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Introduction: The morphological characteristics of eyes in fishes are highly diverse and have evolved to meet the specific visual requirements as per their habitats. These morphological features of eyes are important for researchers and ecologists. The dusky spinefoot (Siganus luridus) is a tropical teleost fish with a laterally flattened body which lives in the Mediterranean Sea. Currently, there are no histological data relating to the Siganus luridus eye.

Methods: In this study, the morphology of the Siganus luridus eye was examined to enhance our understanding of its structure and its relationship to fish ecology. Detailed gross and microscopic features were recorded using light and scanning microscopy.

Results: The key observations describe the main structural features of the eye of Siganus luridus, specifically, the diameter of the orbit, architecture of three tunics of eye and detailed lens description. The choroid was divided into four layers, and had a rete mirabile, consisting of numerous small blood vessels in the choroidal gland. The tapetum lucidum was observed, which is interesting since Siganus luridus is herbivore and herbivores typically lack a tapetum lucidum.

Discussion: These observations shed new light on the intricate eye structure of Siganus luridus and provide valuable insights into its visual abilities and adaptations to the aquatic environment and feeding behavior.
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1 Introduction

The morphological characteristics of eyes in fishes are highly diverse between species and have evolved to meet the specific visual requirements as per their environments and lifestyles. Understanding these characteristics is important for recognizing fish sensory capabilities, behavior, and ecological roles. This knowledge aids in studying fish ecology and evolution within aquatic ecosystems, as well as developing conservation strategies and management practices.

Key morphological features of fish eyes include the position of the eyes, their size, pupil shape, retinal structure, tapetum lucidum, color vision, depth perception, and adaptations to the environment (1–3). For example, predatory fish often have forward-facing eyes for binocular vision, while prey species have side-positioned eyes for a broader field of view (4). Nocturnal or deep-sea fishes typically have larger eyes to get more light, and pupil shapes vary to control light intake based on habitat and behavior (5). The retina’s structure, with varying densities of cone and rod cells, determines a fish’s visual abilities, such as color vision and low-light vision. Many fishes possess a reflective layer called the tapetum lucidum, enhancing vision in low-light conditions by reflecting light back through the retina (6). The iris itself in marine fish fulfills two purposes: it prevents out-of-focus light from reaching the retina and serves as camouflage (7).

Adaptations in the retinal structure contribute to the fish’s ability to see under different light conditions (8). Many fish have a reflective layer, the tapetum lucidum, behind the retina, which improves their vision in low light by reflecting the light that passes through the retina back into the eye, increasing sensitivity in dark environments (8–10). The ability to perceive and distinguish colors varies among fish species, some perceive a broad spectrum of colors, while others have limited color vision (5).

The Dusky spinefoot (Siganus luridus), a teleost fish, a tropical or subtropical species, recently migrated into the Eastern Mediterranean sea via the Suez canal. It is a shallow water herbivore that feeds on algae (11, 12) mainly during the day (13). In many teleost fishes, the eyes are located on the sides of the head (14, 15), but some fish species, such as flatfish, have both eyes on the same side of the head (16) or on a dorsal position on the head (17). A wide range of visual adaptations, particularly with regards to retinal cell structures, have been observed in teleosts, primarily related to their lifestyle and visual environment, with the most significant changes in photoreceptor types, arrangements and densities (18–20). Vision in water can be influenced by pressure, feeding habits and temperature (21). Light density was proposed to be the most important physical factor in the evolution of eye shapes (22).

The sclera is the outer fibrous layer that covers most of the eye in the posterior portion, with the cornea located in the anterior portion (23). In most vertebrates, the sclera contains cartilage or bony ossicles to provide more support to the eyeball (24, 25). The cornea of fish has a lower refractive index than the surrounding water medium. Nevertheless, it is a protective covering for the eye and provides an optically smooth surface and a transparent window. Many specializations are known in comparison to the mammalian cornea. These specializations include spectacles and corneal filters (26), iridescent layers (27, 28), and an autochthonous layer (29, 30).

This study aimed to explore the morphology of Siganus luridus’s eye to deepen our knowledge of fish eye anatomy and vision, as present no histological data is available in the literature. Studying the anatomy of fish eyes can provide valuable insights into the ecological relationships and adaptations of fish species, gain insights into how fish navigate their surroundings, detect predators or prey, and communicate with other fish and is helping us to better understand and conserve aquatic ecosystems.



2 Materials and methods


2.1 Specimens and ethics

Ten mature, healthy Siganus luridus fish were collected from the Mediterranean Sea (Damietta Governorate). This study was conducted in accordance with the ethical protocols according to Directive 2010/63/EU (2010) 119, in accordance with the ARRIVE guidelines, with ethical approval from the Institutional Animal Care and Use Committee (ALEXU-IACUC; Approval number: 02/13/2022/11/13/175).



2.2 Light microscopy

The freshly collected eyes were used to examine the structures under a light microscope. The eye samples were fixed in 10% neutral buffered formalin solution and subsequently prepared for paraffin sectioning. For general studies four-micrometer serial sections were prepared and stained with hematoxylin–eosin (H&E) stain (31, 32). The Periodic Acid Schiff (PAS) technique was used to stain neutral mucin, reticular fibers, and glycogen (33) and Masson’s trichrome was used to stain collagen fibers (34). The sections were then examined using an Olympus CX31 microscope and photographed using a Canon digital camera (19, 35).



