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24 Abstract

25 The extraxial-axial theory (EAT) and universal elemental homology (UEH) are often 

26 portrayed as mutually exclusive hypotheses of homology within pentaradiate 

27 Echinodermata. EAT describes homology upon the echinoderm bauplan, interpreted 

28 through early post-metamorphic growth and growth zones, dividing it into axial regions 

29 generally associated with elements of the ambulacral system and extraxial regions that 

30 are not. UEH describes the detailed construction of the axial skeleton, dividing it into 

31 homologous plates and plate series based on symmetry, early growth, and function. 

32 These hypotheses are not in conflict; the latter is rooted in refinement of the former. 

33 Some interpretive differences arise because many of the morphologies described from 

34 eleutherozoan development are difficult to reconcile with Paleozoic forms. Conversely, 

35 many elements described for Paleozoic taxa by UEH, such as the peristomial border 

36 plates, are absent in eleutherozoans. We recommend these two hypotheses be used 

37 together to generate a better understanding of homology across Echinodermata. 
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47 1 Introduction 

48 One of the most fundamental factors impeding our ability to understand the 

49 evolutionary history of Echinodermata, a long-lived, diverse, and complex phylum of 

50 marine organisms, is our ability to identify homologous skeletal elements and regions 

51 across different clades. Homology forms the basic underlying assumption set at the root 

52 of the morphological data used to infer phylogenetic relationships, allows for 

53 understanding the evolution of function, and many other lines of research within the 

54 clade. Unfortunately, the homology of skeletal elements is often masked through 

55 evolutionary processes that result in character transformations that alter the 

56 presentation of characters so that they are unrecognizable, confused for other 

57 morphologically similar character states or the loss of features altogether (Sumrall, 

58 2017). Without an accurate understanding of homology, it is not possible to correctly 

59 infer phylogenetic relationships. Identifying homologous elements requires examining 

60 morphological features across taxa and through a number of lenses. Extant 

61 echinoderms (asteroids, ophiuroids, holothuroids, echinoids, and crinoids) evolved early 

62 in the group’s history and offer insights from larval morphologies, development, and 

63 gene expression, but are strikingly different from the extinct clades of Paleozoic 

64 echinoderms, such as blastozoans and homalozoans that have no modern 

65 representatives. Paleozoic forms have greater taxonomic and morphologic diversity, but 

66 the high levels of convergence, and disparate bauplans throughout their evolutionary 

67 history (Ubaghs, 1971; Sumrall, 2017; Deline et al., 2020) have complicated our ability 

68 to unravel the origins, ontogeny, evolution, and life mode of these animals. 
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69 Echinoderms have a biomineralized skeleton of mesodermal origin (see 

70 Gorzelak, this volume). The development of the biomineralized echinoderm skeleton is 

71 associated with a distinct set of transcription factors, signaling molecules and 

72 differentiation genes which all act together during development and comprise the 

73 biomineralization toolkit of echinoderms (see review in Thompson et al., this volume). It 

74 is the expression of the components of this biomineralization toolkit in particular cells, 

75 typically referred to as skeletal cells, which underlays skeletal growth and development 

76 and many skeletal cells occupy the porous cavities which characterize echinoderm 

77 stereom (Czarkwiani et al., 2016; Thompson et al., 2021). The location and molecular 

78 fingerprint of these skeletal cells is controlled by distinct spatial signaling cues which are 

79 sent from the ectoderm (Duloquin et al., 2007, Czarkwiani et al., 2021). It may be that 

80 the activity of these signaling molecules in distinct tissues may result in the presence or 

81 absence of skeleton in particular portions of the body wall (Zamora et al., 2022). 

82 However, while it has been demonstrated that different components of the echinoderm 

83 biomineralization toolkit are expressed in different biomineralized structures (Piovani et 

84 al., 2021), there is so far no evidence to indicate that the expression of distinct 

85 biomineralization genes is associated with particular skeletal plates that could form the 

86 basis for a homology scheme.

