the animal’s life. Future work investigating the migration of cells (e.g., iridophore movement from dermis to epidermis) and differentiation of cell types (e.g., from iridophore precursor to iridophore or pale cells) will clarify what drives chromatophore interactions in specific regions. There is considerable interest in industry to mimic nature’s angle-independent structural colors (Iwata et al., 2017; Xue et al., 2022), since structural colors, unlike pigments, do not fade with time. Understanding the nature of tissue scaffoldings for structural color production and the control they exert on shape and spacing of scattering elements could improve control in biotemplating efforts (e.g., of guanine crystals), a target for improving performance in diverse advanced synthesized materials, from tunable reflectors and dyes to optoelectronic devices and organic semiconductors.
DATA AVAILABILITY STATEMENT
The data presented in the study are available at the following link: https://doi.org/10.6084/m9.figshare.26125378.v1.
ETHICS STATEMENT
The animal study was approved by the Max Planck Institute of Colloids and Interfaces, Germany (permit no: DE 12 054 0006 21) and Animal Research Ethics Sub-Committee at the City University of Hong Kong (reference number: A-0741). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
MB: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Project administration, Resources, Visualization, Writing–original draft, Writing–review and editing. VS: Conceptualization, Formal Analysis, Investigation, Methodology, Project administration, Software, Writing–original draft, Writing–review and editing. JC-H: Formal Analysis, Methodology, Software, Writing–review and editing. SR: Formal Analysis, Investigation, Methodology, Writing–review and editing. EP: Formal Analysis, Methodology, Writing–review and editing. FM: Resources, Writing–review and editing. MND: Conceptualization, Formal Analysis, Funding acquisition, Methodology, Project administration, Resources, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The work was funded in part by an HFSP Program Grant (RGP0010-2020) and a General Research Fund GRF Grant from the Research Grants Council of the Hong Kong Special Administrative Region, China (CityU11102022) to MD.
ACKNOWLEDGMENTS
We would like to thank A. Knab and Ch. Seifarth for their technical support. In particular, we thank Prof. M. W. Hess for discussions and valuable comments during preparation of the manuscript. We are grateful to Arie de Jong and Jeffrey de Pauw (Netherlands), Shu Hui Hiew (Nanyang Technological University) and Shahrouz Amini (Max Planck Institute of Colloids & Interfaces) for their support in securing ribbontail stingray samples. We thank Joana Carvalho for the ribbontail stingray and skin illustrations in Figure 9 and Jan Wölfer for invaluable guidance on the analyses in Figure 10.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2024.1393237/full#supplementary-material
REFERENCES
 Amiri, M. H., and Shaheen, H. M. (2012). Chromatophores and color revelation in the blue variant of the Siamese fighting fish (Betta splendens). Micron 43, 159–169. doi:10.1016/j.micron.2011.07.002
 Arnott, H. J., Best, A. C., and Nicol, J. A. (1970). Occurrence of melanosomes and of crystal sacs within the same cell in the tapetum lucidum of the stingaree. J. Cell Biol. 46, 426–427. doi:10.1083/jcb.46.2.426
 Bagnara, J. T. (1983). Developmental aspects of vertebrate chromatophores. Amer. Zool. 23, 465–478. doi:10.1093/icb/23.3.465
 Bagnara, J. T., Fernandez, P. J., and Fujii, R. (2007). On the blue coloration of vertebrates. Pigment. Cell. Res. 20, 14–26. doi:10.1111/j.1600-0749.2006.00360.x
 Bagnara, J. T., Matsumoto, J., Ferris, W., Frost, S. K., Turner, W. A., Tchen, T. T., et al. (1979). Common origin of pigment cells. Science 203, 410–415. doi:10.1126/science.760198
 Bagnara, J. T., Taylor, J. D., and Hadley, M. E. (1968). The dermal chromatophore unit. J. Cell Biol. 38, 67–79. doi:10.1083/jcb.38.1.67