2.3 Scanning electron microscopy and morphometric analysis

The Siganus luridus fish eye specimens were also used to examine the detailed structure of the cornea, sclera, lens, retina, iris and choroid at the electron microscopy level. At pH of 7.2 and temperature of 4°C, the samples were fixed in a buffer solution consisting of 2% formaldehyde, 1.25% glutaraldehyde, and 0.1 M sodium cacodylate. Following fixation, the samples were washed in 0.1 M sodium cacodylate containing 5% sucrose, treated with tannic acid, and finally dehydrated in ethanol of increasing concentration (15 min in 50, 70, 80, 90, 95, and 100% ethanol). The samples were dried in carbon dioxide, attached to pins with colloidal carbon and coated with gold–palladium in a sputtering device. The samples were examined and photographed with a JEOL JSM-IT200 scanning electron microscope at 15 kV at the Electron Microscope Unit, Faculty of Science, Alexandria University, Egypt (36).



2.4 Micrometric analysis

The obtained SEM images were processed using the ImageJ 1.53 k application (National Institutes of Health, United States) to determine the thickness of the retinal layers and the lens dimensions.




3 Results


3.1 Gross anatomical observations

The body of Siganus luridus fish was laterally flattened and had a mainly an ellipsoidal shape. The average length of all of the Siganus luridus fish used in this study was 16.20 ± 1.21 cm. Their iris was yellow in color. Their eyes were large; the diameter of the eye at the outer part of the orbit was 11.28 ± 0.80 mm on average and the overall eye width was 8.70 ± 0.09 mm. The horizontal and vertical diameter measurements were the same at 14.20 ± 0.32 mm.

The eyes from the Siganus luridus showed a uniform appearance when a flashing light was not shone on it, however it appeared shiny (eye-shine) when a flashing light was applied (Figures 1A,B), indicating the presence of the tapetum lucidum (luminous layer), a reflective cell layer behind the retina.
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FIGURE 1
 Gross photograph of Siganus luridus. The eye had a normal appearance without flash (A) and the appearance of the eye-shine with flash (B).




3.2 Light and scanning electron microscopic findings in the rostral part of the eye

The outermost layer of the Siganus luridus eye was divided into a cornea (C) in the anterior and a sclera (S) in the posterior region of the eye. The cornea consisted of both - the dermal cornea (DC) and the scleral cornea (SC). The epithelium of the DC was multilayered and bordered to SC inside the cranium. The cornea consisted of an unpigmented, non-keratinized stratified squamous epithelium, Bowman’s membrane, and the corneal stroma, comprised of several layers of parallel collagen bundles. The suspensory ligament (SL) and the iridocorneal junction (ICJ) were observed (Figures 2A, 3A,C). The rostral part of the cornea consisted of the DC, SC and the iris (I; Figure 2B). The external surface of the cornea resembled a mosaic or a fingerprint with distinct demarcation and showed microridges (mr), microvilli (mv), and microplicae (mp). The sagittal view of the cornea displayed bundles of collagen fibers (Figures 3D,E).
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FIGURE 2
 (A) Light photomicrograph of the rostral to outer and middle layers of the eye of Siganus luridus, H&E staining, magnification x40 and (B) SEM of the rostral part of the eye after removal of part of the cornea and lens. The dermal cornea (DC), the scleral cornea (SC), the sclera (S), the iris (I), the suspensory ligament (SL), the iridocorneal junction (ICJ), the choroid (CH), the lens (L).


[image: Figure 3]

FIGURE 3
 Light photomicrographs of the cornea of Siganus luridus. (A) H&E staining, magnification x400, (B) Trichrome staining, magnification x400, and (C) PAS staining with hematoxylin counterstain, magnification x100. The corneal epithelium (Ce), the positive basement membrane of the corneal epithelium (arrowhead), the negative Bowman’s membrane (BW), and the corneal stroma (Cs). (D) SEM of the external and sagittal corneal epithelium (Ce) and collagen fibers (CF). (E) SEM of the Siganus luridus fish corneal epithelial cells shows pavement cells with distinct demarcation and microridges (mr), microvilli (mv), and microplicae (mp).


The corneal epithelium (Ce) basement membrane was PAS-positive. In contrast, the Bowman’s membrane (BW) was PAS-negative (Figure 3B). The wall of the posterior part of the eye consisted of a thick fibrous sclera (S) with an outer covering of hyaline cartilage. An iridescent layer was located between the anterior and posterior scleral stroma (Figure 4A). The superficial layer of the sclera contained both short and large collagen fibers (LCF). These LCFs appeared to run parallel to each other, branched into two branches, and were interwoven with the underlying structures. In contrast, the short collagen fibers (SCFs) had differing sized diameters and were mainly intertwined with each other. Collagen fiber divergence (DCF) was observed (Figure 4B).

[image: Figure 4]

FIGURE 4
 (A) Light photomicrograph of the posterior part of the eye of the Siganus luridus (H&E staining, magnification x100) showing the iridescent layer (id), the sclera stroma (SS), the scleral cartilage (SC), and the choroid (CH). (B) SEM of the outer region of the sclera of Siganus luridus fish explaining parallel collagen fibers (PCF), short collagen fibers (SCF), long collagen fibers (LCF), and collagen fiber divergence (DCF).




3.3 Light and scanning electron microscopic findings in the lens

The lens of the eye was completely round and protruded into the aqueous chamber. It consisted of three layers: an outer acellular sheath, an underlying simple cuboidal epithelial layer, and an inner fibrous layer. At the equator of the lens the cuboidal epithelium changed into a columnar epithelium. The cell nuclei in the newly formed lens fibers were visible (Figures 5A,B).

[image: Figure 5]

FIGURE 5
 Light microscope image of the lens of Siganus luridus (H&E staining, magnification (A) x100) and (B) x400). (1) simple cuboidal epithelium, (2) lens fibers, (3) lens fibers, cell nuclei (arrow).


