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22 Abstract

23 Reconstructing the evolutionary assembly of animal body plans is challenging when there are 

24 large morphological gaps between extant sister taxa, as in the case of echinozoans (echinoids 

25 and holothurians). However, the inclusion of extinct taxa can help bridge these gaps. Here we 
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26 describe a new species of echinozoan, Sollasina cthulhu, from the Silurian Herefordshire 

27 Lagerstätte, UK. S. cthulhu belongs to the ophiocistioids, an extinct group that shares 

28 characters with both echinoids and holothurians. Using physical-optical tomography and 

29 computer reconstruction, we visualize the internal anatomy of S. cthulhu in three dimensions, 

30 revealing inner soft tissues that we interpret as the ring canal, a key part of the water vascular 

31 system that was previously unknown in fossil echinozoans. Phylogenetic analyses strongly 

32 suggest that Sollasina and other ophiocistioids represent a paraphyletic group of stem 

33 holothurians, as previously hypothesized. This allows us to reconstruct the stepwise reduction 

34 of the skeleton during the assembly of the holothurian body plan, which may have been 

35 controlled by changes in the expression of biomineralization genes.

36

37 Keywords: Echinodermata, Ophiocistioidea, Holothuroidea, Herefordshire Lagerstätte, 

38 Silurian, water vascular system.

39

40

41 1. Introduction

42 Molecular data have proved crucial for reconstructing the phylogenetic relationships of major 

43 animal groups, greatly improving our understanding of metazoan evolution [1,2], but 

44 morphological data remain essential for reconstructing character evolution [3]. There are 

45 substantial morphological gaps between the body plans of many extant sister clades [4]; the 

46 fossil record can bridge these gaps, allowing us to reconstruct the stepwise evolution of 

47 crown-group body plans [5], but this undertaking is hampered where there is uncertainty 

48 about the phylogenetic placement of important taxa. Echinozoa, the subphylum of 

49 echinoderms that includes sea urchins (echinoids) and sea cucumbers (holothurians), provides 

50 a clear illustration of this problem. There is a conspicuous morphological gap between the 
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51 body plans of extant echinoids and holothurians, and although there are extinct fossil forms 

52 that could fill this gap, their phylogenetic positions are uncertain [6–8]. As a result, the 

53 pattern of evolution of echinoid and holothurian body plans and the nature of their most 

54 recent common ancestor remain unclear.

55 Here we describe a new species of Silurian echinozoan, Sollasina cthulhu, from the 

56 Wenlock Series (~430 Ma) Herefordshire Lagerstätte of the UK [9,10]. Sollasina belongs to 

57 the extinct Ophiocistioidea, an echinozoan group characterized by a complex jaw apparatus, 

58 long plated tube feet and a body-wall skeleton either composed entirely of large plates or 

59 mostly reduced to small spicules [11–13]. Thus, ophiocistioids combine characteristics of 

60 echinoids (e.g. complex jaw apparatus) and holothurians (e.g. body-wall skeleton mostly 

61 reduced to small spicules), and can potentially inform reconstructions of character evolution 

62 in these groups.

63 An exceptionally well-preserved fossil specimen was studied using physical-optical 

64 tomography (sensu [14]) and computer reconstruction, revealing internal soft tissues in an 

65 ophiocistioid for the first time. Our detailed morphological description informed phylogenetic 

66 analyses which strongly support the placement of ophiocistioids as stem holothurians. This 

67 has important implications for the evolutionary assembly of the holothurian body plan.

