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The eye of a cephalopod is a well-known example of convergent evolution and resembles the vertebrate eye. Although cephalopods and vertebrates exhibit similar eye form and function, they differ in visual origin and structure. The common long-arm octopus (Octopus minor) is a good model system in evolutionary and developmental studies due to its highly centralized nervous system, shorter life cycle, and specific camera-type eyes that contribute to convergence with vertebrate eye. Lens-containing eyes represent a significant improvement of simple eye and have evolved by convergent mechanisms, a variety of lenses and corneas containing diverse crystallin. The diversity and taxon-specificity of lens crystallin is indicative of convergent evolution of crystallin roles. Previous studies have focused on morphological, ontogenetic and phylogenetic analysis of crystallin to understand the evolution of lens-containing eyes. However, little is known about the functional analysis of taxon-specific crystallin genes at the molecular level in the eye of O. minor. Using an embryonic staging system of Octopus minor as a model system, we investigated fifteen genomes and the structure of eye by immunohistochemistry, phalloidin staining and the three-dimensional structures. We also obtained the crystallin-related genes (i.e., α-, S-, and Ω-crystallin) from the transcriptome data of O. minor. Subsequent molecular phylogenetic analysis based on these genes revealed a distinct divergence pattern among the three gene classes and further suggested the evidence supporting the taxon-specific convergent evolutionary trend. We analyzed the expression pattern of crystallin genes via in situ hybridization during developmental stages. All crystallin genes are commonly expressed in the lentigenic cells of ciliary body. The α-crystallin found in cephalopods was also expressed at the peripheral region of the lens including ciliary body, suggesting a possible role in lens formation in cephalopods. This study will provide information on the eye development of O. minor and support the typical models of convergent evolution by demonstrating independent recruitment of different types of proteins to fulfill their unique visual role.
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Introduction

Animal eyes are photoreceptive organs for collecting light from the surrounding environment and elicit response to various stimuli, including visual system. These photoreceptive organs are diverse in structure and range from light-sensitive cells to complex structures for precise images in some group of arthropods, mollusks, and vertebrates (Ogura et al., 2004). Phylum Mollusca has developed different types of eyes such as the concave mirror eye, the pinhole eye, and the camera-type eye with considerable variation (Land, 1965; Land and Fernald, 1992; Serb and Eernisse, 2008; Ogura et al., 2013). Coleoid cephalopods such as octopuses, cuttlefish and squid possess camera-type eye which consists of an iris, a circular lens, vitreous cavity (eye gel), photoreceptor cells, similar to vertebrate eyes (Serb, 2008). Despite the similarities in overall structure, the role of opsin family members in phototransduction within the photoreceptors, the camera-type eyes of vertebrates and cephalopods are thought to have evolved independently and thus represent a classic example of convergent evolution (Yoshida et al., 2015).

There have been reports on the evolution of image-forming eyes in cephalopods of invertebrates with camera-type and in vertebrate (Zinovieva et al., 1999; Gehring, 2005; Yoshida et al., 2015). The Pax6, as common master control gene for eye development, especially in ocular primordia, optic ganglia, and the photoreceptor organ, was expressed in both types of eyes, indicating that the divergence of these two types of eyes from a single prototype eye exists in the common ancestor of cephalopods and vertebrates (Ogura et al., 2004). In addition, a larger number of conserved genes with similar expression, as well as specific genes such as Ets-4, cornichon, and centaurin gamma homologs, may be responsible for the convergent evolution of the camera-type eye (Yoshida et al., 2015). Differences in the composition of lens proteins such as crystallin and their regulators in the camera-type eyes of vertebrates compared with cephalopods are attributed to diverse genes, resulting in convergent morphological evolution of the camera eyes (Jonasova and Kozmik, 2008).