The remnant of the suspensory ligament (SL; Figure 6A) diameter was 3647.80 ± 10.80 μm. Its dorsoventral diameter was 3,726 ± 2.25 μm. A capsule of collagen fibers surrounded the lens (L) and was 24.51 ± 0.05 μm thick. Lens epithelium (LE) cells were found beneath the capsule. The central area of the lens contained spherical nuclei (N), which were 1,283 ± 3.12 μm wide and a cortex.

[image: Figure 6]

FIGURE 6
 SEM image of the lens of Siganus luridus (A) SEM image of the spherical lens, (B) SEM image of a sagittal section of the eye, (C) SEM image showing the cortex with layers of rows of lens fibers, (D) SEM image showing a row of lens fibers, and (E) SEM image showing interdigitations between the lens fibers. Lens capsule (C), suspensory ligament (S), lens epithelium (E), cortex (CX), embryonic nucleus (N), concentric circles (arrowheads), lens fibers (LF), row of lens fibers (RF), parallel of lens fibers (PR), ball and socket interdigitations (ID), (AG) arched groove, (IA) irregular arches and micropores (MP).


The lens cortex had concentric circles in the center and consisted of lens fibers (LF) with a width of 8.56 ± 0.27 μm, and a height of 0.66 ± 0.048 μm. Straight embryonic fibers ran along the anterior–posterior axis (Figure 6B). The densely packed fibers that formed the continuous layers appeared rectangular, revealing the arrangement of cortical lens cells in rows. The lens fibers ran parallel in consecutive rows (Figure 6C), and adjacent rows were connected through junctions, called interdigitations (ID). Spherical connecting pores were observed on the lens fibers. The ID were spherical with irregularly curved (IA) protrusions that were 2.93 ± 0.13 μm long and 1.02 ± 0.04 μm wide. The arched lens fiber projections, each with a peripheral tooth, were interlocked with the adjacent lens fiber at the peripheral perforated arched groove with 6–8 microholes. The gap was very small, and continuous interlocking was observed (Figures 6D,E).



3.4 Light and scanning electron microscopic findings in the middle and posterior parts of the eye

The middle and posterior layers of the eye contained the choroid and the iris in addition to the lens. The iris consisted of an anterior part, a posterior part, and a stroma. The anterior part consisted of a discontinuous layer of loose connective tissue and melanocytes. The stroma occupied a large part of the iris and consisted of loose connective tissue, smooth muscle, melanocytes, and blood vessels. The posterior part of the iris showed a double layer of cuboidal epithelium, an outer non-pigmented layer and an inner pigmented layer (Figures 7A,B).

[image: Figure 7]

FIGURE 7
 The iris of the Siganus luridus. (A) A light photomicrograph (H&E staining, magnifica-tion x400). (B) Trichrome staining, magnification x100. The iris (I), the posterior part of the iris (arrow), smooth muscle (M), stroma (S), melanocytes (E), non-pigmented simple cuboidal epi-thelium (1), pigmented simple cuboidal epithelium (2), suspensory ligament (SL), and lens (L).


The choroid was divided into four layers: the suprachoroidal layer, the tapetal layer, the choriocapillary layer, and the separator layer (Figure 8A). The suprachoroidal layer consisted of loose connective tissue in which numerous melanocytes and blood vessels (bvs) were embedded. The tapetum lucidum layer consisted of dense choroidal tissue infiltrated with numerous melanocytes and blood vessels (Figures 8B,C). Numerous small blood vessels were detected in the choroidal gland and formed a rete mirabile between the sclera and the pigmented retinal epithelium. SEM examination of the choroidal gland revealed pores with densely packed blood vessels (Figure 8D).

[image: Figure 8]

FIGURE 8
 Light photomicrographs of the choroid (Trichrome staining, magnification x400) (A–C) showing the choroidal gland (Cg), the suprachoroidal layer (SC), the fibrous substantia propria layer (Sb), the choriocapillary layer (CC) and the separating layer (Sp) and blood capillaries containing nucleated RBC (arrow). (D) SEM of the choroidal gland (Cg) with widely distributed blood vessels (bvs).


The retina consisted of 10 layers, which were arranged from outside through to the inside of the eye as: a pigmented epithelial layer (PE), photoreceptor layer (rods and cones; PRL), outer limiting membrane (OLM), outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layer (PL), ganglion cell layer (GCL), nerve fiber layer (NFL), and an inner limiting membrane (ILM; Figure 9A). The photoreceptor layer was composed of rods, single cones, and double cones (Figure 9B). The average thickness of the retina in the middle of the globe was 355.61 ± 1.34 μm. The photoreceptor layer was the thickest of the layers (averaging 67.87 ± 3.33 μm), followed by the pigmented epithelium (averaging 62.98 ± 2.17 μm) and the inner plexiform layer (57.67 ± 0.96 μm), which maximized the connectivity activity of retinal neurons. However, the inner nuclear layer and the optic nerve layer were the thinnest. ONL/INL was measured 0.79 ± 0.08 μm, which corresponds to diurnal activity of Siganus luridus.

[image: Figure 9]

FIGURE 9
 Light photomicrograph of the retina of Siganus luridus: H&E, staining, magnification (A) x100), (B) x400. Choriocapillary (CC), pigmented epithelium (PE), photoreceptor layer (PRL), outer limiting membrane (OLM), outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL), ganglionic cell layer (GCL), nerve fiber layer (NFL), inner limiting membrane (ILM), rods (R), cones (C), and double cones (DC).