 Böni, L. J., Sanchez-Ferrer, A., Widmer, M., Biviano, M. D., Mezzenga, R., Windhab, E. J., et al. (2018). Structure and nanomechanics of dry and hydrated intermediate filament films and fibers produced from hagfish slime fibers. Appl. Mat. Interfaces 10, 40460–40473. doi:10.1021/acsami.8b17166
 Chandler, C. J., Wilts, B. D., Vignolini, S., Brodie, J., Steiner, U., Rudall, P. J., et al. (2015). Structural colour in Chondrus crispus. Sci. Rep. 5, 11645. doi:10.1038/srep11645
 D'alba, L., Saranathan, V., Clarke, J. A., Vinther, J. A., Prum, R. O., and Shawkey, M. D. (2011). Colour-producing beta-keratin nanofibres in blue penguin (Eudyptula minor) feathers. Biol. Lett. 7, 543–546. doi:10.1098/rsbl.2010.1163
 Dearden, S. J., Ghoshal, A., Demartini, D. G., and Morse, D. E. (2018). Sparkling reflective stacks of purine crystals in the nudibranch Flabellina iodinea. Biol. Bull. 234, 116–129. doi:10.1086/698012
 Denton, E. J., and Land, M. F. (1971). Mechanism of reflexion in silvery layers of fish and cephalopods. Proc. R. Soc. Lond. B Biol. Sci. 178, 43–61. doi:10.1098/rspb.1971.0051
 Ebert, D. A., Dando, M., and Fowler, S. (2021) Sharks of the world: a complete guide (Vol. 22). Princeton University Press, 608. 
 Eyal, Z., Deis, R., Varsano, N., Dezorella, N., Rechav, K., Houben, L., et al. (2022). Plate-Like guanine biocrystals form via templated nucleation of crystal leaflets on preassembled scaffolds. J. Am. Chem. Soc. 144, 22440–22445. doi:10.1021/jacs.2c11136
 Figon, F., Deravi, L. F., and Casas, J. (2021). Barriers and promises of the developing pigment organelle field. Integr. Comp. Biol. 61, 1481–1489. doi:10.1093/icb/icab164
 Frohnhöfer, H. G., Krauss, J., Maischein, H. M., and Nusslein-Volhard, C. (2013). Iridophores and their interactions with other chromatophores are required for stripe formation in zebrafish. Development 140, 2997–3007. doi:10.1242/dev.096719
 Fudge, D. S., Gardner, K. H., Forsyth, V. T., Riekel, C., and Gosline, J. M. (2003). The mechanical properties of hydrated intermediate filaments: insights from hagfish slime threads. Biophys. J. 85, 2015–2027. doi:10.1016/s0006-3495(03)74629-3
 Goda, M., and Fujii, R. (1995). Blue chromatophores in two species of callionymid fish. Zool. Sci. 12, 811–813. doi:10.2108/zsj.12.811
 Goda, M., Fujiyoshi, Y., Sugimoto, M., and Fujii, R. (2013). Novel dichromatic chromatophores in the integument of the Mandarin fish Synchiropus splendidus. Biol. Bull. 224, 14–17. doi:10.1086/BBLv224n1p14
 Goda, M., Toyohara, J., Visconti, M. A., Oshima, N., and Fujii, R. (1994). The blue coloration of the common surgeonfish, Paracanthurus hepatus – I Morphological features of the chromatophores. Zool. Sci. 11, 527–535. 
 Gur, D., Bain, E. J., Johnson, K. R., Aman, A. J., Pasolli, H. A., Flynn, J. D., et al. (2020). In situ differentiation of iridophore crystallotypes underlies zebrafish stripe patterning. Nat. Commun. 11, 6391. doi:10.1038/s41467-020-20088-1
 Gur, D., Leshem, B., Pierantoni, M., Farstey, V., Oron, D., Weiner, S., et al. (2015b). Structural basis for the brilliant colors of the sapphirinid copepods. J. Am. Chem. Soc. 137, 8408–8411. doi:10.1021/jacs.5b05289
 Gur, D., Palmer, B. A., Leshem, B., Oron, D., Fratzl, P., Weiner, S., et al. (2015a). The mechanism of color change in the neon tetra fish: a light-induced tunable photonic crystal array. Angew. Chem. Int. Ed. 54, 12426–12430. doi:10.1002/anie.201502268
 Gur, D., Palmer, B. A., Weiner, S., and Addadi, L. (2017). Light manipulation by guanine crystals in organisms: biogenic scatterers, mirrors, multilayer reflectors and photonic crystals. Adv. Funct. Mat. 27, 1603514. doi:10.1002/adfm.201603514
 Hirata, M., Nakamura, K., Kanemaru, T., Shibata, Y., and Kondo, S. (2003). Pigment cell organization in the hypodermis of zebrafish. Dev. Dyn. 227, 497–503. doi:10.1002/dvdy.10334