Primitive eyes can only provide information about light intensity and direction. Additional optical elements such as lens and cornea increase light capture and produce an image with dramatically improved optical performance (Jonasova and Kozmik, 2008). The lens evolved initially as the protein-filling structure for concentrating the incident light from the environment onto the receptor cells of the retina in the eye (Chiou, 1988). The transparency and refractive power of lens and cornea are attributed to water-soluble proteins known as crystallin (Piatigorsky, 2003). The diversity and taxon-specificity of lens crystallin throughout the animal kingdom is indicative of convergent evolution of crystallin roles (de Jong et al., 1993). Proteins used as lens crystallin are often related to ubiquitously expressed metabolic enzymes of physiological stress proteins (de Jong et al., 1993). Cephalopod lenses are mainly composed of S-crystallin and Ω-crystallin (minor proteins), which have evolved from glutathione S-transferase (GST) and aldehyde dehydrogenase (ALDH), respectively (Piatigorsky, 1998). The three major gene families of crystallin in vertebrate lenses include α-crystallin, β-crystallin, and γ-crystallin. The β- and the γ-crystallin are evolutionarily related protein families that constitute most of the refractive structure of vertebrate eye lens (Bloemendal et al., 2004). α-crystallins are key members belonging to the superfamily of small heat shock proteins (sHSPs) which have been studied in the ocular lens (Slingsby et al., 2013). The novel functions of α-crystallin has been identified in the retina and in the retinal pigmented epithelium (Kannan et al., 2012) and has a structural function in the lens, contributing to the high protein concentration in the lens fiber cells (Horwitz, 2000).

Among the cephalopods, O. minor is a good model in evolutionary and developmental studies due to its highly centralized nervous system, its relatively small size, shorter life cycle (approximately one year) and specific camera-type eyes that contribute to convergence with vertebrate eyes (Shigeno et al., 2018). In addition, research resources such as whole genome information (Kim et al., 2018) and brain atlas (Jung et al., 2018) make O. minor advantageous for studying convergent evolution. However, in contrast to previous studies investigating the eye development in squid and cuttlefish, studies on the eye development process at the molecular level in octopus until now are insufficient, although many general anatomical and physiological studies of octopus visual system have been reported (Hanke and Kelber, 2020). There have been many comparative genome studies for clarifying genetic mechanism that contributed to the evolution of the cephalopod camera eye within the Mollusca (Yoshida and Ogura, 2011). Recently, the genome of Nautilus pompilius, a non-coleoid cephalopod, was also analyzed to investigate eye evolution within Mollusca (Zhang et al., 2021), suggesting that independent gene losses in nautilus and expansion of crystallins in coleoids may be instrumental in driving eye evolution in cephalopods. However, little is known about the functional analysis of taxon-specific crystallin genes at the molecular level in the eye of O. minor in cephalopods. In this study, we investigate the morphology of eye during the development using histological and molecular assays. We attempted the molecular phylogenetic analysis involving the crystallin-related genes from diverse animal groups to explore an evolutionary trend of divergence or convergence of the genes, and consequently suggested that the cephalopod genome contains S-, Ω-, and α-crystallin. Then, we performed in situ hybridization to determine the spatial and temporal expression of S-, Ω-, and α-crystallin during eye development in O. minor.





Materials and methods




Animal

To obtain O. minor embryos, sexually mature females and males are purchased from commercial catches in the coastal regions of Jeollanam-do, Republic of Korea, in May of 2017-2019. The species and sex were identified by morphology. All experiments were designed to minimize the number of animals and their suffering in accordance with management of cephalopods in the laboratory (Boyle, 1991; Sakaue et al., 2014). After mated with a male octopus for 7 days, each female octopus was isolated in a spawning net and then maintained in the fresh seawater tank at Jeollanam-do Ocean & Fisheries Science Institute (Sinan, Jeollanam-do). Mated females were monitored and fed with Manila clams until they spawned. Spawning dates and seawater conditions were checked daily. At the required developmental stage, embryos were moved and incubated in artificial culture system in dark condition. Temperature was 16°C and Salinity was 33‰ (Practical salinity unit) with artificial sea salt (Reef Crystals, Aquarium systems). Only embryos were separated from yolk and were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) in phosphate-buffered saline (PBS) and stored at 4°C until use.





Histological analysis

Samples (about 5 to 10 samples taken from each stage) were fixed in 4% PFA in PBS for overnight at 4°C. For H&E (hematoxylin and eosin) staining and immunohistochemistry, samples were dehydrated in sucrose series and embedded in O.C.T. compound (VWR) and rapidly frozen in liquified nitrogen (Jung et al., 2018). Cryo-sectioned samples (6 µm) were cut with a CM1520 cryostat (Leica) and stored at –70°C until use.