87 Patterson (1982) proposed three tests to falsify hypotheses of homology: two a 

88 priori tests (similarity and conjunction) and one a posteriori test (congruence). The test 

89 of similarity proposes that hypotheses of homology between two structures could be 

90 supported if they are similar in construction. The test of conjunction proposes that 

91 hypotheses of homology between two structures assumed to be a singular character 
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92 transformation, are falsified if those two structures are both present in the same 

93 organism. The a posteriori test of congruence states that if a character transformation 

94 appears more than once optimized on a phylogenetic tree, the feature must have 

95 evolved more than once and is therefore rejected as homologous. For a full discussion 

96 of echinoderm homology examples of each of these tests, refer to Sumrall (1997). 

97 Difficulties in identifying homologous elements are further compounded by 

98 human efforts to define evolutionary relationships. Long-standing methods of 

99 delineating taxonomic groups, dating back to the first attempts at classification 

100 (Linnaeus, 1758), emphasized differences among taxa, rather than emphasizing 

101 similarities which can be used as evidence to recognize taxa. Further, taxonomists have 

102 defined distinct and often conflicting sets of terminology for individual groups, making it 

103 difficult to discuss homologous elements that groups might share (Sumrall, 2017). This 

104 concept is prominent in Paleozoic echinoderm clades, where many classes have 

105 different and incompatible lexicons of morphological terms describing homologous 

106 morphology. Horizontal comparisons of terms show these include multiple names for 

107 homologous morphologies and the same term being used for a variety of non-

108 homologous morphologies (Sumrall, 2010; Sumrall and Waters, 2012; Sheffield and 

109 Sumrall, 2019; Ausich et al., 2020). 

110 Additionally, there are issues with definition and diagnosis, similar to Rowe’s 

111 (1988) discussion of these terms with respect to a clade, when applying many 

112 homologous terms to blastozoans. Rowe (1988) used definition to describe a clade as a 

113 historical entity based on ancestry, e.g., a most recent common ancestor and all 

114 descendants. This is distinct from a diagnosis which is used to identify group 
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115 membership based on attributes. In practical terms, for example, glyptocystitoid 

116 rhombiferans are often diagnosed by a series of features such as the plating of the 

117 theca, the presence of dichoporite respiratory structures, and morphologies of the stem 

118 (Zamora et al., 2017). Because such diagnostic structures are not universally found 

119 among all taxa, including stem lineages arising prior to their evolution and character 

120 losses in derived taxa, a simple diagnosis is not sufficient to circumscribe all relevant 

121 taxa. This creates diagnoses such as, “feature present unless secondarily lost,” which 

122 requires a-priori knowledge of the phylogenetic placement of a taxon to diagnose it as a 

123 member of the clade. However, by defining taxa based on shared ancestry within the 

124 context of an evolutionary tree, we can circumscribe them as a clade and the presence 

125 of diagnostic traits becomes irrelevant to our understanding of their group membership 

126 (Brochu and Sumrall, 2001). Optimized onto the phylogeny, diagnostic traits can be 

127 seen to evolve within a series of nested clades and these traits are evidence used to 

128 understand the structure of the tree. But, modern phylogenetic methods define taxa 

129 based on tree structures, rather than as objects that bear suites of characters.

130 In many respects, homology can be seen in a similar framework. Because 

131 homologous structures can be defined by their evolutionary origin as a synapomorphy 

132 and have a fate as character state transformations in descendant lineages, clades are 

133 recognizable by bearing diagnosable alternate states in the character description. 

134 Homology is defined based on the historical origin of structures — if structures are 

135 derived from a common ancestral origination such as a bird wing and a whale flipper are 

136 forelimbs — then at the level of fore limbs they are homologous. In practice, however, 

137 we often rely on diagnosis where we assume homology because two structures have a 
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138 common construct that can be identified. We can list the features that we expect a given 

139 structure to have and if they are present, then we assume the homology, but true 

140 homology can only be understood within a historical framework.