68

69

70 2. Material and methods

71 Thirteen specimens of the new ophiocistioid are known, all from the single known locality of 

72 the Herefordshire Lagerstätte. Like other fossils from this Lagerstätte, specimens are 

73 preserved three-dimensionally as calcite void-fill in calcareous concretions [15]. One 

74 exceptionally well-preserved specimen was selected for detailed study by physical-optical 

75 tomography [14]. The specimen was cut into seven pieces, serially ground at 30 µm intervals, 
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76 and the exposed surfaces were imaged using a Leica digital camera attached to a Wild 

77 binocular microscope. The resulting sets of slice images were digitally reconstructed as a 

78 three-dimensional (3-D) virtual model using the SPIERS software suite [16]. Datasets from 

79 serial grinding and the final 3-D model in VAXML/STL format are housed at the Oxford 

80 University Museum of Natural History (OUMNH) and are also available from the Dryad 

81 Digital Repository: http://dx.doi.org/10.5061/dryad.c71qf48 [17].

82 We undertook parsimony and Bayesian phylogenetic analyses to establish the 

83 phylogenetic position of the new ophiocistioid. Our character matrix was modified from that 

84 of Smith & Reich [18] and supplemented with six extant echinoid genera (Asthenosoma, 

85 Diadema, Echinocardium, Encope, Eucidaris, Strongylocentrotus) and five additional fossil 

86 echinozoan genera (Bothriocidaris, Bromidechinus, Eothuria, Neobothriocidaris, 

87 Unibothriocidaris). The resulting matrix consists of 26 taxa and 51 characters (electronic 

88 supplementary material, table S1, data S1). Parsimony analyses were run in PAUP* v. 4.0 

89 [19] using a heuristic search with 10,000 random addition sequence replicates using starting 

90 trees obtained by stepwise addition and branch swapping through tree bisection and 

91 reconnection. The somasteroid Archegonaster was used as an outgroup. Bayesian analyses 

92 were run in MrBayes v. 3.2 [20] using the Mkv model of character change [21]. Rate 

93 variation was modelled using a gamma distribution with a prior of exponential (1.0), and 

94 branch lengths were unconstrained with a compound Dirichlet prior [22]. The joint posterior 

95 distribution of tree topologies, branch lengths and model parameters were estimated with 

96 Markov chain Monte Carlo, using four chains with two runs for each chain. Each chain was 

97 run for 12,000,000 generations, sampling every 1000 generations. Analyses were run until the 

98 average deviation of split frequencies was below 0.01. The first 25% of samples were 

99 discarded as burn-in.

100

Page 4 of 26

http://mc.manuscriptcentral.com/prsb

Submitted to Proceedings of the Royal Society B: For Review Only



5

101

102 3. Systematic palaeontology

103 Phylum: Echinodermata [23] (ex [24])

104 Class: Ophiocistioidea [25]

105 Family: Sollasinidae [26]

106 Genus: Sollasina [26]

107 Type species: Eucladia woodwardi Sollas, 1899, by original designation of Fedotov, 1926; 

108 from the Ludlow Series, Silurian, of Church Hill, Leintwardine, Herefordshire, UK.

109 Other species: Sollasina cthulhu sp. nov.

110

111 Diagnosis

112 Sollasinidae with relatively small jaw apparatus; two columns of four adradial plates each 

113 and nine plated tube feet per ambulacral area; plates of non-peristomial tube feet arranged in 

114 longitudinal rows; aboral thecal plates with strong granular ornamentation. (Amended from 

115 [6,11]).

116

117 Sollasina cthulhu sp. nov. urn:lsid:zoobank.org:act:4480289B-574C-4F7A-92F7-

118 692DB3045B9E.

119

120 Etymology

121 Named for the Cthulhu mythos of H.P. Lovecraft [27], a fictional universe populated with 

122 bizarre tentacled monsters. Pronunciation: kuh-THOO-loo.

123

124 Material
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125 Holotype: OUMNH C.29662, an almost complete specimen reconstructed as a virtual fossil. 

126 Other (unground) specimens: OUMNH C.29648, C.36006, C.36013, C.36064–C.36072.

127

128 Locality and horizon

129 Herefordshire, UK; upper part of the Wenlock Series, Silurian.

130

131 Diagnosis

132 Sollasina with pentagonal theca; one column of six perradial plates per ambulacral area; four 

133 or five plates per interambulacral area.