Immunohistochemistry and phalloidin staining

To detect F-actin, we incubated fixed embryos in Texas-red-conjugated phalloidin (Texas Red™-X phalloidin, Invitrogen T7471: PBS = 1:50) overnight. For immunohistochemistry, fixed samples were incubated in the blocking solution (Sigma, 11096176001, St. Louis, MO, USA) overnight, then incubated with mouse anti-acetylated α-tubulin antibody (1:500 in blocking solution; Sigma, T-7451, St. Louis, MO, USA) at room temperature for 1 day. Samples were washed 3 times for 10 min and overnight in PBT (1× PBS + 0.1% Tween20). After several washes, the secondary antibody (1:1000 in PBT; Alexa Fluor 488 Goat anti-mouse ab150113, Abcam, Cambridge, UK) was applied for 1 day at room temperature. For nuclei staining, samples were incubated in DAPI (4′,6-Diamidino-2-phenylindole dihydrochloride) solution (1:1000 in PBT; Thermo Fisher Scientific, D1306, Waltham, MA, USA) for 30 min. After several times of washing in PBT, samples were mounted in Fluoromount-G (Southern Biotech, Birmingham, AL, USA).





Scanning electron microscope (tissue sampling)

The tissue of eye was cut into 0.5-1mm3 and fixed in 4% PFA for overnight. Thereafter, the tissues were washed with PBS and post-fixed in dark condition with 1% Osmium tetroxide (wPBS). And then the tissues were washed with PBT and dehydrated with EtOH series, followed by Isopentyl acetate (Alfa Aesar): EtOH series, and 100% Isopentyl acetate. And the samples were dried for 3 days under dark condition in a hood. The sample was photographed using a Field Emission Scanning Electron Microscope (ULTRA PLUS) of the Center for Research Facilities of Chungbuk National University.





Crystallin gene search and identification

To obtain the crystallin genes in the transcriptome data of O. minor, the protein sequences of the α-, S- and Ω-crystallin genes from relatively well-studied organisms were priorly acquired through the UniProt database (https://www.uniprot.org): two sequences of α-crystallins from Homo sapiens (human), seven S-crystallins from Enteroctopus dofleini (the giant Pacific octopus) and Octopus vulgaris (the common octopus), and one Ω-crystallin each from Nototodarus sloanii (the New Zealand arrow squid) and E. dofleini (see Supplementary Table 1). Using these sequences as the initial search queries, the putative orthologous genes were sought out from our legacy data of a transcriptome assembly for O. minor using BLAST (standalone tblastn, ver.2.10.0+) software (Altschul et al., 1997; Camacho et al., 2009). The obtained nucleotide sequences were translated into the amino acid sequences on the basis of the standard genetic code, and those amino acid sequences were verified again in another BLAST (blastp, https://blast.ncbi.nlm.nih.gov/Blast.cgi) search at the National Center for Biotechnology Information (NCBI). Additional crystallin gene searches for other 15 animal species in five phyla (Porifera, Cnidaria, Echinodermata, Chordata and Mollusca) were also conducted. For this, the preassembled protein data of these organisms were downloaded from the genome database (https://www.ncbi.nlm.nih.gov/genome) of the GenBank at NCBI. The orthologs of the crystallin genes were sought out from each downloaded dataset based on the initial query sequences and the inspected O. minor sequences using OrthoVenn2 (Xu et al., 2019) (https://orthovenn2.bioinfotoolkits.net). The newly obtained nucleotide sequences of O. minor were submitted to GenBank under following accession numbers: MZ269473-MZ269478.





Phylogenetic analysis

All genes were merged into one set, and the multiple sequence alignment was then generated by MAFFT (ver.7.475) software (Katoh et al., 2002; Katoh and Standley, 2013). The Best-fit model selection for the phylogenetic tree reconstruction was sought out using IQ-TREE2 (ver.2.1.2) software (Kalyaanamoorthy et al., 2017; Minh et al., 2020) based on the corrected Akaike Information Criterion (AICc). The phylogenetic tree was reconstructed with initial 3,000 pseudo-replicates based on “LG+F+G4” model using RAxML-NG (ver. 1.0.1) software (Kozlov et al., 2019). The bootstrap supporting values for the branches were calculated under the transfer bootstrap expectation (Lemoine et al., 2018). The tree visualization was carried out using FigTree (ver. 1.4.4) software.





Developmental and tissue specific semiquantitative RT-PCR

The PCR reactions were performed under the following cycling conditions: pre-denaturation at 98°C for 5 min, followed by 30–40 cycles of denaturation at 98°C for 30 s, elongation at 72°C for each sequence length related times, and a final elongation step at 72°C for 5 min. A 10 μL aliquot of each PCR reaction was removed after 28 cycles, while the remaining material underwent five additional cycles of amplification (for the details of primer information, see Supplementary Table 2).