141 Given the lack of developmental information in many cases, inferring homology 

142 based on a diagnosis is both problematic, but oftentimes unavoidable. Homology is 

143 clearest where there is ontogenetic information and tracing specific skeletal elements 

144 throughout ontogenetic stages provides strong evidence for their homology and their 

145 identification in mature specimens. The plates that cover the mouth in most 

146 echinoderms, the primary peristomial cover plates (PPCP), are present in all identifiable 

147 early post larval taxa where known including edrioasteroids, crinoids, blastoids and a 

148 host of other stemmed echinoderms (Sumrall and Waters, 2012). These plates can be 

149 traced ontogenetically and are often quite evident in mature specimens of these taxa. 

150 This information can then be applied to other taxa that descend from a common 

151 ancestor. In other cases, such as plating of the axial skeleton, the developmental 

152 pathway can be seen in the presence of terminal growth of the axial plate series. Of 

153 course, there are clear limitations concerning ontogenetic data in the fossil record as 

154 many groups of fossils are not represented by different growth stages (e.g., many 

155 diploporans have few documented juvenile forms; Sheffield et al., 2018).

156 In EAT, the imperforate and the perforate extraxial skeleton are treated as 

157 separate entities, defined in Recent taxa by their origination, growth, and development, 

158 but in fossils they are diagnosed by their character expression which is subject to 

159 heterochrony and heterotopy. Consequently, inferring homology based on a diagnosis is 

160 not universally reliable. Numerous other examples in Paleozoic echinoderms indicate 
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161 that the distinctions between perforate and imperforate extraxial skeleton may have little 

162 to do with the underlying developmental pathways but are diagnosed instead by the 

163 expression of ephemeral morphological features (Fig. 1). Below, we analyze homology 

164 hypotheses for major features of echinoderm bodies (1) respiratory structures; (2) 

165 feeding structures; (3) hydropores, gonopores, and periprocts; and (4) oral surface 

166 plating. As UEH was developed for plates of the oral area and ambulacral system, we 

167 cannot provide an analysis of each of these major features through both UEH and EAT. 

168 This review, focusing on homology hypotheses, requires a grasp of echinoderm 

169 morphologies. It is outside of the scope of this review to introduce the details of 

170 morphology and body plans for the major echinoderm groups we discuss herein. We 

171 provide here references focusing on morphological features and body plans for these 

172 major groups. As echinoderm morphology is highly disparate, we refer readers to a 

173 large body of literature: Blastozoa (Sprinkle, 1973; Sumrall and Waters, 2012; Sheffield 

174 et al., this volume); Crinozoa (Kammer et al., 2013; Ausich et al., 2020), Echinozoa 

175 (Smith, 1984a; Kerr and Kim, 2001), and basal echinoderms (Parsley, 1980; David et 

176 al., 2000; Smith 2005; Zamora et al., 2012; Zamora and Rahman, 2014).

177 There are two foundational theories for understanding echinoderm homology: (1) 

178 extraxial-axial theory (EAT; Mooi et al., 1994; Mooi and David 1997; David and Mooi 

179 1998) and (2) universal elemental homology (UEH; Sumrall, 2010; Sumrall and Waters, 

180 2012). The EAT hypothesis is built upon parameters of growth and development in 

181 extant echinoids and provides homology designations for different skeletal regions of 

182 the echinoderm body plan. This coarsely divides the echinoderm body plan into two 

183 regions differentiated upon their mode of growth: the axial region (essentially, the 
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184 ambulacral system and related structures) and the extraxial skeleton (Fig. 2). The 

185 extraxial skeleton is further subdivided into the perforate and the imperforate extraxial 

186 skeleton based upon the presence or absence of piercings of the body wall. From the 