The greatest thickness was observed in the photoreceptor layer (PRL), followed by the pigmented epithelium (PE), the inner plexiform layer (IPL), the inner nuclear layer (INL), and then the outer nuclear layer (ONL). In contrast, the thinnest layers were the outer limiting membrane (OLM) and the inner limiting membrane (ILM), followed by the ganglion cell layer (GCL), the outer plexiform layer (OPL), and the nerve fiber layer (NFL).

Rods, single cones, and double cones characterized the photoreceptor layer of the retina. The inner and outer nuclear layers were distinguished by a small sphere-like structure (Figure 10).

[image: Figure 10]

FIGURE 10
 SEM image of the retina of Siganus luridus: is showing the following layers: retinal pigment epithelium (PE), photoreceptor layer (PRL), outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), rods (R), cones (C), and double cones (DC).


The pigmented layer had apical processes that interdigitated with the outer segments of the rods and cones (Figure 11A). The inner limiting membrane was smooth with minor folds (SF; Figure 11B).

[image: Figure 11]

FIGURE 11
 Retina of Siganus luridus. (A) SEM of the apical surface of the pigment epithelium (PE) and the apical processes interdigitated with the outer segments of rods and cones. (B) SEM of the inner surface of the retinal epithelium, which appears in the form of small folds (SF).


The average thickness of the retinal layers of Siganus luridus was determined from the SEM images using Image J software (Figure 12).

[image: Figure 12]

FIGURE 12
 Thickness of retinal layers of Siganus luridus. (A) A Table with the mean thickness of the retinal layers of Siganus luridus fish, (B) A graph showing the differences in the mean thickness of the retinal layers of Siganus luridus fish. (PE) pigmented epithelium, (PRL) photoreceptor layer, (OLM) outer limiting membrane, (ONL) outer nuclear layer, (OPL) outer plexiform layer, (INL) inner limiting membrane, inner plexiform layer (IPL), (GCL) ganglion cell layer, (NFL) nerve fiber layer, (ILM), and (ONL) outer nu-clear layer /(INL) inner nuclear layer.





4 Discussion

Siganus luridus, or dusky spinefoot, is vital for coral reefs as it controls algal growth, maintaining ecosystem balance. Its population indicates reef health, reflecting environmental conditions. Understanding its structure, behavior, and interactions, especially its feeding habits and vision, is crucial for marine biodiversity (11, 12). Studying Siganus luridus aids in understanding marine species adaptation and behavior, supporting coral reef conservation. Economically important, it contributes to local fisheries and food security. Understanding its population dynamics is crucial for sustainable fishing and the aquarium trade (11, 12).

The effects of the aquatic environment on vision, including light conditions, depth and water quality, altered visual adaptation or some structures that improve sensitivity, such as pigment, tapeta and photoreceptor layers (37). The morphometry of eye size has been related to feeding habits and activity time (36). The percentage of the eye diameter to the length of the fish is reported to be 12–13% in nocturnal fish species, while it was less than 10% in diurnal fish species (38). In Siganus luridus it was 8.70 ± 0.09%, which is consistent with the herbivore nature of the fish.

The eye size of carnivores was relatively or absolutely larger than that of herbivores. Diurnal planktivores and nocturnal species with small body size maximized their vision by having relatively large eyes. The planktivores generally had relatively larger eyes than the large-bodied species. This presumably compensates for the limitations in vision caused by small body size. Nocturnal and crepuscular species all had relatively or absolutely large eyes, which not only maximize visual acuity but also increase the sensitivity of the visual system to point sources of light (e.g., bioluminescence) (36, 39).

The cornea, the initial gateway in the visual process, possesses maximal light transmission and unique light-filtering structures, such as epithelial microprojections and stromal structures (40). We observed the sclera and dermal cornea in Siganus luridu is similar to the rabbitfish eye (41). The corneal stroma was found to consist of collagen fibers, while the simple corneal endothelium was composed of nonkeratinized squamous epithelium (14, 40). The corneal epithelium of Siganus luridus was multilayered and bordered the integument of the head. The corneal epithelium was continuous with the conjunctiva and the skin. This result has been found in all aquatic vertebrates (40). Our study revealed that the cornea of Siganus luridus consisted of an unpigmented, non-keratinized stratified squamous epithelium, Bowman’s membrane, and the corneal stroma. At the same time, the corneal epithelium of Malapterurus electricus and the European eel (Anguilla Anguilla) exhibit a specific distribution of dense pigmentation in the epithelium and dispersed ellipsoid bodies in the upper stromal layers (42). The corneal epithelium basement membrane in the present study was PAS-positive, indicating the presence of glycoproteins (43). The anterior cornea is multilayered and contains glycoproteins that protect the eye and act as a barrier to limit hydration and maintain transparency. The epithelium of the basement membrane was thin and mainly present in shallow water fish, and thicker in deep water fish (40). Using SEM, the dorsal surface of the cornea appeared as mosaics or fingerlike structures with marked demarcation and carried microridges, microvilli, and microplicae. This structure increases the surface area and strength of the cornea by adapting to high-osmolarity seawater, which increases the cell surface area and improves the supply of oxygen and nutrients to the cornea (43–45).

An iridescent layer was observed on the cornea of Siganus luridus. This feature has also been observed in other teleost fishes, such as Pomatoschistus minutus (27), Platichthys flesus (46), and Lepidoglaxias salamandroides (47). Functions of the iridescent layer include birefringence, a color filter, a polarizing filter, camouflage or display, and enhancement or suppression of reflection (48).

Many fish have an iridescent layer that becomes visible when the eye is illuminated from above. Iridescence is particularly common in shallow-water teleosts that live between rocks or on the bottom. Iridescence occurs when light passes through a regular multilayer stack, with the thickness of each layer being of the order of a quarter of the wavelength of visible light. However, the components of these layers are different (49).