 Hsiung, B. K., Deheyn, D. D., Shawkey, M. D., and Blackledge, T. A. (2015). Blue reflectance in tarantulas is evolutionarily conserved despite nanostructural diversity. Sci. Adv. 1, e1500709. doi:10.1126/sciadv.1500709
 Hurbain, I., Geerts, W. J., Boudier, T., Marco, S., Verkleij, A. J., Marks, M. S., et al. (2008). Electron tomography of early melanosomes: implications for melanogenesis and the generation of fibrillar amyloid sheets. Proc. Natl. Acad. Sci. U. S. A. 105, 19726–19731. doi:10.1073/pnas.0803488105
 Iwata, M., Teshima, M., Seki, T., Yoshioka, S., and Takeoka, Y. (2017). Bio-inspired bright structurally colored colloidal amorphous array enhanced by controlling thickness and black background. Adv. Mat. 29. doi:10.1002/adma.201605050
 Jeon, D.-J., Ji, S., Lee, E., Kang, J., Kim, J., D’Alba, L., et al. (2023). How keratin cortex thickness affects iridescent feather colours. R. Soc. Open Sci. 10, 220786. doi:10.1098/rsos.220786
 Junqueira, L. C., Toledo, A. M., and Porter, K. R. (1970). Observations on the structure of the skin of the teleost Fundulus heteroclitus (L). Arch. Histol. Jpn. 32, 1–15. doi:10.1679/aohc1950.32.1
 Kassambara, A., and Mundt, F. (2020) factoextra: extract and visualize the results of multivariate data analyses (R package version 1.0.7). Available at: https://CRAN.R-project.org/package=factoextra.
 Kawamura, A., Kohri, M., Morimoto, G., Nannichi, Y., Taniguchi, T., and Kishikawa, K. (2016). Full-color biomimetic photonic materials with iridescent and non-iridescent structural colors. Sci. Rep. 6, 33984. doi:10.1038/srep33984
 Kohri, M., Yamazaki, S., Kawamura, A., Taniguchi, T., and Kishikawa, K. (2017). Bright structural color films independent of background prepared by the dip-coating of biomimetic melanin-like particles having polydopamine shell layers. Colloids Surfaces A Physicochem. Eng. Aspects 532, 564–569. doi:10.1016/j.colsurfa.2017.03.035
 Kottler, V. A., Koch, I., Flotenmeyer, M., Hashimoto, H., Weigel, D., and Dreyer, C. (2014). Multiple pigment cell types contribute to the black, blue, and orange ornaments of male guppies (Poecilia reticulata). PLoS One 9, e85647. doi:10.1371/journal.pone.0085647
 Kuriyama, T., Morimoto, G., Miyaji, K., and Hasegawa, M. (2016). Cellular basis of anti-predator adaptation in a lizard with autotomizable blue tail against specific predators with different colour vision. J. Zool. 300, 89–98. doi:10.1111/jzo.12361
 Land, M. F. (1972). The physics and biology of animal reflectors. Biophys. Mol. Biol. 24, 75–106. doi:10.1016/0079-6107(72)90004-1
 Lang, A., Motta, P., Habegger, M. L., and Hueter, R. (2012). “Shark skin boundary layer control,” in Natural locomotion in fluids and on surfaces. The IMA volumes in mathematics and its applications ed . Editors S. Childress, A. Hosoi, W. Schultz, and J. Wang (New York, NY: Springer), 139–150. doi:10.1007/978-1-4614-3997-4_9
 P. Last, G. Naylor, B. Séret, W. White, M. de Carvalho, and M. Stehmann (2016). Rays of the world (Victoria, Australia: CSIRO publishing). 
 Lê, S., Josse, J., and Husson, F. (2008). FactoMineR: an R package for multivariate analysis. J. Stat. Softw. 25. doi:10.18637/jss.v025.i01
 Ligon, R. A., and Mccartney, K. L. (2016). Biochemical regulation of pigment motility in vertebrate chromatophores: a review of physiological color change mechanisms. Curr. Zool. 62, 237–252. doi:10.1093/cz/zow051
 Lopez-Garcia, M., Masters, N., O’Brien, H. E., Lennon, J., Atkinson, G., Cryan, M. J., et al. (2018). Light-induced dynamic structural color by intracellular 3D photonic crystals in brown algae. Sci. Adv. 4, eaan8917. doi:10.1126/sciadv.aan8917
 Magkiriadou, S., Park, J. G., Kim, Y. S., and Manoharan, V. N. (2014). Absence of red structural color in photonic glasses, bird feathers, and certain beetles. Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 90, 062302. doi:10.1103/PhysRevE.90.062302
 Mollen, F. H. (2019). Making Louis Agassiz’s wish come true: combining forces and a new protocol for collecting comparative skeletal material of sharks, skates and rays. 