Gene identification, gene cloning, and probe synthesis

We isolated total RNA from O. minor embryos of different developmental stages using TRIzol (Ambion, Austin, TX, USA). We selected mRNA from RNA using Oligo (dT) primers (Promega, Madison, WI, USA) and then conducted reverse transcription into cDNA (SuperScript II First-Strand Synthesis System for RT-PCR, Invitrogen, Waltham, MA, USA). The primers of the crystallin gene were the same as the primer of Semiquantitative RT-PCR.

The amplified genes fragments were subcloned into pGEM T vectors (Promega, Madison, WI, USA) and sequenced to confirm their identities. Then, these subcloned inserts were amplified using universal SP6 and T7 promoter primers (SP6 primer: 5’- TATTTAGGTGACACTATAG -3’; T7 primer: 5’- TAATACGACTCACTATAGG -3’). The PCR-amplified linear templates were used to synthesize an in vitro-transcribed antisense riboprobe (MEGAscript Transcription kit, Ambion, Austin, TX, USA). The genes are available under accession numbers XM_036502845 (Omi_scry2), XM_029799677.2 (Omi_scry4), XM_036498903.1 (Omi_cryab), and XM_029787702.2 (Omi_crom). Digoxigenin-labeled RNA probes were synthesized from the cloned fragments. The sizes of the probes were Omi_crom 924bp, Omi_scry2 846bp, Omi_scry4 766bp, and Omi_cryab 945bp, respectively.





In situ hybridization in O. minor

Fixation of the embryos was performed with 4% paraformaldehyde (PFA, Sigma-Aldrich, Saint Louis, MO, USA) for overnight. The fixed embryos were washed 5 × 5 min in 0.1% PBT (phosphate-buffered saline and 0.1% Tween 20) and permeabilized by treatment with 0.5 mg/mL proteinase K (Biofact, Daejeon, South Korea) in PBT for 10 min at room temperature. Proteinase K treatment was followed by 3 × 5 min rinses in a solution containing 2 mg/mL glycine in PBT, and 2 × 10 min washes in PBT at room temperature. Following additional 10 min washes in 0.5 mL 0.1 M triethanolamine buffer (TEA, pH 8.0, Sigma-Aldrich, Saint Louis, MO, USA), they were treated for 5 min with 0.5 mL of TEA supplemented with 2.7 µL of acetic anhydride. The embryos and section samples were then rinsed 3 × 5 min in PBT and post-fixed for 1 h in 4% PFA. The embryos and section samples were washed five times for 3 × 5 min each in PBT at room temperature. Further protocol conditions were identical to those described by Cho et al. (Cho et al., 2010).






Results




Embryonic stages of O. minor

The embryogenesis of O. minor shows the typical developmental process of cephalopods such as early embryo is telolecithal, and the movements of gastrulation are epibolic. We investigated and adopted the morphological criteria defined for Octopus bimaculoides (Shigeno et al., 2015) and Octopus vulgaris (Naef, 1928) to stage the embryonic development of O. minor based on morphological characteristics (Figure 1). Embryos attached to the net were cultured in vitro under specific conditions (Figure 1B). Stage 8 embryos developing on day 25 after spawning were found in the lower region of the yolk. The embryos showed peristaltic movements of yolk and the primordia of eye were apparent, but not pigmented. Stage 10 embryos (day 30) showed distinct orange eye pigmentation. At stage 12 (day 33), mantle formation was initiated; however, it did not completely cover the internal organs. In addition, the embryo was located at the far end of the yolk, with suckers developing on the arms, and the eyes gradually darkening from brown to black. The heartbeat was visible in stage 14 embryos (day 35), and arm movement was detected at stage 16 (day 38). The stage 18 (days 40 to 45) embryo showed pigmented internal organs, arm movements, and clearly demarcated brain and optic lobes. Subsequently, the yolk-sac size decreased rapidly from stages 24 (day 50 to 60) to 28 (day 70 to 80), and the pigment in the internal organs and arms increased. Alongside the development of the mantle and tissues, the embryo manifested camouflage and active motility (Figure 1C). The embryos were selected from stage 10, which is suited for cryo-section, to stage 18-20 when the outer segment of the photoreceptor is formed for morphological and molecular studies of O. minor eye.