187 fossil perspective, the UEH hypothesis is built to recognize homology of individual 

188 skeletal elements of the peristomial border and axial skeleton across different groups of 

189 echinoderms. In essence, the UEH hypothesis refines homology of the axial skeleton so 

190 that commonalities among plates of the oral region and ambulacra can be understood 

191 across pentaradial echinoderms. This system is limited by the lack of recognizably 

192 homologous features in the oral area of fossil eleutherozoans and homalozoans and 

193 scant knowledge of the earliest stages of development from extinct taxa. EAT and UEH 

194 are often discussed as frameworks that exist in opposition to one another; we clarify 

195 here that they are compatible and capable of complementing one another to better our 

196 understanding of echinoderm homology (Sumrall and Waters, 2012). Herein, we provide 

197 a thorough review of both EAT and UEH and offer new insight on combining the two 

198 approaches. We also review future research directions utilizing these homology 

199 hypotheses with echinoderm taxa bearing unusual morphologies. 

200

201 1.1 Institutional Abbreviations 

202 British Museum of Natural History, London (BMNH), now the Natural History 

203 Museum, London; Cincinnati Museum Center (CMC IP); Geological Institute of Tallinn 

204 (GIT); Museum of Paleontology Guizhou University, Guiyang, China (GM); Prague 

205 National Museum (L); Museo Geominero (Geological Survey of Spain), Madrid, Spain 

206 (MGM); Paleontological Institute of the Russian Academy of Sciences (PIN); University 
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207 of Iowa (SUI); Texas Memorial Museum (TX); and University of Michigan Museum of 

208 Paleontology (UMMP).

209

210 2 Homology Hypotheses for Echinodermata

211 Homology, as it relates to fossil organisms, is often explored from a comparative 

212 anatomy framework to determine similarity or adaptive sequences of structures 

213 (Patterson, 1982; Wagner, 2007; Wright, 2015). The framework of developmental 

214 genetics, which is actively investigated among modern echinoderms (Oliveri et al., 

215 2008; Shashikant et al., 2018; Thompson et al., 2021; Thompson et al., this volume), 

216 further complicates such studies in the Paleozoic, as many of the organisms are in 

217 extinct clades and different or similar genetic pathways may have produced non-

218 homologous structures that appear homologous (Shubin and Marshall, 2000; Shubin et 

219 al., 2009; Wright, 2015). Ground truthing our a priori interpretations of homologous 

220 structures among extinct forms requires the application of a posteriori phylogenetic 

221 methods. 

222 One of the two major homology hypotheses, extraxial-axial theory (EAT) 

223 differentiates the echinoderm skeleton into two broad categories. The axial (associated 

224 with the oral and ambulacral system, including morphologies covered by UEH) and the 

225 extraxial (the non-ambulacral body wall, subdivided into perforate and imperforate 

226 regions; Mooi et al., 1994; Mooi and David, 1997, 1998, 2008; David et al., 2000). The 

227 second hypothesis, universal elemental homology (UEH) (Sumrall, 2010, 2017; Sumrall 

228 and Waters, 2012; Ausich and Kammer, 2013; Kammer et al., 2013) is a framework to 

229 identify the homologies of the individual skeletal elements of the oral area and 
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230 ambulacral system within echinoderms. Although some authors have tended to treat 

231 EAT and UEH as alternate hypotheses for homology among echinoderms (e.g., 

232 Guensburg and Sprinkle, 2001, 2007; Zamora and Rahman, 2014; Sheffield and 

233 Sumrall, 2019), or favor one hypothesis without considering the other (Paul, 2021), 

234 these hypotheses are addressing different aspects of homology and can be used in 

235 concert. Each hypothesis articulates observations about homology from different 

236 aspects of the echinoderm bauplan. EAT is regional, covering the entire organism. It 

237 was applied among echinoids and other Eleutherozoa and later applied and interpreted 