Scleral cartilages are found in teleosts (25) and two scleral cartilages have been discovered in salmon and zebrafish (50, 51). In our investigations, scleral cartilages were found, but no scleral ossicles were observed (14). The difference in the morphology of the eye skeleton within the vertebrates is probably related to selection pressure in the course of evolution. However, this pressure is probably different in teleosts and reptiles, as the intraocular pressure in teleosts does not change during the process of visual accommodation (51). It is possible that the stronger mechanical support provided by a deep cartilaginous element is advantageous in deeper, benthic habitats where water pressure is higher, whereas a lighter, narrower ring is advantageous in pelagic habitats where changes in velocity or depth cause ossification of the cartilage to form ossicles (51, 52). Benthic fish generally do not have scleral ossicles (51) and are known to generate increased intraocular pressure through fluid regulation in the choroid to withstand the ambient pressure in benthic environments (53). The reason for the greater depth of the scleral cartilage in teleosts living in benthic environments may therefore differ from that of cave-dwelling species and is likely to be complex. Further studies are needed to fully understand the evolutionary history of this element in teleosts.

The lens of Siganus luridus consisted of three layers: an outer acellular sheath, an underlying simple cuboidal epithelial cell layer, and an innermost fibrous layer. It was possible to see the nuclei of the newly formed lens fibers. In the juvenile Queen Danio, Devario regina, the lens consisted of sheaths of non-cellular transparent material, a monolayer of epithelial cells and lens fibers (43). All fish species showed the same structural organization of the lenticular fibers. The lens contained a monolayer of anterior epithelial cells and concentric layers of differentiated fiber cells from the periphery toward the center. A similar pattern of fiber cell ribbon shapes and interdigitating knobs was described by Zigman in sharks and skates (54). In the shallow and middle water depths, there was sufficient light for the fish to recognize their food. In dark furrows or caves, there is no outflow of daylight, so fish have evolved numerous features of the visual system that allow them to behave under different types of light conditions by increasing the thickness of the entire retinal cell layer and adapting both lens and corneal architecture (42).

In Siganus luridus, the choroidal gland (choroids rete mirabile) was visible between the sclera and the pigment epithelium. The same result was also found in many teleost fish including, Gambusia schoelleri (55), Epinephelus fuscoguttatus (56), and in the rabbitfish (Siganus rivulatus) (41). Anguilla anguilla lacks the choroid gland (57). The function of the choroidal gland is to maintain a high oxygen pressure at the retina and to facilitate transport from the choriocapillaris to the retinal pigment epithelium (57). It may also function as a cushion against compression of the eyeball. In our study, the choroid of Siganus luridus was found to have a tapetum lucidum (light-reflecting layer) that may help at nocturnal activity such as feeding. In several teleost species examined by conventional light and fluorescence microscopy, the eye shine phenomenon was associated with the presence of a reflective surface in the eye, the tapetum lucidum (58). This layer was also observed in the choroid of Siganus javus (41). Fish with a tapetum lucidum are usually associated with dimly lit environments, i.e., the deep sea, muddy rivers and turbid water, or with nocturnal activity. In fact, fish with tapeta are found at intermediate water depth, e.g., species of Chlorophthalmus, Polymixia and Epigonus and non-herbivorous fishes (58). The choroidal tapetum, consisting of reflective cells that lie immediately outside the choriocapillaris, is formed in a few primitive teleosts. More commonly, the tapetum lucidum is an integral part of the pigment epithelium in primitive teleosts (it lies within the processes of the pigmented epithelial cells) (59). African catfish have a taptum lucidum and eyes that are adapted not only to nocturnal but also to daylight (19, 60). However, it was interesting to observe the tapetum lucidum in Siganus luridus, as it is a fish, that lives in shallower waters and is herbivorous. Fish living in shallow waters generally have less developed tapetum lucidum compared to their deep-water counterparts.

Regarding the relationship between the photoreceptors and their environment, our results showed that the photoreceptor layer included rods, single cones and double cones. The photoreceptor layer was the thickest, followed by the pigmented epithelium. The ONL/INL was measured 0.79 ± 0.08 μm indicating our Siganus luridus exibits diurnal activity. In the ONL/INL ratio, Oreochromis. niloticus had the lowest average ratio (0.53 ± 0.07), indicating diurnal activity. This ratio increased in Bagrus bajad (2.80 ± 0.83), Chrysithys auratus (1.70 ± 0.25) and Clarias gariepinus (1.50–0.53), suggesting nocturnal activity. The average ratio of ONL/INL increased in Bagrus bajad, Chrysithys auratus and Clarias gariepinus, suggesting nocturnal habits and reflecting the structural pattern of photoreceptors. Nile tilapia usually feed during the day, which indicates that they show a behavioral response to light as the main factor for feeding activity, similar to trout and salmon (61).

The importance of the study is reflected in the finding that Siganus luridus is a herbivore, that feeds not only during the day but also at night.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was approved by Institutional Animal Care and Use Committee (ALEXU-IACUC; Approval number: 02/13/2022/11/13/175). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

AD: Conceptualization, Investigation, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. SE-G: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing. HA-E: Investigation, Software, Validation, Writing – original draft. SS: Investigation, Software, Validation, Writing – original draft. AE-M: Investigation, Software, Validation, Visualization, Writing – original draft. MS: Data curation, Formal analysis, Investigation, Visualization, Writing – original draft. AR: Software, Visualization, Writing – original draft. ME: Validation, Writing – review & editing. CR: Investigation, Writing – original draft, Writing – review & editing. VK: Funding acquisition, Project administration, Resources, Writing – original draft, Writing – review & editing. MA: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The authors would like to express sincere gratitude to the Researchers Supporting Project number (MHIRSP2024009) AlMaarefa University, Riyadh, Saudi Arabia, for the financial support of this research and acknowledge funding from the Slovenian Research and Innovation Agency program P4-0053 for financial support.