Figure 1 | O. minor as an experimental model (A) Adult of an O. minor. (B) Embryo culture system of an O. minor. Cocoon is attached by an attachment substance. Each cocoon has a long diameter of 10–20 mm, a short diameter of 5 mm. (C) Developmental stages of an O. minor. The early embryo of stage 8 was first observed from about 25 days in the lower part of the yolk after spawning. Stage 10 embryos showed distinct orange eye pigmentation. Mantle formation was initiated at stage 12. The heartbeat was visible in stage 14 embryos. Stage 18 embryo showed pigmented internal organs, arm movements, and clearly demarcated brain. Scale bar: 10cm.







Morphological studies of O. minor eye during developmental stages

To investigate the eye structure during the development, we performed H&E staining and immunohistochemical analysis using anti-acetylated α-tubulin and phalloidin staining (Figure 2). The anti-acetylated tubulin and phalloidin staining are used to visualize the axonal processes and general neuroanatomy (Gross and Mayer, 2015; Baldascino et al., 2017), and the distribution of F-actin in muscle cells (Jahnel et al., 2014), respectively.




Figure 2 | Structural analysis of histological and molecular of an O. minor eye during developmental stages (A, B) Images of H&E staining in O. minor at the longitudinal sectional view. (A) The histological structure of the O. minor visual system is composed of CB, DS, SCN, PCN, BM, OGL, OPL, and OL from the outside to the inside. (B) As the developmental stage progresses, the size of the lens increases, and from stage 16, it is separated into anterior and posterior lenses as indicated by a red dashed line. In addition, in stages 18-20, SCN, PCN, and DS are clearly distinguished. (C) Images of phalloidin staining (red) and DAPI counterstaining (blue) in O. minor eye. As shown in the H&E staining of (B), it was confirmed that it is divided into anterior and posterior lenses at stage 16 as indicated by a white dashed line. (D) Localization of acetylated α-tubulin (green) and DAPI counterstaining (blue) in O. minor eye. Scale bar: 100μm. AL, anterior lens; BM, basal membrane; CB, ciliary body; DS, distal segments of photoreceptors; L, lens; OGL, outer granule cell layer; OPL, outer plexiform layer; OL, outer layer; PCN, photoreceptor cell nuclei; PL, posterior lens; R, retina; SCN, supporting cell nuclei; White arrowhead indicates F-actin enrichment location. Yellow arrowhead indicates acetylated α-tubulin distribution and optic chiasm in eye. Each column in (B–D) represents the same stage. The images were taken with a Leica DM6 B microscope. Mosaic images (2A and adult images) were taken by EVOS FL Auto2 (Invitrogen) microscope.



In contrast to vertebrates, the distal segments of the photoreceptors (DS) were arrayed anteriorly in the first region exposed to light, followed by a layer of supporting cell nuclei (SCN), basal membrane (BM) and photoreceptor cell nuclei (PCN) located at the posterior of the retina. O. minor eye also contained an outer plexiform layer (OPL) behind the outer granule layer (OGL) for integration of visual information (Figure 2A).

To elucidate eye development during embryogenesis, we compared the embryos at stages 12 to 20 with adult (Figure 2B). At stage 12, the lens was clearly visible, and the pigment color of the DS turned darker in later stages. The posterior lens formed first, followed by the anterior lens, which was apparent at stages 16-18 (Figures 2B, C). Further, the SCN and PCN layers were clearly distinguished from the basal membrane in the retina with the elongated DS. The lens constituted a high proportion of the adult O. minor eye, and the anterior and posterior lenses were clearly distinguished. Also, compared with the embryonic stage, the DS were predominant in the adult retina (Figure 2B). Next, we investigated the distribution and arrangement of F-actin in muscle during eye development via phalloidin staining (Figure 2C). The DS was stained as described in the previous study of cephalopods (Koenig et al., 2016). The DS carried an increasing number of F-actin fibers according to the developmental stage. The configuration of circular F-actin fibers inside the lens was similar to the F- actin organization in the wild-type lens of zebrafish embryo (Hayes et al., 2012). To identify the distribution and arrangement of nerves during the eye development, we performed immunostaining assays using an acetylated α-tubulin antibody, followed by counterstaining with DAPI (Figure 2D). In stage 12, the optic chiasm, in which nerves intersect with optic lobes, was observed. In addition, nerves were distributed in the area containing lentigenic cells derived from the ectoderm (yellow arrowhead), which is likely a result of the growth of long cytoplasmic projections from the lentigenic cells to make the lens. Acetylated α-tubulin in the lens were gradually concentrated toward the outer side of the lens in stage 14 and 16 and the nerve fibers were distributed on the border of the ciliary body (CB) at stage 18 (Figure 2D).





