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            Abstract
Tullimonstrum gregarium is an iconic soft-bodied fossil from the Carboniferous Mazon Creek LagerstÃ¤tte (Illinois, USA)1. Despite a large number of specimens and distinct anatomy, various analyses over the past five decades have failed to determine the phylogenetic affinities of the â€˜Tully monsterâ€™, and although it has been allied to such disparate phyla as the Mollusca2, Annelida3,4 or Chordata5, it remains enigmatic1,2,3,4,5. The nature and phylogenetic affinities of Tullimonstrum have defied confident systematic placement because none of its preserved anatomy provides unequivocal evidence of homology, without which comparative analysis fails. Here we show that the eyes of Tullimonstrum possess ultrastructural details indicating homology with vertebrate eyes. Anatomical analysis using scanning electron microscopy reveals that the eyes of Tullimonstrum preserve a retina defined by a thick sheet comprising distinct layers of spheroidal and cylindrical melanosomes. Time-of-flight secondary ion mass spectrometry and multivariate statistics provide further evidence that these microbodies are melanosomes. A range of animals have melanin in their eyes, but the possession of melanosomes of two distinct morphologies arranged in layers, forming retinal pigment epithelium, is a synapomorphy of vertebrates. Our analysis indicates that in addition to evidence of colour patterning6, ecology7 and thermoregulation8, fossil melanosomes can also carry a phylogenetic signal. Identification in Tullimonstrum of spheroidal and cylindrical melanosomes forming the remains of retinal pigment epithelium indicates that it is a vertebrate; considering its body parts in this new light suggests it was an anatomically unusual member of total group Vertebrata.
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                    Figure 1: T. gregarium fossil from the Mazon Creek LagerstÃ¤tte.[image: ]


Figure 2: The ultrastructural details of the eyes of T. gregarium from the Mazon Creek LagerstÃ¤tte and an extant anchovy (Coilia nasus).[image: ]


Figure 3: TOFâ€“SIMS analysis of melanosomes preserved in T. gregarium.[image: ]


Figure 4: The phylogenetic distribution of photoreceptor organs, cell architecture and pigment granule chemistry and morphology in animals.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Details of T. gregarium eyes.
a, Complete specimen (MCPX27C5369, Burpee Museum of Natural History) with eyes (ey). Scale bar: 10â€‰mm. b, Close-up of the uppermost eye in a, showing dark carbonaceous material and an approximately centrally positioned white circular area with high relief. The white mineral is kaolinite. This is similar to the eye in Bandringa (Extended Data Fig. 6) and the white infilling of kaolinite may be indicative of a lens16. Scale bar, 1â€‰mm. câ€“l, Specimen PE22126 (Field Museum of Natural History). c, Complete specimen in nodule showing clearly defined eyes (ey) and transverse bar (tb). Scale bar, 10â€‰mm. d, The uppermost eye in c. Scale bar: 1â€‰mm. eâ€“l, Scanning electron microscope images of the eye ultrastructure. e, Oblate melanosomes on the left-hand side and underlying cylindrical melanosomes on the right-hand side. fâ€“h, Higher magnification images of the centre of e; in g, oblate melanosomes are highlighted in blue, and h is an anaglyph (three-dimensional) image of the same field of view as f and g (see also Fig. 2). i, Anaglyph (three-dimensional) image showing oblate melanosomes overlying cylindrical melanosomes. j, Oblate and cylindrical melanosomes in distinct layers. k, l, The cylindrical and oblate melanosome morphologies, respectively. Scale bars, 2â€‰Î¼m.


Extended Data Figure 2 Tullimonstrum (BMRP2014MCP1000) with scanning electron microscope images of anatomical features.
a, Complete specimen (anterior at top) with scanning electron microscope images showing the mode of preservation of the anatomy and that only the eyes contain melanosomes. Scale bar, 10â€‰mm. b, Proboscis with small, dark, organic carbon patch (oC) which has a smooth texture. c, Distal portion of the proboscis â€˜clawâ€™ showing pyrite crystals and framboids. d, Eye bar containing siderite and clay minerals. e, Eye showing melanosome texture. f, Dark transverse banding (possible myomeres) containing mainly siderite. g, The nodule matrix: siderite and detrital clay minerals. h, Main trunk: siderite and clay minerals. oC, organic carbon; sd, siderite; py, pyrite. Scale bars, 2â€‰Î¼m.