 Mahalwar, P., Walderich, B., Singh, A. P., and Nusslein-Volhard, C. (2014). Local reorganization of xanthophores fine-tunes and colors the striped pattern of zebrafish. Science 345, 1362–1364. doi:10.1126/science.1254837
 Marshall, N. J., Cortesi, F., De Busserolles, F., Siebeck, U. E., and Cheney, K. L. (2019). Colours and colour vision in reef fishes: past, present and future research directions. J. Fish. Biol. 95, 5–38. doi:10.1111/jfb.13849
 Mäthger, L. M., Denton, E. J., Marshall, N. J., and Hanlon, R. T. (2009). Mechanisms and behavioural functions of structural coloration in cephalopods. J. R. Soc. Interface 6 (2), S149–S163. doi:10.1098/rsif.2008.0366.focus
 Meyer, W., and Seegers, U. (2012). Basics of skin structure and function in elasmobranchs: a review. J. Fish. Biol. 80 (5), 1940–1967. doi:10.1111/j.1095-8649.2011.03207.x
 Noh, H., Liew, S. F., Saranathan, V., Mochrie, S. G. J., Prum, R. O., Dufresne, E. R., et al. (2010). How noniridescent colors are generated by quasi-ordered structures of bird feathers. Adv. Mat. 22, 2871–2880. doi:10.1002/adma.200903699
 Oeffner, J., and Lauder, G. V. (2012). The hydrodynamic function of shark skin and two biomimetic applications. J. Exp. Biol. 215 (5), 785–795. doi:10.1242/jeb.063040
 Orozco, F., Alfaro-González, B., Ureña, Y. C., Villalobos, K., Sanchez, A., Bravo, F., et al. (2017). Nanobiodiversity: the potential of extracellular nanostructures. J. Renew. Mat. 5, 199–207. doi:10.7569/JRM.2017.634110
 Palmer, B. A., Yallapragada, V. J., Schiffmann, N., Wormser, E. M., Elad, N., Aflalo, E. D., et al. (2020). A highly reflective biogenic photonic material from core–shell birefringent nanoparticles. Nat. Nanotechnol. 15, 138–144. doi:10.1038/s41565-019-0609-5
 Parnell, A. J., Washington, A. L., Mykhaylyk, O. O., Hill, C. J., Bianco, A., Burg, S. L., et al. (2015). Spatially modulated structural colour in bird feathers. Sci. Rep. 5, 18317. doi:10.1038/srep18317
 Pederzoli, A., Gambarelli, A., and Restani, C. (2003). Xanthophore migration from the dermis to the epidermis and dermal remodeling during Salamandra salamandra salamandra (L.) larval development. Pigment. Cell Res. 16, 50–58. doi:10.1034/j.1600-0749.2003.00013.x
 Pinsk, N., Wagner, A., Cohen, L., Smalley, C. J. H., Hughes, C. E., Zhang, G., et al. (2022). Biogenic guanine crystals are solid solutions of guanine and other purine metabolites. J. Am. Chem. Soc. 144, 5180–5189. doi:10.1021/jacs.2c00724
 Prum, R. O., Cole, J. A., and Torres, R. H. (2004). Blue integumentary structural colours in dragonflies (Odonata) are not produced by incoherent Tyndall scattering. J. Exp. Biol. 207, 3999–4009. doi:10.1242/jeb.01240
 Prum, R. O., and Torres, R. (2003). Structural colouration of avian skin: convergent evolution of coherently scattering dermal collagen arrays. J. Exp. Biol. 206, 2409–2429. doi:10.1242/jeb.00431
 Prum, R. O., Torres, R., Kovach, C., Williamson, S., and Goodman, S. M. (1999). Coherent light scattering by nanostructured collagen arrays in the caruncles of the malagasy asities (Eurylaimidae: aves). J. Exp. Biol. 202, 3507–3522. doi:10.1242/jeb.202.24.3507
 Prum, R. O., and Torres, R. H. (2004). Structural colouration of mammalian skin: convergent evolution of coherently scattering dermal collagen arrays. J. Exp. Biol. 207, 2157–2172. doi:10.1242/jeb.00989
 R Development Core Team (2023) R a language and environment for statistical computing: reference index. Vienna: R Foundation for Statistical Computing. 
 Reynolds, E. S. (1963). The use of lead citrate at high pH as an electron-opaque stain in electron microscopy. J. Cell Biol. 17, 208–212. doi:10.1083/jcb.17.1.208
 Rohrlich, S. T. (1974). Fine structural demonstration of ordered arrays of cytoplasmic filaments in vertebrate iridophores. A comparative survey. J. Cell Biol. 62, 295–304. doi:10.1083/jcb.62.2.295
 Rohrlich, S. T., and Porter, K. R. (1972). Fine structural observations relating to the production of color by the iridophores of a lizard. Anolis carolinensis. J. Cell Biol. 53, 38–52. doi:10.1083/jcb.53.1.38