Acknowledgments

The authors extend their appreciation to the Deanship of Scientific Research of at King Khalid University for funding this work through large group research project under a grant number (R.G.P.2/7/45) and thank Terry T. Jackson and Catrin S. Rutland for English language editing of this manuscript.



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.



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.



References

 1. Land, MF, and Nilsson, D. Animal Eyes. New York: Oxford University Press (2012). 288 p.


 2. Singh, HR, and Khanna, SS. Advances in fish biology. New Delhi, India: Hindustan Publishing Coorporation (1994). 235 p.


 3. Sivak, JG, and Sivak, JM. Conserved characteristics of ocular refractive development - did the eye evolve once? Exp Eye Res. (2019) 183:84–7. doi: 10.1016/j.exer.2018.05.007 

 4. Vallortigara, G, Rogers, LJ, and Bisazza, A. Possible evolutionary origins of cognitive brain lateralization. Brain Res Rev. (1990) 30:164–75. doi: 10.1016/s0165-0173(99)00012-0 

 5. Francke, M, Kreysing, M, Mack, A, Engelmann, J, Karl, A, Makarov, F , et al. Grouped retinae and tapetal cups in some Teleostian fish: occurrence, structure, and function. Progress Ret Eye Res. (2014) 38:43–69. doi: 10.1016/j.preteyeres.2013.10.001 

 6. Collin, SP
. Scene through the eyes of an apex predator: a comparative analysis of the shark visual system. Clin Exp Optom. (2018) 101:624–40. doi: 10.1111/cxo.12823 

 7. Gur, D, Nicolas, JD, Brumfeld, V, Bar-Elli, O, Oron, D, and Levkowitz, G. The dual functional reflecting Iris of the zebrafish. Adv Sci. (2018) 5:1800338. doi: 10.1002/advs.201800338 

 8. Norden, CA
. Fish eye view: retinal morphogenesis from optic cup to neuronal lamination. Ann Rev Cell Develop Biol. (2023) 39:175–96. doi: 10.1146/annurev-cellbio-012023-013036 

 9. Mat, A, Vu, HH, Wolf, E, and Tessmar-Raible, K. All light, everywhere? Photoreceptors at nonconventional sites. Physiol (Bethesda, Md). (2024) 39:23. doi: 10.1152/physiol.00017.2023 

 10. Landsberger, M, von der Emde, G, Haverkate, D, Schuster, S, Gentsch, J, Ulbricht, E , et al. Dim light vision - morphological and functional adaptations of the eye of the mormyrid fish. Gnathonemus petersii J Physiol. (2008) 102:291–303. doi: 10.1016/j.jphysparis.2008.10.015 

 11. Randall, JE
. Red Sea reef fish. Sea Challengers Inc. London, UK: Immel Publishing (1996):192.


 12. Abdelhak, E. Biological and fisheries studies on Lessepsian migrant fish of family Siganidae [dissertation thesis]. Marine Science Department, Port Said University: Faculty of Science. (2021).


 13. Bellwood, DR, and Choat, JH. A functional analysis of grazing in parrotfishes (family Scaridae): the ecological implications. Environ Biol Fish. (1990) 28:189–214. doi: 10.1007/BF00751035


 14. Onuk, B, Pehlivan, OY, and Yardimci, B. The fine structure of the turbot eye (Scophtalmus maximus): a macro-anatomical, light and scanning electron microscopical study. Microsc Res Tech. (2021) 84:1163–71. doi: 10.1002/jemt.23674 

 15. Demir, N
. Ichthyology (Ihtiyoloji). New Delhi, India: Nobel Publishers (2009). 454 p.


 16. Schreiber, AM
. Flatfish: an asymmetric perspective on metamorphosis. Curr Top Dev Biol. (2013) 103:167–94. doi: 10.1016/B978-0-12-385979-2.00006-X


 17. Perez, LN, Lorena, J, Costa, C, Araujo, M, Frota-Lima, MS, Matos-Rodrigues, GN , et al. Eye development in the four-eyed fish Anableps anableps: cranial and retinal adaptations to simultaneous aerial and aquatic vision. Proc Biol Sci. (2017) 284:20170157. doi: 10.1098/rspb


 18. Reckel, F, Hoffmann, B, Melzer, RR, Horppila, J, and Smola, U. Photoreceptors and cone patterns in the retina of the smelt Osmerus eperlanus (L.) (Osmeridae: Teleostei). Acta Zool. (2003) 84:161–70. doi: 10.1046/j.1463-6395.2003.00142.x


 19. Derbalah, A, El-Gendy, SAA, Alsafy, MAM, and Elghoul, M. Micro-morphology of the retina of the light-adapted African catfish (Clarias gariepinus). Microsc Res Tech. (2023) 86:208–15. doi: 10.1002/jemt.24252 

 20. El-Bakary, NE, Alsafy, MAM, El-Gendy, SAA, and Elarab, SME. New insights into the retinal microstructure-diurnal activity relationship in the African five-lined skink (Trachylepis quinquetaeniata) (Lichtenstein, 1823). Zool Lett. (2023) 9:7–11. doi: 10.1186/s40851-023-00205-w 

 21. Landgren, E, Fritsches, K, Brill, R, and Warrant, E. The visual ecology of a deep-sea fish, the escolar Lepidocybium flavobrunneum (smith, 1843). Philos Trans R Soc Lond Ser B Biol Sci. (2014) 369:20130039. doi: 10.1098/rstb.2013.0039 

 22. Lythgoe, J
. Vision in fishes: ecological adaptations In: MA Ali
, editor. Environmental physiology of fishes. New York: Springer (1980). 431–45.