238 across Pan-Echinodermata (sensu Sumrall, 2020). UEH is a high precision hypothesis, 

239 but it is limited to the mouth frame and ambulacral system. It was applied among 

240 blastozoans (including crinoids; Ausich and Kammer, 2013; Kammer et al., 2013; 

241 O’Malley et al., 2016) and edrioasteroids; because of a lack of morphological framework 

242 across disparate groups, UEH has not been expanded to eleutherozoans and 

243 homalozoans. These two hypotheses, EAT and UEH, are not in conflict, nor are they 

244 alternatives to one another (Smith and Zamora, 2013; Wright, 2015). Instead, they 

245 complement one another when considering a holistic approach to echinoderm homology 

246 (e.g., body regions and specific skeletal elements).

247

248 2.1 Extraxial-Axial Theory

249 EAT hypothesizes skeletal homologies across broad regions of the echinoderm 

250 body plan and characterizes them based on their presumed developmental origin. It 

251 divides the plating of the body wall into axial elements and extraxial elements. The axial 

252 region of the skeleton is associated with the water vascular system, as it radiates from 
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253 the peristome and grows from the distal tip adding new elements by terminal addition 

254 (OPR). The perforate extraxial region of the skeleton, bears elements that can be 

255 inserted at multiple points without adherence to terminal addition. It contains several 

256 body openings including the periproct, hydropore, gonopore, and a variety of respiratory 

257 structures. This strict diagnosis interprets the oral plates and oral frame plates as being 

258 part of the perforate extraxial skeleton, but this is inconsistent with their development 

259 and association of these elements with the floor plate system, and the fact that the body 

260 openings associated with them occur only in more derived taxa. It is also important to 

261 note that in Kailidiscus, oral plates and the precursor plates to the oral frame elements 

262 bear podial pores that are only found in axial skeleton (Zhao et al., 2010). If one infers 

263 their homology strictly on diagnosis, they can be either axial or extraxial, but 

264 phylogenetically and developmentally they are axial.

265  The imperforate extraxial skeleton lacks the pore systems associated with the 

266 perforate extraxial skeleton (Mooi et al., 1994). These regions were identified based 

267 upon the different modes of growth in different aspects of the echinoid skeleton, then 

268 associated with the divergent larval origin of different aspects of the adult body plan and 

269 then translated to other echinoderm clades (Mooi and David, 1997; David et al., 2000). 

270 In practice, skeletal type is diagnosed by features of the growth parameters and pore 

271 types, which are subject to heterochrony (absence of pores in paedomorphic taxa) 

272 heterotopy (evolutionarily relocating structures). Consequently, this diagnosis -based 

273 system tends to rely heavily on features of these plate fields (OPR, presence of pores) 

274 in extinct clades where developmental evidence is more difficult to interpret. This is why 

275 the floor plate series of diploporans like Dactylocystis and Tristomiacystis, which grow 
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276 by terminal addition and are developmentally composed of ambulacral floor plates but 

277 also bear respiratory structures, are difficult to reconcile. One must choose whether to 

278 diagnose them as axial, based on OPR, or perforate extraxial, based on pore systems; 

279 they cannot be both. Homology would require us to accept the developmental argument 

280 over the diagnosis argument and infer them to be ambulacral floor plates. 

281 Axial skeleton is positioned in the rays and is generally associated with the water 

282 vascular system. Axial elements are recognized by the ocular plate rule (OPR), in which 

283 plates are added to the growing tip of the plate series immediately proximal to a terminal 

284 ossicle or ocular plate. In practice, this precise diagnosis does not work for most 

285 echinoderm taxa, as ocular plates are documented with certainty only in crown group 

286 Eleutherozoa and are demonstrably absent in nearly every other echinoderm clade 

287 (some authors have described the OPR in non- eleutherozoans (e.g., Smith, 1985; 