 Saenko, S. V., Teyssier, J., van der Marel, D., and Milinkovitch, M. C. (2013). Precise colocalization of interacting structural and pigmentary elements generates extensive color pattern variation in Phelsumalizards. BMC Biol. 11, 105. doi:10.1186/1741-7007-11-105
 Shavit, K., Wagner, A., Schertel, L., Farstey, V., Akkaynak, D., Zhang, G., et al. (2023). A tunable reflector enabling crustaceans to see but not be seen. Science 379 (6633), 695–700. doi:10.1126/science.add4099
 Simonis, P., and Berthier, S. (2012). “How nature produces blue colors,” in Photonic crystals - introduction, applications and theory ed . Editor A. Massaro (London: InTech). doi:10.5772/32410
 Stavenga, D. G. (2014). Thin film and multilayer optics cause structural colors of many insects and birds. Proceedings 1, 109–121. doi:10.1016/j.matpr.2014.09.007
 Sternberg, M. Z. (1970). The separation of proteins with heteropolyacids. Biotechnol. Bioeng. XII, 1–17. doi:10.1002/bit.260120102
 Sun, J., Bhushan, B., and Tong, J. (2013). Structural coloration in nature. RSC Adv. 3, 14862–14889. doi:10.1039/C3RA41096J
 Surapaneni, V. A., Blumer, M. J., Tadayon, K., McIvor, A. J., Redl, S., Hornis, H.-R., et al. (2024). Ribbontail stingray skin employs a core–shell photonic glass ultrastructure to make blue structural color. Adv. Opt. Mat. 12. doi:10.1002/adom.202301909
 Taylor, J. D. (1969). The effects of intermedin on the ultrastructure of amphibian iridophores. Gen. Comp. Endocrinol. 12, 405–416. doi:10.1016/0016-6480(69)90157-9
 Taylor, J. D. (1971). The presence of reflecting platelets in integumental melanophores of the frog, Hyla arenicolor. J. Ultrastruct. Res. 35, 532–540. doi:10.1016/s0022-5320(71)80009-6
 Taylor, J. D., and Bagnara, J. T. (1972). Dermal chromatophoies. Amer. Zool. 12, 43–62. doi:10.1093/icb/12.1.43
 Teyssier, J., Saenko, S. V., van der Marel, D., and Milinkovitch, M. C. (2015). Photonic crystals cause active colour change in chameleons. Nat. Commun. 6, 6368. doi:10.1038/ncomms7368
 Visconti, M., and Castrucci, A. M. L. (1993). Melanotropin receptors in the cartilaginous fish, Potamotrygon reticulatus and in the lungfish, Lepidosiren paradoxa. Comp. Biochem. Physiol. 106, 523–528. doi:10.1016/0742-8413(93)90173-I
 Vuillaume, M., and Barbier, M. (1969). Sur les pigments tètrapyrroliques des Lépidoptères. C. R. Acad. Sci. Paris 268, 2286–2289. 
 Wagner, A., Ezersky, V., Maria, R., Upcher, A., Lemcoff, T., Aflalo, E. D., et al. (2022). The non-classical crystallization mechanism of a composite biogenic guanine crystal. Adv. Mat. 34, e2202242. doi:10.1002/adma.202202242
 Wagner, A., Upcher, A., Maria, R., Magnesen, T., Zelinger, E., Raposo, G., et al. (2023). Macromolecular sheets direct the morphology and orientation of plate-like biogenic guanine crystals. Nat. Commun. 14, 589. doi:10.1038/s41467-023-35894-6
 Xue, P., Chen, Y., Xu, Y., Valenzuela, C., Zhang, X., Bisoyi, H. K., et al. (2022). Bioinspired MXene-based soft actuators exhibiting angle-independent structural color. Nanomicro. Lett. 15, 1. doi:10.1007/s40820-022-00977-4
 Zhang, G., Yallapragada, V. J., Halperin, T., Wagner, A., Shemesh, M., Upcher, A., et al. (2023). Lizards exploit the changing optics of developing chromatophore cells to switch defensive colors during ontogeny. Proc. Natl. Acad. Sci. U. S. A. 120, e2215193120. doi:10.1073/pnas.2215193120
 Zhao, N., Ge, X., Jiang, K., Huang, J., Wei, K., Sun, C., et al. (2022). Ultrastructure and regulation of color change in blue spots of leopard coral trout Plectropomus leopardus. Front. Endocrinol. (Lausanne) 13, 984081. doi:10.3389/fendo.2022.984081
Conflict of interest: 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 © 2024 Blumer, Surapaneni, Ciecierska-Holmes, Redl, Pechriggl, Mollen and Dean. 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(s) 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/fcell-12-1393237-g005.gif