134

135 Description

136 The theca is approximately 15 mm in diameter and pentagonal in outline, with thin, imbricate 

137 plates (figure 1a,c). The oral (lower) surface is slightly concave; the aboral (upper) surface is 

138 partly collapsed, but was presumably convex in life. The oral surface of the theca consists of 

139 five wide ambulacral areas, composed of columns of perradial and adradial plates, which 

140 alternate with five narrow interambulacral areas (figure 1a,k). The aboral surface of the theca 

141 consists of numerous irregularly arranged plates (figure 1c).

142 The peristome occupies the middle of the oral surface (figure 1a,g). It is subcircular in 

143 outline and approximately 6 mm in diameter. Five thick, rhomboidal, interradially-positioned 

144 plates form the jaw apparatus, which occupies about half the peristome diameter (figure 

145 1a,g). Details of the jaw plates and the nature of any plating surrounding the jaw apparatus 

146 are unclear. The madreporite is located within an interambulacrum on a plate between 

147 adjacent adradial plates and the peristome; it is approximately 1.1 mm in diameter, dome-

148 shaped, with a circle of small pores at the summit (figure 1g,h). Adjacent to the madreporite, 

149 on the same plate, there is a rounded protuberance with a single pore at the summit, which 
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150 probably represents a gonopore (figure 1g,h). A circlet of 16 plates (5 perradials, 10 

151 adradials, and the plate bearing the madreporite and gonopore) surrounds the peristome.

152 In each ambulacral area, the plates are divided into one central column of six 

153 alternating perradial plates and two lateral columns of four adradial plates each (figure 1k,m). 

154 The perradial plates are broadly T-shaped and generally smaller than the adradial plates, 

155 which are L- or C-shaped. The perradial margins of the adradial plates and parts of the 

156 margins of the perradial plates flare outward to form the edges of large circular pores (figure 

157 1k,m), which mark the position of the tube feet. Both the adradial and perradial plates are 

158 imbricated adorally. The pores are arranged into three slightly offset rows of two pores 

159 (figure 1k). There is an additional unpaired pore at the aboral end of the ambulacral area 

160 (figure 1m). The unpaired pore is bordered by one perradial plate and two adradial plates, the 

161 second most aboral and most adoral pores are bordered by two perradial plates and two 

162 adradial plates, and all other pores are bordered by three perradial plates and two adradial 

163 plates (figure 1k,m).

164 There are nine plated tube feet within each ambulacral area. The first pair is located 

165 within the peristome, close to the outer edge of the jaw apparatus (figure 1a). These 

166 peristomial tube feet are covered in tiny plates and are smaller than the other tube feet, 

167 measuring approximately 3 mm in length and 0.8 mm in diameter (figure 1f). The other tube 

168 feet are located outside the peristome, occurring as three slightly offset pairs, with an 

169 additional solitary tube foot at the aboral end of each ambulacral area (figure 1a–e). The non-

170 peristomial tube feet increase in size aborally (reaching a maximum of approximately 14 mm 

171 in length and 2 mm in diameter), with the exception of the unpaired tube foot, which is 

172 shorter than its adoral neighbour. Within one of the ambulacral areas, the most adoral of the 

173 tube feet outside the peristome is much smaller than all others (figure 1a). The tube feet are 

174 preserved hollow (figure 1n). They consist of thin plates arranged in longitudinal rows, 
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175 overlapping distally. There are at least eight rows of about 20 to 30 plates each in the paired 

176 tube feet (figure 1e) and four rows of about 13 plates each in the unpaired ones (figure 1d). 

177 The plates are rhomboidal to hexagonal in shape and decrease in size distally, from a 

178 maximum proximal size of approximately 0.8 mm in diameter in the paired tube feet and 1.3 

179 mm in diameter in the unpaired tube feet; the plates of the paired tube feet are wider than the 

180 plates of the unpaired tube feet (figure 1d,e). The tube feet are rounded at their tips. The 

181 unpaired tube feet are preserved in a subhorizontal or gently upward curving attitude, 

182 whereas the other tube feet are curved downwards (figure 1b).

183 In all interambulacra, apart from the one that accommodates the madreporite and 

184 gonopore, there are four imbricate plates: the two adoral plates form a single column and the 

185 two aboral plates are arranged in a single row, resulting in a 1-1-2 arrangement (figure 1k,m). 

