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            Abstract
Multicellularity is often considered a prerequisite for morphological complexity, as seen in the camera-type eyes found in several groups of animals. A notable exception exists in single-celled eukaryotes called dinoflagellates, some of which have an eye-like â€˜ocelloidâ€™ consisting of subcellular analogues to a cornea, lens, iris, and retina1. These planktonic cells are uncultivated and rarely encountered in environmental samples, obscuring the function and evolutionary origin of the ocelloid. Here we show, using a combination of electron microscopy, tomography, isolated-organelle genomics, and single-cell genomics, that ocelloids are built from pre-existing organelles, including a cornea-like layer made of mitochondria and a retinal body made of anastomosing plastids. We find that the retinal body forms the central core of a network of peridinin-type plastids, which in dinoflagellates and their relatives originated through an ancient endosymbiosis with a red alga2. As such, the ocelloid is a chimaeric structure, incorporating organelles with different endosymbiotic histories. The anatomical complexity of single-celled organisms may be limited by the components available for differentiation, but the ocelloid shows that pre-existing organelles can be assembled into a structure so complex that it was initially mistaken for a multicellular eye3. Although mitochondria and plastids are acknowledged chiefly for their metabolic roles, they can also be building blocks for greater structural complexity.
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                    Figure 1: Genomics and structure of organelles in the ocelloid.[image: ]


Figure 2: Ultrastructure of the retinal body in Nematodinium sp.[image: ]


Figure 3: Phylogeny of retinal-body-encoded proteins.[image: ]


Figure 4: Three-dimensional reconstruction of the ocelloid of Nematodinium sp. using FIB-SEM tomography.[image: ]
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Extended data figures and tables

Extended Data Figure 1 TEM of thylakoid membranes in Nematodinium sp.
a, A small, peripheral plastid in Nematodinium sp. with typical thylakoids resembling peridinin plastids in other dinoflagellates. b, Thylakoids in the iris region of the ocelloid. c, Thylakoids in the iris positioned beside waveform membranes (w) of the retinal body, during interphase. d, A retinal body towards the end of interphase, in which the waveform membranes de-differentiate and are continuous with the typical thylakoids. Typical thylakoids are marked by arrows.


Extended Data Figure 2 Development in warnowiids
a, b, Light micrographs of several cells of Nematodinium sp., and Erythropsidinium sp., progressing from interphase (left) to division (right). Scale bars, 10 Âµm. c, TEM of membranes in the retinal body, during differentiated (left, Nematodinium sp.), transitional (middle, Erythropsidinium sp.), and de-differentiated modes (right, Nematodinium sp.). Scale bars, 200 nm. The double arrowhead marks a typical plastid; arrowheads mark the retinal bodies; arrows mark lenses that are de-differentiating.


Extended Data Figure 3 Transient thylakoids in the retinal body viewed with TEM.
a, b, Ocelloid in a cell of Nematodinium sp. near division. câ€“e, Ocelloid in cells of Erythropsidinium sp. during division. L, lens; t, thylakoids; asterisks, lipid droplets; arrows, waveform membranes.


Extended Data Figure 4 Light micrographs of warnowiids used in this study.
a, Still frame from a video of Warnowia sp. b, Erythropsidinium sp. c, Nematodinium sp. with a nematocyst (arrowhead). d, The ventral side of Nematodinium sp. showing red pigmentation of the retinal body. e, Epifluorescence image of the same cell and angle, showing red fluorescence of the retinal body excited by 505 nm light. f, Nematodinium sp. showing a bright spot of reflectivity (that is, â€˜eyeshineâ€™) (arrowhead) in the ocelloid. Scale bars, 10 Î¼m.


Extended Data Figure 5 TEM of the cornea-like layer of mitochondria in the ocelloid of Nematodinium sp.
a, Low-magnification TEM of the ocelloid, with rectangles delimiting the areas of higher magnification shown in bâ€“d. bâ€“d, High magnifications of structures bordering the lens (L). Mitochondria, m; pigmented ring, p; retinal body, r.


Extended Data Figure 6 Individual ribosomal gene and photosystem protein gene trees.
For c and d, the photosystem genes for Nematodinium sp. were amplified from the retinal body of the ocelloid. Support values for all phylogenies were calculated from 100 bootstraps using maximum likelihood analysis. a, 18S ribosomal DNA gene phylogeny derived from a 1,717-bp alignment across 33 dinoflagellate taxa. b, 28S ribosomal DNA gene phylogeny derived from a 970-bp alignment across 43 dinoflagellate taxa. For both a and b, warnowiids are highlighted in yellow and Nematodinium sp. is highlighted in black. c, Photosystem I P700 apoprotein A2 (PsaB) protein phylogeny derived from a 508 amino acid (AA) alignment across 42 photosynthetic taxa. d, Photosystem II protein D1 (PsbA) protein phylogeny derived from a 360 AA alignment across 39 photosynthetic taxa. For c and d, dinoflagellates are shaded in grey, and Nematodinium sp. is highlighted in black.