 23. Banks, W
. Applied veterinary histology. Mosby Year Book. Boca Ranton, Florida: CRS Press. (1993):465–8.


 24. Kunz, YW
. Developmental biology of teleost fishes. Berlin, Germany: Springer (2004). 303 p.


 25. Franz-Odendaal, TA, and Vickaryous, MK. Skeletal elements in the vertebrate eye and adnexa: morphological and developmental perspectives. Dev Dyn. (2006) 235:1244–55. doi: 10.1002/dvdy.20718


 26. Kondrashev, SL, Gamburtzeva, AG, Gnjubkina, VP, Oju, O, and Pam Thi, MY. Coloration of corneas in fish: a list of species. Vis Res. (1986) 26:287–90. doi: 10.1016/0042-6989(86)90025-8


 27. Lythgoe, J
. The arrangement of collagen fibrils in the iridescent cornea of the scorpion fish, Taurulus (Cottus) bubalis, and the transparency of vertebrate corneal stroma. J Physiol. (1976) 262:1–13. doi: 10.1113/jphysiol.1976.sp011582 

 28. Collin, S, and Collin, H. The deep-sea teleost cornea. Histol Histopathol. (1998) 13:325–36. doi: 10.14670/HH-13.325


 29. Jermann, T, and Senn, D. Amphibious vision in Coryphoblennius galerita. L (Perciformes) Experientia. (1992) 48:217–8. doi: 10.1007/BF01930457


 30. Burnside, B
. Light and circadian regulation of retinomotor movement. Prog Brain Res. (2001) 131:477–85. doi: 10.1016/s0079-6123(01)31038-5


 31. Mills, S
. Histology for pathologists. Lippincott Williams and Wilkins. 5th Edition, Philadelphia, Pensylvania, USA (2019):1344.


 32. Harris, H
. On the rapid conversion of haematoxylin into haematein in staining reactions. J Appl Microsc Lab Met. (1900) 3:777.


 33. McManus, JFA
. Histological and histochemical uses of periodic acid. Stain Technol. (1948) 23:99–108. doi: 10.3109/10520294809106232 

 34. Goldner, J
. A modification of the Masson trichrome technique for routine laboratory purposes. Am J Pathol. (1938) 14:237–43.

 35. Alsafy, MAM, Seif, MA, El-Gendy, SAA, El-Beskawy, M, and El Dakroury, M. Ultrastructure of the oropharyngeal cavityf of the red porgy (Pagrus pagrus) by light and scanning electron microscopy. Microsc Microanal. (2023) 29:273–82. doi: 10.1093/micmic/ozac021


 36. Pankhurst, NW
. The relationship of ocular morphology to feeding modes and activity periods in shallow marine teleosts from New Zealand. Environ Biol Fish. (1989) 26:201–11. doi: 10.1007/BF00004816


 37. Muntz, WR
. Stimulus, environment and vision in fishes In: R Douglas and M Djamgoz, editors. The visual system of fish. New York: Springer (1990). 491–511.


 38. Fishelson, L, Ayalon, G, Zverdling, A, and Holzman, R. Comparative morphology of the eye (with particular attention to the retina) in various species of cardinal fish (Apogonidae, Teleostei). Anatom Rec Part A Discov Mol Cel Evol Biol. (2004) 277A:249–61. doi: 10.1002/ar.a.20005


 39. Kirschfeld, K
. The absolute sensitivity of lens and compound eyes. Z Naturforsch. (1974) 29:592–6. doi: 10.1515/znc-1974-9-1023


 40. Collin, SP, and Collin, HB. The fish cornea: adaptations for different aquatic environments In: BG Kapoor and TJ Hara, editors. Sensory biology of jawed fishes - new insights. New York: Science Publishers Inc. (2001). 57.


 41. Sattari, A, Kheirandish, R, and Asli, M. A histological study of the outer layer of rabbit fish (Siganus javus) eye. Comp Clin Pathol. (2014) 23:125–8. doi: 10.1007/s00580-012-1582-7


 42. El-Mansi, AA, Fouda, YA, and Sabry, DA. Comparative structural and functional study on the eye of freshwater teleosts: Clarias gariepinus, Malapterurus electricus, Anguilla anguilla and Oreochromis niloticus. Folia Biol (Kraków). (2018) 66:89–102. doi: 10.3409/fb_66-2.10


 43. Boonyoung, P, Senarat, S, Kettratad, J, Poolprasert, P, Yenchum, W, and Jiraungkoorskul, W. Eye structure and chemical details of the retinal layer of juvenile queen Danio Devario regina (fowler, 1934). Agricult Nat Resour. (2015) 49:711–6.