288 Nohejlová et al., 2019; Paul and Toom, 2021); however, these interpretations have not 

289 been convincing as definitive evidence for the OPR, to the authors). Instead, terminal 

290 growth is implicitly used to identify the axial skeleton presumably as an expression of 

291 the ocular plate rule. But issues exist with this simple distinction. Early crinoid arms are 

292 compound structures that have axial floor plates abutting brachial elements that are 

293 classified as extraxial skeleton, both of which grow by terminal addition (Guensburg et 

294 al., 2015). In more derived crinoids, extraxial brachial elements commonly become 

295 biserial, mimicking the ocular plate rule, and otherwise are indistinguishable from true 

296 axial skeleton outside a phylogenetic framework (Kammer et al., 2013). In some taxa of 

297 Pennsylvanian cladid crinoids, such as Erisocrinus, the brachial elements begin as 

298 uniserial in juvenile ontogenetic stages and then transition to biserial wedges in older 
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299 stages (Peters and Lane, 1990; Sheffield, 2013). Furthermore, within eleutherozoans, 

300 the non-ambulacral marginal frame of asteroids and the extinct somasteroids are added 

301 via terminal addition next to the ocular plate, casting doubt on whether or not these 

302 structures are axial or extraxial (Mooi and David, 2000; Hotchkiss, 2012). 

303 Many more complex plating arrangements exist in the axial skeleton, including at 

304 least three different plate series: adradial floor plates, abradial floor plates and cover 

305 plates (Fig. 3) (Zhou et al., 2010; Sumrall, 2015, 2017). Within these plate series axial 

306 skeleton does not always follow simple terminal growth. In derived blastozoans, such as 

307 blastoids, glyptocystitoids, and hemicosmitoids, the abradial floor plates are complex 

308 and are differentiated into a primary and secondary series (Sprinkle, 1973: fig. 4; 

309 Sumrall, 1997). 

310 Not all axial skeleton follows the ocular plate rule. Other than those that form a 

311 simple biseries, cover plates do not always develop by terminal addition. In 

312 edrioasteroids, distal cover plates are generally arranged into a simple biseries, but with 

313 maturity, secondary and even tertiary cover plates are added later in ontogeny in more 

314 proximal regions of the ambulacral system (Fig. 4, 5) (Bell, 1976b; Bell and Petersen, 

315 1976). It is, however, possible that these plates are small and internal and only 

316 expressed later in ontogeny (for a discussion see Sumrall, 1996: p. 970). The remainder 

317 of the skeleton that is not defined as axial is considered extraxial (Mooi and David, 

318 1997, 1998, 2008; David et al., 2000). 

319 The extraxial skeleton roughly equates to the interambulacral plating of non-

320 echinoids: thecal wall plating, stem, and holdfast. Such plating is generally irregular in 

321 early taxa such as edrioasteroids and eocrinoids (Fig. 4), as opposed to the more 
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322 derived and highly organized theca of later echinoderms such as blastoids, crinoids, 

323 and glyptocystitoids. Perforate extraxial skeleton is generally more proximally positioned 

324 and defined based on the presence of pores or thecal openings. In echinoids, this has 

325 been equated to the genital and periproctal plating, and the oral and oral frame plating. 

326 Imperforate extraxial skeleton is generally more distally positioned and lacks these 

327 pores (Mooi et al., 1994).

328 Much has been made of the supposed molecular and developmental basis for 

329 the EAT. David and Mooi (1998) proposed that the extraxial and axial elements of the 

330 body wall have different developmental origins resulting from metamorphosis. They 

331 proposed that the axial skeleton is associated with tissue arising from the larval 

332 rudiment, while the extraxial skeleton is associated with those portions of the adult body 

333 plan which are derived from non-rudiment tissue of the larvae. This was followed up 

334 with a later comparison of the spatial relationship of the axial and extraxial tissue to the 

335 expression of a few homeodomain bearing transcription factors (Mooi et al., 2005). 