186 The second adoral plate is notably larger than the other three plates. In contrast, there are five 

187 imbricate plates arranged in a 1-1-2-1 pattern in the interambulacrum, accommodating the 

188 madreporite and gonopore (figure 1j). The most adoral plate bears the madreporite (figure 

189 1h,j); the most aboral plate is the largest in this interambulacral area.

190 The aboral surface of the theca is composed of numerous thin, irregularly arranged 

191 imbricate plates, which are rounded to sub-hexagonal in outline and range from 

192 approximately 0.6–3 mm in diameter (figure 1c). Plates typically exhibit a strong granular 

193 ornament (figure 1c,m). The degree to which the plates overlapped one another in life is 

194 uncertain due to post-mortem collapse. The periproct is in a marginal position on the aboral 

195 surface, within the interambulacral area adjacent to that accommodating the madreporite and 

196 gonopore (figure 1c). It is approximately 1.7 mm in diameter and consists of several elongate 

197 triangular plates, which together form a pyramidal structure (figure 1i). The thecal plates 

198 surrounding the periproct are smaller than the other plates of the aboral surface.
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199 Internally, an incomplete ring-like structure encircles the peristome (figure 1l,o). This 

200 structure is thin with a flattened cross-section; it is approximately 17 mm long and 7 mm 

201 wide. There is a short gap in the ring, approximately aligned with the interambulacral area 

202 where the madreporite and gonopore are located (figure 1l). The ring is oriented obliquely 

203 and presumably was displaced from its original horizontal position, perhaps due to partial 

204 collapse of the aboral thecal surface (figure 1o).

205

206 Remarks

207 The relatively small size of the jaw apparatus and the presence of two columns of four 

208 adradial plates each and nine plated tube feet in each ambulacral area allow us to assign the 

209 Herefordshire specimen to Sollasina [6,11,26]. S. cthulhu sp. nov. differs from the type 

210 species S. woodwardi in having: six relatively small perradial plates in a column in each 

211 ambulacral area (figure 1k,m) rather than three larger perradials [6, fig. 134,2]; four or five 

212 plates in each interambulacral area (figure 1j,k,m) rather than two [6, fig. 134,2]; and a theca 

213 that is pentagonal in outline (figure 1a,c) rather than rounded or elliptical [6, fig. 134] (the 

214 exact shape in S. woodwardi is unclear due to post-mortem flattening). The placement of the 

215 periproct and madreporite/gonopore in adjacent interambulacral areas in S. cthulhu (figure 

216 1a,c,g) was also reported in S. woodwardi [11]; this feature may be diagnostic for 

217 Sollasinidae or be characteristic of all ophiocistioids [28].

218

219

220 4. Results

221 The parsimony analysis retrieved six equally most parsimonious trees (MPTs) with a length 

222 of 86 steps, consistency index of 0.698 and retention index of 0.868 (electronic 

223 supplementary material, data S2). The strict consensus of these MPTs places Sollasina with 
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224 the ophiocistioid Gillocystis as sister group to a clade comprising the ophiocistioid 

225 Rotasaccus, the fossil holothurian Palaeocucumaria and crown-group holothurians, 

226 identifying ophiocistioids as a paraphyletic assemblage of stem holothurians (figure 2a; 

227 electronic supplementary material, data S3). The fossil echinozoans Bromidechinus, 

228 Neobothriocidaris and Unibothriocidaris are more closely related to a clade of ophiocistioids, 

229 Palaeocucumaria and crown-group holothurians, whereas Bothriocidaris, Aulechinus and 

230 Eothuria are more closely related to extant echinoids. Bootstrap support values are generally 

231 low across the tree, with less than 50% support for most nodes (figure 2a).