 44. Hu, W, Zhang, J, and Kang, B. Structure and function of corneal surface of mudskipper fishes. Fish Physiol Biochem. (2016) 42:1481–9. doi: 10.1007/s10695-016-0234-2 

 45. Hu, W, Mu, Y, Lin, F, Li, X, and Zhang, J. New insight into visual adaptation in the mudskipper cornea: from morphology to the cornea-related COL8A2 gene. Front Ecol Evol. (2022) 10:871370. doi: 10.3389/fevo.2022.871370


 46. Pcheliakov, V
. Features of the structure of the cornea of fish. Arkh Anat Gisto Embriol. (1979) 76:65–9.


 47. Collin, HB, and Collin, SP. The fine structure of the cornea of the salamanderfish, Lepidogalaxias salamandroides (Lepidogalaxiidae, Teleostei). Cornea. (1996) 15:414–26. doi: 10.1097/00003226-199607000-00012 

 48. Shand, J
. Corneal iridescence in fishes: light-induced colour changes in relation to structure. J Fish Biol. (1988) 32:625–32. doi: 10.1111/j.1095-8649.1988.tb05400.x


 49. Lythgoe, JN
. The structure and function of iridescent corneas in teleost fishes. Proc R Soc Lond B Biol Sci. (1975) 188:437–57. doi: 10.1098/rspb.1975.0030


 50. Franz-Odendaal, TA
. Intramembranous ossification of scleral ossicles in Chelydra serpentina. Zoologica. (2006) 109:75–81. doi: 10.1016/j.zool.2005.10.001 

 51. Franz-Odendaal, TA
. Scleral ossicles of teleostei: evolutionary and developmental trends. Anat Rec. (2008) 291:161–8. doi: 10.1002/ar.20639 

 52. O'Quin, KE, Doshi, P, Lyon, A, Hoenemeyer, E, Yoshizawa, M, and Jeffery, WR. Complex evolutionary and genetic patterns characterize the loss of scleral ossification in the blind cavefish Astyanax mexicanus. PLoS One. (2015) 10:1–19. doi: 10.1371/journal.pone.0142208 

 53. Herbert, NA, Steffensen, JF, and Jordan, AD. Gadus morhua and Greenland cod (Gadus ogac). Polar Biol. (2004) 27:748–52. doi: 10.1007/s00300-004-0657-6\


 54. Zigman, S
. Comparative biochemistry and biophysics of elasmobranch lenses. J Exp Zool. (1990) 256:29–40. doi: 10.1002/jez.1402560506 

 55. Khalil, S
. Structure of the eye of an adult bony fish, Gambusia (Haplochilus schoelleri). Folia Morphol (Praha). (1989) 37:195–200.

 56. Salem, M, and Al-Jahdal, M. Development, structure and function of the sense organs in the brownmarbled grouper Epinephelus fuscoguttatus (Teleostei: Serranidae). J Egypt Soc Biotech Environ Sci. (2006) 8:95–138.


 57. Witterberg, JB, and Haedrich, RL. The choroid rete mirabile of the fish eye. II. Distribution and relation to the pseudobranch and to the swimbladder rete mirabile. Biol Bull. (1974) 146:137–56. doi: 10.2307/1540403


 58. Somiya, H
. Fishes with eye shine: functional morphology of guanine type tapetum lucidum. Mar Ecol Prog Ser. (1980) 2:9–26.


 59. Nicol, JA, and Arnott, HJ. Studies on the eyes of toadfishes Opsanus. Structure and reflectivity of the stratum argenteum. Can J Zool. (1980) 58:114–21. doi: 10.1139/z80-015


 60. Azab, AM, Shoman, HM, El-Deeb, RM, Abdelhafez, HM, and Samei, SEA. Comparative studies on the histology of eye retina in some Nile fishes with different dial activities. Egypt J Hospit Med. (2017) 68:815–23. doi: 10.12816/0038179


 61. Toguyeni, A, Fauconneau, B, Boujard, T, Fostier, A, Kuhn, E, Mol, K , et al. Feeding behaviour and food utilization in tilapia, Oreochromis niloticus: effect of sex ratio and relationship with the endocrine status. Physiol Behav. (1997) 62:273–9. doi: 10.1016/S0031-9384(97)00114-5



Copyright
 © 2024 Derbalah, El-Gendy, Abd-ElHafeez, Soliman, El-Mansi, Seif, Rashwan, Eldesoqui, Rutland, Kubale and Alsafy. 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/xhtml/Nav.xhtml




Contents





		Cover



		Light and scanning electron microscopy of the eye of Siganus luridus (Rüppell, 1828)



		1 Introduction



		2 Materials and methods



		2.1 Specimens and ethics



		2.2 Light microscopy



		2.3 Scanning electron microscopy and morphometric analysis



		2.4 Micrometric analysis









		3 Results



		3.1 Gross anatomical observations



		3.2 Light and scanning electron microscopic findings in the rostral part of the eye



		3.3 Light and scanning electron microscopic findings in the lens



		3.4 Light and scanning electron microscopic findings in the middle and posterior parts of the eye









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fvets-11-1417278-g012.jpg
Retina layers Thickness mean (pm)
PE 6298422172
PRL 67875332
[ 174320133
ONL 422331763
OPL 15524221642
INL 529911804
L 57675820958
[ 10524220803
NFL 156151321
LM 237980290
ONL/INL 07902008

PE

PRL OLM ONL OPL

INU

L GCL

NFL

wm

® Thickness (um)





OPS/images/fvets-11-1417278-g011.jpg





OPS/images/fvets-11-1417278-g010.jpg





OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Light and scanning electron
microscopy of the eye of Siganus
luridus (Ruppell, 1828)












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






OPS/images/fvets-11-1417278-g005.jpg
50l






OPS/images/fvets-11-1417278-g006.jpg
8
e
]
¥

Sy
N ,/«)e.%

&

S






OPS/images/fvets-11-1417278-g003.jpg





OPS/images/fvets-11-1417278-g004.jpg





OPS/images/fvets-11-1417278-g009.jpg
wg%wﬁ Wik

2o






OPS/images/fvets-11-1417278-g007.jpg





OPS/images/fvets-11-1417278-g008.jpg





OPS/images/fvets-11-1417278-g001.jpg





OPS/images/fvets-11-1417278-g002.jpg