OPS/images/fcell-12-1393237-g006.gif





OPS/images/fcell-12-1393237-g003.gif





OPS/images/fcell-12-1393237-g004.gif





OPS/images/fcell-12-1393237-g009.gif





OPS/images/fcell-12-1393237-g007.gif





OPS/images/fcell-12-1393237-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Intermediate filaments spatially organize intracellular nanostructures to produce the bright structural blue of ribbontail stingrays across ontogeny		Introduction

		Materials and methods		Sample collection

		Light microscopy (LM)

		Tissue preparation for transmission (TEM) and scanning electron microscopy (SEM)

		TEM of phosphotungstic acid-stained ultra-thin sections

		Measurements of cellular nanostructures

		SEM of semi-thin sections

		Literature analysis





		Results		The epidermis

		The dermis





		Discussion		Chromatophore units are key organs in skin color

		Iridophores migrate from the dermis to the epidermis

		Melanophores may determine the fate of iridophore precursor cells

		Skin color is mediated by small crystals and intermediate filaments





		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Cell and Developmental Biology

Intermediate filaments spatially
organize intracellular
nanostructures to produce the
bright structural blue of
ribbontail stingrays across
ontogeny





OPS/images/fcell-12-1393237-g001.gif





OPS/images/fcell-12-1393237-g002.gif
. Y

v’\f"' s ]
S a8
5.5 n'

e






OPS/images/fcell-12-1393237-g010.gif
shludl |

§ § § @ @
@ Buseds o ssouroa oo,










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