232 The Bayesian analyses recovered very similar tree topologies to the parsimony 

233 analysis, with Sollasina plus Gillocystis sister to a clade of Rotasaccus, Palaeocucumaria and 

234 crown-group holothurians in the 50% majority-rule consensus tree (figure 2b; electronic 

235 supplementary material, data S4). The relationships of the other fossil echinozoans are also 

236 similar to the strict consensus tree from the parsimony analysis, with the exception of 

237 Aulechinus and Eothuria, which are sister to all other echinozoans, and Bothriocidaris, which 

238 is sister to a clade consisting of Neobothriocidaris, Unibothriocidaris, Bromidechinus, 

239 ophiocistioids, Palaeocucumaria and crown-group holothurians. Support values are greater 

240 than 0.50 for all resolved nodes, with more than 0.70 support for most nodes (figure 2b).

241

242

243

244 5. Discussion

245 (a) Internal anatomy

246 An internal ring encircling the peristome (figure 1l,o) has not been recognized previously in 

247 any fossil echinozoan. We interpret the ring as a soft-tissue structure because it is preserved 

248 in a dark grey material optically similar to that preserving soft-tissues in other echinoderms 
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249 from the Herefordshire Lagerstätte [30,31]; in all these taxa, this ‘dark’ preservational mode 

250 is distinct from that which preserves skeletal material (figure 1o). A comparison with extant 

251 echinozoans suggests four possible interpretations of the internal ring: digestive tract, haemal 

252 ring, nerve ring or ring canal. It is very unlikely to be the digestive tract as there is no 

253 evidence of a connection to the mouth or anus and the small gap in the ring (figure 1l) is not 

254 large enough to have accommodated such connections. The haemal ring in extant 

255 echinozoans consists of a network of anastomosing lacunae [32,33], unlike the structure in S. 

256 cthulhu (figure 1l). The nerve ring and ring canal are similar in gross morphology in living 

257 echinozoans but their position differs; the nerve ring is situated inside the pyramids of the 

258 lantern in echinoids and anterior to or within the calcareous ring in holothurians, whereas the 

259 ring canal is located just above the lantern in echinoids and posterior to the calcareous ring in 

260 holothurians [32–34]. The ring in S. cthulhu is located above the jaw apparatus (figure 1o), 

261 consistent with its interpretation as the ring canal, an important part of the water vascular 

262 system hitherto unknown in fossil echinozoans.

263 In most extant echinozoans the ring canal gives rise to five radial canals which are 

264 connected to the tube feet by additional canals or branches of the water vascular system [32–

265 34]; however, only the ring canal and tube feet are preserved in S. cthulhu. It is unclear why 

266 additional elements of the water vascular systems are not preserved in our studied specimen, 

267 but their absence may relate, in part, to the unusual preservation of the Herefordshire 

268 ophiocistioid, in which most of the theca is filled with dense crystalline calcite that might 

269 have prevented preservation of soft tissues. Thus, although no radial canals are preserved in 

270 S. cthulhu we infer a similar organization to extant echinozoans, with five radial canals 

271 aligned with the five ambulacra. The ring canal is relatively large compared to extant 

272 echinozoans [32–34], indicating that the radial canals would have been relatively short. The 

273 tube feet may have been connected to the radial canals through additional canals or branches 
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274 and large ambulacral cavities, as in modern elasipodid holothurians with greatly enlarged 

275 tube feet [35,36]. A stone canal presumably linked the ring canal to the madreporite, as in 

276 living echinoids and holothurians [32–34].

277 The variable curvature, imbricate plating, and inconsistent orientation of the tube feet 

278 (figure 1a–c) indicate that they were flexible in life. The peristomial tube feet presumably 

279 played a role in feeding, manipulating food particles and conveying them to the mouth, as do 

280 the buccal podia of deposit-feeding holothurians [34]. The larger non-peristomial tube feet 

281 probably had a different function. Deep-sea elasipodid holothurians, for example, use their 

282 greatly enlarged tube feet for ‘walking’ [36,37]. An analogous locomotory function can be 

283 inferred for the non-peristomial tube feet in Sollasina and other plated ophiocistioids 

284 [6,12,38]. The gradation in length of the paired non-peristomial tube feet, which are shortest 

285 adjacent to the mouth and get longer further away (figure 1a–c), would have allowed all of 

286 them to make contact with the sediment surface in life, consistent with a locomotory function 

287 (figure 3). The unpaired aboral tube feet are not long enough to have reached the substrate 

288 and are preserved with tips pointing upwards (figure 1b), demonstrating that they were not 

289 locomotory. These tube feet might have served to right the animal if it were overturned, 

290 remove debris from the aboral surface, and/or deter predators.