Extended Data Figure 7 Individual photosystem protein trees.
All the photosystem genes from Nematodinium sp. were amplified from the retinal body of the ocelloid. Support values for all phylogenies were calculated from 100 bootstraps using maximum likelihood analysis. a, Photosystem II CP47 (PsbB) protein phylogeny derived from a 504 AA alignment across 38 photosynthetic taxa. b, Photosystem II protein D1 (PsbD) phylogeny derived from a 342 AA alignment across 42 photosynthetic taxa. c, Cytochrome b6 (PetB) protein phylogeny derived from a 216 AA alignment across 32 photosynthetic taxa. d, Cytochrome b6/f complex subunit 4 (PetD) protein phylogeny derived from an 161 AA alignment across 31 photosynthetic taxa. Dinoflagellates are shaded in grey, and Nematodinium sp. is highlighted in black.


Extended Data Figure 8 Continuity between the retinal body and the plastid network in Nematodinium sp.
a, FIB-SEM slice of plastids attached to retinal body. b, TEM overview of ocelloid in a high-pressure frozen cell. c, FIB-SEM overview of ocelloid in a high-pressure frozen cell. d, Three-dimensional reconstruction of the ocelloid shown halved. e, Three-dimensional reconstruction of the ocelloid in full. f, Fusion site between plastids joined to the retinal body as seen in TEM. g, Site where the waveform-membrane region of the ocelloid joins to a region with thylakoids as seen in TEM. Inset shows thylakoids, and corresponds to the box in the main image. h, Fusion site as seen through FIB-SEM. i, Tracing of membrane continuity in Amira. j, Partial reconstruction of the ocelloid in Amira. Arrowheads point to fusion zones between sites bounded by the plastid membrane (reconstructed in red), blue denotes mitochondria, yellow denotes the surface of the lens. L, lens; w, waveform membranes; t, thylakoids.


Extended Data Figure 9 Dinoflagellate eyespot types within a phylogenetic context.
Diagrams of whole cells and eyespots are shown for all dinoflagellates for which both ultrastructural descriptions and 18S and 28S ribosomal DNA sequences have been published. Eyespot diagrams highlight plastid-like structures (crimson), as well as mitochondria (dark blue), lens-like vesicles (light blue), lipid droplets (red dots), and crystalline layers (grey dashes). The phylogenetic tree was inferred from a 2,331-nucleotide alignment of concatenated 18S and 28S ribosomal DNA sequences across 36 genera; statistical support was evaluated with 500 bootstraps using maximum likelihood and 10,000 generations of Bayesian analysis. Bootstrap values above 60% are shown. For some taxa, 18S and 28S ribosomal sequences were concatenated from different species within the genus. Only the genus is shown for these taxa.


Extended Data Figure 10 Light micrographs and TEM showing food vacuoles in Nematodinium sp.
a, Differential interference contrast light micrographs showing a cell with prey (P) visible as green tinted food vacuole. b, Differential interference contrast light micrographs showing a cell in which the condensed dinoflagellate-type nuclei (n) are visible as birefringent chromosomes both in the predator and in the prey. c, Differential interference contrast light micrographs of a Nematodinium sp. cell containing digested prey (arrowhead) and co-occurring with potential prey, a smaller dinoflagellate. d, TEM showing a food vacuole inclusion consisting of a bolus of discharged trichocysts. e, TEM of undischarged dinoflagellate-type trichocysts showing their characteristic square shape in transverse section. f, TEM of discharged dinoflagellate-type trichocysts showing their characteristic striation pattern in longitudinal section.





Related audio
Reporter Noah Baker asks Greg Gavelis how a single cell can put together a complex eye.




Supplementary information
Erythropsidinium sp. in vivo.
Video of an Erythropsidinium cell moving with its characteristic â€œpistonâ€� appendage. (MOV 2386 kb)


Warnowia sp. in vivo.
Video of a Warnowia cell moving. (MOV 1612 kb)


FIB-SEM reconstruction of the ocelloid from Nematodinium sp.
From a stack of two-dimensional FIB-SEM images, the mitochondria (blue), lens (yellow), plastids (red), and flagellum (grey) were reconstructed as three-dimensional surfaces in Amira. (MPG 23047 kb)
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        Editorial Summary
An eye for phytoplankton
The unicellular phytoplankton known as warnowiid dinoflagellates are a prime example of the remarkable diversity which exists in the realm of protsists. Within their single cell, these organisms have complex eyes or 'ocelloids', complete with structures resembling cornea, lens and retina. Gregory Gavelis et al. investigate the evolutionary origin of ocelloids using a single-organelle genomics approach in Erythropsidinium sp., Warnowia sp. and Nematodinium sp. isolates from marine waters off Japan and Canada. They find that ocelloids are built from pre-existing organelles of disparate origin. The cornea is derived from mitochondria, and the retinoid is made of an anastomosing network of plastids, originally derived from a secondary red-algal endosymbiont.
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