Morphological analysis of adult O. minor eye

Morphological analysis was performed via SEM (Figures 3B, C) and immunohistochemistry of muscle and nerve in the adult eye (Figure 3A). The nerves of the CB extended from the outer edge to the inside. F-actin extended along the midline and branched between the nerves (Figure 3A). F-actin was enriched in the iris without nerve fibers. F-actin was distributed at a high density in the DS in the retina.




Figure 3 | Molecular characterization and SEM images of an O. minor eyes (A) Colocalization of acetylated α- tubulin and F-actin in eye of O. minor at adult stage. The CB is composed of a large amount of F-actin in the structure of the O. minor visual system. (B) Scanning electron microscope images in lens and ciliary body of O. minor at adult stage. It showed that large amount of F-actin is distributed between the anterior and posterior lenses as indicated by white arrowhead in (A, B). (C) Scanning electron microscope images in O. minor retina at adult stage. It is shown that there are PGs in the DS of retina. Scale bar: 100μm. CB, ciliary body; DS, distal segments of photoreceptor; I, iris; LC, lentigenic cells; PCN, photoreceptor cell nuclei; PFL, plexiform layer; PG, pigment granule; SCN, supporting cell nuclei. White arrowhead indicates F-actin distribution. The images were taken with a Leica DM6 B microscope and Field Emission Scanning Electron Microscope (ULTRA PLUS).



To elucidate the 3D structure of O. minor eyes in the adult stage, the retina, lens, and ciliary elements were analyzed by SEM (Figures 3B, C). The lens was ensheathed by the CB consisting of numerous fibers and there were numerous microfibers in the septum. As shown in Figure 3A, the CB is composed of nerves and bundles of F-actin. Phalloidin staining also confirmed the presence of muscle fibers in the microfibers, indicating the connection between anterior and posterior lenses via F-actin fibers (Figures 3A, B; white arrowhead). DS constitutes a large proportion of the adult retina and contains pigment granules (PG) (Figure 3C) (Hanke and Kelber, 2020).





Phylogenetic analysis of crystallin genes

A total 66 crystallin-related genes from diverse animal phyla were obtained and used to reconstruct the phylogenetic tree; Among those genes involved, one α-crystallin B chain (GenBank accession number MZ269473), two S-crystallins 2 and 4 (MZ269474, MZ269475), and one Ω-crystallin (MZ269476) and two closely related retinal dehydrogenases (MZ269477, MZ269478) were newly determined from our transcriptome data of O. minor. The phylogenetic tree resolved three well-diverged gene classes of α-crystallin/small heat shock protein family, glutathione S-transferase protein family and aldehyde dehydrogenase protein with high maximum-likelihood bootstrap (MLB) support values (MLB > 95%). Each gene family carried the newly identified α-, S- and Ω-crystallin genes of O. minor (Figure 4).




Figure 4 | Phylogenetic tree showing a clade containing the S- crystallin (A), Omega- crystallin (B) and α-crystallin (C) of Cephalopoda with the glutathione S-transferase, aldehyde dehydrogenase and small heat shock protein families. Genes from Cephalopoda were highlighted in blue, green and red and those from Chordata were in grey. Red box indicates O. minor gene. Blue box indicates crystallin-related genes, but not crystallin genes. Numbers near branches indicate the bootstrap supporting values.



The sub-phylogenetic tree of α-crystallin contained additional sHSPs (mainly derived from Echinodermata and Cnidaria) and major egg antigens (from Gastropoda and Bivalvia). Excluding those genes, there were two distinct α-crystallin groups belonging to Chordata and Cephalopoda (MLB = 88%; Figure 4C, grey- and red-highlights). Two genes annotated as ‘α-crystallin’ in Asterias rubens (Echinodermata) and Biomphalaris globrata (Gastropoda) were found in unexpected phylogenetic positions. Nonetheless, our α-crystallin B chain gene was still strongly related to the genes derived from the congeneric O. bimaculoides and O. sinensis. The S-crystallin subtree showed similar orthologue clustering for the cephalopod S-crystallins separate from the evolutionarily related glutathione S-transferases (MLB = 86%; Figure 4A, blue-highlight). The subtree for the Ω-crystallins also presented a monophyletic clade of the cephalopod Ω-crystallin genes (MLB = 85%; Figure 4B, green-highlight). Two additional O. minor genes, both identified as the retinal dehydrogenase in this study, were differentiated from the Ω-crystallin gene group. The gene identity of the present O. minor sequence was eventually established as Ω-crystallin.