291

292 (b) Phylogenetic position

293 Our phylogenetic analyses provide strong support for the placement of ophiocistioids as stem 

294 holothurians. Both the strict consensus tree from the parsimony analysis and the 50% 

295 majority-rule consensus tree from the Bayesian analyses place ophiocistioids as a 

296 paraphyletic group of stem holothurians, closely related to Palaeocucumaria plus crown-

297 group holothurians (figure 2). Morphological characters in our matrix (electronic 
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298 supplementary material, data S1) uniting ophiocistioids and holothurians include the presence 

299 of enlarged bottom feeding tentacles and the absence of articulated spines.

300 Our results agree with previous studies that identified ophiocistioids as a paraphyletic 

301 group of stem holothurians [7,18,39]. This has important implications for the assembly of the 

302 holothurian body plan. Assuming the most recent common ancestor of echinoids and 

303 holothurians had a body-wall skeleton composed of large plates, our identification of 

304 ophiocistioids as a paraphyletic group suggests that reduction of the skeleton in holothurian 

305 evolution was a stepwise process. The body-wall skeleton was reduced to rows of perradial 

306 ambulacral plates and small spicules along the branch leading to the ophiocistioid 

307 Rotasaccus, the fossil holothurian Palaeocucumaria and crown-group holothurians. 

308 Ambulacral plates were subsequently lost on the branch leading to Palaeocucumaria and 

309 crown-group holothurians. Finally, plated tube feet, which are present in Palaeocucumaria, 

310 were lost along the branch leading to crown-group holothurians. Among living echinoderms, 

311 the expression of biomineralization genes is regulated by a suite of conserved transcription 

312 factors including alx1 and ets1 [40–42]. However, the number of downstream 

313 biomineralization genes and their expression during development are much lower in extant 

314 holothurians than in echinoids [43]. Thus, the reduction of the skeleton in early holothurians 

315 may have been linked to a stepwise reduction in the number and expression of these genes.

316 The presence of a complex jaw apparatus in both echinoids and ophiocistioids 

317 strongly suggests that this character was present in the ancestral echinozoan [44], but 

318 differences in tooth structure indicate that the teeth themselves may have evolved 

319 independently in the two classes [45]. Moreover, the probable sister-group relationship 

320 between ophiocistioids and the clade containing Palaeocucumaria plus crown-group 

321 holothurians (figure 2) supports the hypothesis that the holothurian calcareous ring and the 

322 echinoid jaw apparatus are homologous [7,34]. Consequently, ophiocistioids help to bridge 
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323 the gap between echinoids and holothurians, two of the most morphologically divergent sister 

324 groups in the Phylum Echinodermata, shedding light on the most recent common ancestor 

325 and early evolution of echinozoans.
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518 Figure captions

519

520 Figure 1. Sollasina cthulhu (OUMNH C.29662). (a–m) Virtual reconstructions (stereo-pairs), 

521 (n,o) specimen in rock. (a) Oral view. (b) Lateral view. (c) Aboral view. (d) Non-peristomial 
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522 tube foot (unpaired). (e) Non-peristomial tube foot (paired). (f) Peristomial tube feet. (g) Oral 

523 view showing the peristome, madreporite and gonopore (peristomial tube feet omitted). (h) 

524 Oral view showing the madreporite and gonopore (peristomial tube feet removed). (i) Aboral 

525 view showing the periproct. (j) Lateral view showing plating in the interambulacral area 

526 containing the madreporite and gonopore (tube feet removed). Interambulacral plates are 

527 shown in green. (k) Oral view showing ambulacral plating at the margin of the theca (tube 