Extended Data Figure 3 Negative ion TOFâ€“SIMS spectra in the 45â€“100 and 100â€“175 atomic mass unit range.
Spectra for comparison with the Tullimonstrum eye melanosomes (BMRP2014MCP1000) are from an Eocene frog eye (Messel LagerstÃ¤tte), Jurassic ink sac from Lyme Regis (UK), extant glossy black carrion crow (C. corone) and a reddish brown domestic chicken (G. gallus). Comparative spectra are from ref. 12. Negative ion TOFâ€“SIMS spectra in the 45â€“100 atomic mass unit range are shown in the left column and 100â€“175 atomic mass unit range in the right column. Melanin specific peaks are indicated by red crosses.


Extended Data Figure 4 PCA of TOFâ€“SIMS spectra.
a, PCA plot of 55 negative secondary ion peaks12 from fresh, artificially matured (24â€‰h at 200â€‰Â°C/250 bar and 250â€‰Â°C/250 bar) and fossil melanin samples as well as a variety of melanin-negative samples and Tullimonstrum eye (all listed in b). The two separately acquired spectra from regions of the eye in Tullimonstrum have similar relative intensity distributions of the melanin-specific peaks to other fossil melanosome samples, plotting near an Eocene frog eye and a lamprey eye from Mazon Creek. c, Eigenvector values for principal components 1 and 2. d, Eigenvalues for the first 12 principal components and the percentage of the variation accounted for by each. e, Loading plot showing the relative factor loadings onto PC axes 1 and 2. Fragments such as CnNH-, CnNO-, CnNS-, CnSH- and CnOH- are mostly responsible for the separation of fossil melanin in the PCA space, whereas fragments such as Cn- and CnH- separate the fresh melanin. This indicates both the chemical degradation (loss of carbon, nitrogen, sulfur and water) and structural degradation (weaker molecular bonding) of melanin during the fossilization process.


Extended Data Figure 5 Gnathostomes with dark eyes and eye ultrastructure from the Mazon Creek LagerstÃ¤tte.
aâ€“c, Esconicthys apopyris (PF9831), a putative larval lungfish17. dâ€“f, Elonichthys peltigerus (ROM56794). gâ€“i, Platysomus circularis (PF7333). jâ€“l, Bandringa rayi (ROM56789). Note the white centrally positioned circular feature in both eyes. The white mineral is kaolinite, which most probably reflects the position of the lens16. c, f, i, l, Backscattered scanning electron microscope images of the eyes from each corresponding fossil. Melanosomes of cylindrical and oblate morphologies are found in Esconicthys, Elonichthys and Platysomus; in Bandringa, only oblate melanosomes occur. Scale bars, 5 mm (b, e, h, k); 1â€‰Î¼m (c, f, i, l).


Extended Data Figure 6 TOFâ€“SIMS intensity maps from eye region in Tullimonstrum, showing relative distribution of ions derived from melanin relative inorganic ions from the matrix.
False-colour chemical mapping of the spatial distribution of several melanin-specific secondary ion fragments (a, e, i, m, q, u) compared with the maps of melanin-characteristic ions (b, c, n, o) and inorganic ions derived from the sediment (SiOn-, j, w; Al(Hn)Onâˆ’, k, v) and the concretion cements (FeO2âˆ’, g; CaSOH-, f), which map distinctly from the melanin ions or co-occur with melanin (PO2âˆ’, r; PO2Hâˆ’, s). The secondary ion CHO2âˆ’ is likely from carboxyl groups (o) and is a known constituent of melanin. It exhibits only a moderate overlap with melanin markers (p), which could be attributed to different diagenetic alterations of the melanin or some difference in composition. The right-hand column maps are composites of the tentatively assigned secondary ions in their respective row (that is, d is a composite of aâ€“c). The distribution of inorganic and organic ions shows that the melanin and matrix ions are distinct contributions to the TOFâ€“SIMS spectrum.
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        Editorial Summary
Illinois' Tully monster reinterpreted
Since its discovery in 1958 by Francis Tully in the approximately 300-million-year-old Mazon Creek fossil beds in Illinois, the zoological affinities of the soft-bodied animal popularly known as the Tully monster (Tullimonstrum gregarium) have remained mysterious. It is a remarkable looking creature, with a fish-like body featuring prominent eyes at each end of a horizontal bar, and jaws on the end of a long, jointed proboscis. Its origins have been compared variously with nemertean and polychaete worms, molluscs, conodonts and even stem-group arthropods. Now two papers in this issue identify Tullimonstrum securely as a vertebrate. Thomas Clements et al. studied the eyes and found ultrastructural details indicating homology with those of vertebrates. Victoria McCoy et al. examined more than 1,200 specimens. They re-interpret many known features, and describe and interpret many new ones: all are consistent with Tullimonstrum being a vertebrate, akin to lampreys and increasing the morphological disparity of that group.
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