Temporal expression of crystallin genes during eye development

We suggested the presence of small heat shock protein, glutathione S-transferase and aldehyde dehydrogenase families acting as a crystallin in cephalopods through phylogenetic analysis. Thus, to examine the temporal expression of crystallin genes during eye development, we performed a semi-quantitative RT-PCR using Omi-beta actin as an internal control with RNA samples derived from several stages (10, 14, 18 and 20) (Figures 5A, B) during eye development. Omi-crom was weakly expressed in all stages (10, 14, 18 and 20). Omi-scry2 and Omi-scry4 were strongly expressed in late stages 18, 20 and 20, respectively (Figures 5A, B). Interestingly, unlike S-, Ω-crystallin genes, Omi-cryab was expressed at all stages and gradually increased during eye development, particularly showing strong expression pattern in stage 20 (Figures 5A, B), suggest that α-crystallin, which is known to be the major protein of the mammalian lens in most species (Augusteyn, 2004), is also involved in eye development in cephalopods (Figure 4). All crystallin genes were not expressed in the trunk as a control.




Figure 5 | Expression analysis of crystallin genes in O. minor(A) Expression level confirmation from semi-quantitative RT-PCR. Standard deviations were calculated from three independent sq RT-PCR experiments. (B) Highly expressed genes in situ hybridization at St. 14 crystallin. (C, D) Section in situ hybridization during developmental stages (St. 18, St. 20, and adult) in O. minor. (E) Schematic drawings of crystallin gene expression in O. minor. AL, anterior lens; CB, ciliary body; I, iris; L, lens; LC, lentigenic cells; PL, posterior lens. Green arrow indicates the lentigenic cell. The section images were taken with a Leica DM6 B microscope. Scale bar: 50μm. Images of whole-mount in situ hybridization were taken by Zeiss microscope. Scale bar: 500μm.







Spatial expression of crystallin genes during eye development

Cephalopod lenses are mainly composed of S-crystallin and Ω-crystallin (a water soluble protein), which are evolved from glutathione S-transferase (GST) and aldehyde dehydrogenase (ALDH), respectively [12]. Although there have been many studies on the structure and composition of S-crystallin (Tomarev and Zinovieva, 1988; Piatigorsky and Wistow, 1991; West et al., 1994; Tomarev et al., 1995; West et al., 1995; Tomarev and Piatigorsky, 1996), the functional study of crystallin genes at the molecular level has not been studied yet. To determine their spatial expression pattern of cephalopod-specific crystallin genes, such as S-crystallin (Omi_scry2, Omi_scry4), showing strong expression pattern in the late stage of eye development, we performed whole mount in situ hybridization during the developmental stage and observed the expression of Omi_scry2 and Omi_scry4 in the eye of stage 14 embryos. As shown in the cross-sectional view (Figure 5C), both Omi_scry2 and Omi_scry4 were found to be broadly expressed in LC in the ciliary body at stage 14, 18, 20 and adult.

Mishra et al. (2018) reported that α-crystallin B chain play a critical role in the development of the lens and stress resistance of the heart through α-crystallin B mutants in zebrafish (Mishra et al., 2018). The expression pattern of α-crystallin was analyzed through whole-mount in situ hybridization to see if this gene, which plays a very important role in lens development in vertebrates, is also conserved in the cephalopod octopus. The α-crystallin was strongly expressed in the lens, showing weak expression in the ciliary body at stage 14 embryos. As the cross-sectional view (Figures 5B–D), α-crystallin gene (Omi_cryab) was strongly expressed along the peripheral regions of the lens and at the tip of LC from stage 14 to adult.

The schematic diagram summarizes the expression patterns of crystallin genes (Figure 5E). Since crystallin is the major protein constituting lens, all crystallin genes were expressed in lentigenic cells, and particularly α-crystallin gene in the peripheral region of the lens.






Discussion

The camera-type eye of octopus is similar to that of vertebrates including humans. However, phylogenetic analyses and developmental studies suggested independent acquisition of camera eyes, which is a typical example of convergent evolution. Several studies have reported the visual system of octopus (Ogura et al., 2004; Yoshida et al., 2015); however, little is known about the molecular mechanisms or the diversity of cell types and structure such as muscles and nerves during eye development. First, we characterized the developmental processes in O. minor as a model system based on the morphogenesis of the embryo. Eye development during embryogenesis was investigated by selecting stage 12-20 embryos, in which the pigmentation of eye was apparent (Figure 1).