528 feet removed). (l) Oral view showing the internal ring (all other features transparent). (m) 

529 Aboral view showing ambulacral plating at the margin of the theca (tube feet removed). (n) 

530 Section through the theca showing the tube feet. (o) Section through the theca showing the 

531 internal ring. Abbreviations: cp, circular pore; go, gonopore; ir, internal ring; jp, jaw plates; 

532 ma, madreporite; pe, peristome; pr, periproct; pt, peristomial tube feet; st, small adoral non-

533 peristomial tube foot; tf, non-peristomial tube feet; ut, unpaired non-peristomial tube feet. In 

534 k and l, perradial plates are shown in blue, adradial plates in red, and interambulacral plates in 

535 green. Scale bars: (a–c,l) are 5 mm; (d,e,g,k,l,n,o) are 2 mm; and (f,h,i,j,m) are 1 mm.

536

537 Figure 2. Phylogenetic position of ophiocistioids. (a) Strict consensus tree from parsimony 

538 analysis. Bootstrap support values shown for nodes with more than 50% support. (b) 50% 

539 majority-rule consensus tree from Bayesian analyses. Posterior probabilities shown at 

540 resolved nodes.

541

542 Figure 3. Reconstruction of Sollasina cthulhu. Courtesy of Elissa Martin, Division of 

543 Invertebrate Paleontology, Yale Peabody Museum of Natural History.

544

545

546 Electronic supplementary material

Page 22 of 26

http://mc.manuscriptcentral.com/prsb

Submitted to Proceedings of the Royal Society B: For Review Only



23

547

548 Supplementary Information. Description of characters used in phylogenetic analyses.

549

550 Table S1. Character matrix used in phylogenetic analyses.

551

552 Data S1. Character matrix used in phylogenetic analyses in NEXUS file format.

553

554 Data S2. Six equally most parsimonious trees from parsimony analysis in .TRE file format.

555

556 Data S3. Strict consensus tree from parsimony analysis in .TRE file format.

557
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Figure 1. Sollasina cthulhu (OUMNH C.29662). (a–m) Virtual reconstructions (stereo-pairs), (n,o) specimen 
in rock. (a) Oral view. (b) Lateral view. (c) Aboral view. (d) Non-peristomial tube foot (unpaired). (e) Non-
peristomial tube foot (paired). (f) Peristomial tube feet. (g) Oral view showing the peristome, madreporite 

and gonopore (peristomial tube feet omitted). (h) Oral view showing the madreporite and gonopore 
(peristomial tube feet removed). (i) Aboral view showing the periproct. (j) Lateral view showing plating in 
the interambulacral area containing the madreporite and gonopore (tube feet removed). Interambulacral 
plates are shown in green. (k) Oral view showing ambulacral plating at the margin of the theca (tube feet 

removed). (l) Oral view showing the internal ring (all other features transparent). (m) Aboral view showing 
ambulacral plating at the margin of the theca (tube feet removed). (n) Section through the theca showing 
the tube feet. (o) Section through the theca showing the internal ring. Abbreviations: cp, circular pore; go, 
gonopore; ir, internal ring; jp, jaw plates; ma, madreporite; pe, peristome; pr, periproct; pt, peristomial 

tube feet; st, small adoral non-peristomial tube foot; tf, non-peristomial tube feet; ut, unpaired non-
peristomial tube feet. In k and l, perradial plates are shown in blue, adradial plates in red, and 

interambulacral plates in green. Scale bars: (a–c,l) are 5 mm; (d,e,g,k,l,n,o) are 2 mm; and (f,h,i,j,m) are 1 
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Figure 2. Phylogenetic position of ophiocistioids. (a) Strict consensus tree from parsimony analysis. 
Bootstrap support values shown for nodes with more than 50% support. (b) 50% majority-rule consensus 

tree from Bayesian analyses. Posterior probabilities shown at resolved nodes. 
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Figure 3. Reconstruction of Sollasina cthulhu. Courtesy of Elissa Martin, Division of Invertebrate 
Paleontology, Yale Peabody Museum of Natural History. 
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