Cephalopods carry everted retina with rhabdomeric photoreceptors towards the light in contrast to the inverted retina carrying ciliary photoreceptors in vertebrates. We also showed that the DS faces the front of the eye, followed by SCN, BM and PCN, which is consistent with previous studies involving cephalopods (Figure 2A).

In contrast to fish, the lens of octopus consists of anterior and posterior elements divided by a septum, as reported by Budelmann, 1995 (Figures 2B, C). The circular F-actin arrangement inside the lens showed a pattern similar to the wild-type lens of zebrafish embryo (Hayes et al., 2012) (Figure 2C). The acetylated α-tubulin in the lens were gradually concentrated toward the exterior of the lens and distributed on the periphery of the lens and CB during the developmental process (Figure 2D). Our results showed that the DS and iris were rich in F-actin in the adult stage, and the lens showed a high density of circular F-actin, which is essential for strong refraction in an aquatic environment (Cheng et al., 2017). Based on immunostaining and SEM findings, the CB was composed of nerves and muscle fibers, and both the anterior and posterior lenses were connected by F-actin fibers.

The diversity and taxon specificity of lens crystallin throughout the animal kingdom is indicative of their convergent evolution. Lens crystallin is often related to ubiquitously expressed metabolic enzymes or physiological stress proteins. All vertebrate lenses contain α-crystallin belonging to the family of small heat shock proteins (Ingolia and Craig, 1982; de Jong et al., 1993) and β/γ-crystallins are related to microbial stress (Wistow, 1990; D'Alessio, 2002). The present molecular phylogenetic analyses were performed to establish the taxon specificity of the three groups of crystallin genes and provide further evidence supporting their convergent evolution. The newly identified genes from O. minor were orthologous to α-, S- and Ω-crystallin. The α-crystallin was found in both vertebrate and cephalopod group, but were still divided into two subgroups by taxon. The α-crystallin is the main lens protein in mammalians contributing to lens transparency and refractive index. As reported previously, α-crystallin also exhibits a protective function similar to other small heat shock proteins (sHSPs) in terms of thermostability and inhibition of denatured protein precipitation (Bakthisaran et al., 2015). Sharing the functional properties and the highly conserved domain with the other sHSPs molecules suggests a probable divergence from a common ancestor, despite acquisition or loss of specialized roles via evolutionary processes. However, the distinct gene clusters of S- and Ω-crystallin establish their taxon specificity only to the cephalopods. This finding supports the typical models of convergent evolution by demonstrating independent recruitment of different types of proteins to fulfill their unique visual role.

To determine the temporal expression of crystallin genes during eye development, we performed semi-quantitative RT-PCR using Omi-beta actin as an internal control with RNA samples at several stages (10, 14, 18 and 20) (Figures 5A, B). The levels of all crystallin genes were increased at later stages, demonstrating differential expression patterns due to the accumulation of lens proteins (Arnold, 1967; West et al., 1994). We then visualized the expression of cephalopod crystallin genes, such as the S-crystallin genes (Omi_scry2, Omi_scry4), and α-crystallin gene (Omi_cryab) via in situ hybridization during the developmental stages. All crystallin genes are commonly expressed in lentigenic cells of ciliary body. The α-crystallin was also expressed at the peripheral region of the lens including LC (Figure 5C). The expression of all crystallin genes in the lentigenic cells suggests that crystallin continues to be synthesized during eye development and is important in lens formation in cephalopods (Figure 5E) (West et al., 1994).





Conclusions

In this study, we constructed an embryonic staging system of Octopus minor as a model system to investigate the morphology of eye during the development using histological and molecular assays.

The present molecular phylogenetic results confirmed our previous knowledge that the S- and Ω-crystallins appear cephalopod specific. In addition, the α-crystallin was also found in the genomes of the cephalopods such as Sepia pharaonis, Octopus sinensis, O. bimaculoides and O. minor. Interestingly, the α-crystallin of the cephalopods formed a distinct phylogenetic clade separate from those of the vertebrates and thus this further implies that the gene evolution in each animal groups has independently been proceeded through the convergence process. Our in situ hybridization show that crystallin genes such as S- and α-crystallin are commonly expressed in the lentigenic cells of ciliary body, which means that crystallin continues to be synthesized during eye development. In addition, the α-crystallin of O. minor was spatiotemporally expressed in the eye, suggesting a possible role in lens formation during eye development in cephalopods.
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