336 These gene expression patterns used to support the EAT, published by Lowe and Wray 

337 (1997), and discussed by Mooi et al. (2005) are largely well-known to be transcription 

338 factors associated with the nervous system (as pointed out by Mooi et al., 2005), and 

339 thus their expression in a penta-radial pattern in association with the axial skeleton is 

340 more likely a function of their expression in the development of the nervous system, 

341 rather than the development of the skeleton. Further attempts were made to link the 

342 extraxial and axial regions of the skeleton to the translocation and expression during 

343 development of Hox genes (Mooi et al., 2008, David and Mooi, 2014). Any relationship 

344 between the expression or translocation of Hox genes and the patterning of the adult 
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345 penta-radial body plan has, however, also been widely refuted (Byrne et al., 2016). At 

346 present, there remains little in the way of gene expression patterns that support any 

347 particular homology scheme, EAT or UEH, amongst echinoderm groups.

348 The power of EAT lies in its ability to identify areas of regional homology. This 

349 facilitates gross morphological characterization of the theca and its structures into a 

350 framework of homologous regions and changes in their distribution and characterization 

351 can effectively be used to generate phylogenetic characters for analysis. However, its 

352 framework lacks the precision required for detailed morphological descriptions of plate 

353 arrangements within the ambulacral system and thecal wall. This limitation results in 

354 simplified morphological characters, such as counts of the number of basal plates, 

355 radial plates and oral plates which must be used with extreme caution. In the past these 

356 characters have been used in phylogenetic analyses without regard to whether the 

357 plates in question were homologous and how they related to the animal’s body axes (for 

358 examples see: Smith, 1984b; Sumrall, 1997; Frest et al., 2011). This produces 

359 characters based on gross similarity rather than homology and this shortcoming directly 

360 led to the development of the UEH hypothesis for plate homologies.

361

362 2.2 Universal Elemental Homology

363 UEH was originally developed to address plate homology problems in 

364 blastozoans by examining the growth and development of the peristome and ambulacral 

365 system and determining the exact identity of skeletal elements across taxa. 

366 Subsequently, it was applied to these taxa, avoiding issues of non-recognition of 

367 homologous structures that plagues the expansion of EAT homologies from echinoids 
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368 into blastozoans. The application of UEH begins with identifying the plesiomorphic 

369 symmetry of the pentaradial echinoderm — what Sprinkle (1973) termed the 2-1-2 

370 symmetry (also see: Sumrall, 2010, 2017; Sumrall and Waters, 2012; Kammer et al., 

371 2013). In the plesiomorphic state, three ambulacra exit the peristome: the anterior A 

372 ambulacrum and the lateral shared ambulacra, BC to the right and DE to the left. 

373 Bifurcation of these shared ambulacra form the distal B, C, D, and E ambulacra 

374 (Sumrall and Wray, 2007). Two different series of plates can form the border of the 

375 peristome: the oral frame plates, which are plesiomorphically radially positioned, 

376 internally expressed, and form the proximal-most plate in the adradial floor plate 

377 system. Oral plates are plesiomorphically interradially positioned, broadly expressed 

378 externally, and form the proximal-most plate in the abradial floor plate series (Fig. 6; 

379 Sumrall, 2017). Patterson’s (1982) test of conjunction confirms these two plate series 

380 cannot be homologous, as there are examples of a few taxa that have both oral plates 

381 and oral frame plates (Kammer et al., 2013). 

382 Distal to the oral area are floor plates that form the food groove in most taxa. Two 

383 types of floor plates with different expressions are found in the axial skeleton and 

384 correspond with the types of peristomial bordering plates present (Sumrall, 2017). 

385 These two plate series are present in several taxa documenting that they are not 

386 homologous by the test of conjunction (Patterson, 1982; Zhao et al, 2010; Sumrall and 

387 Zamora, 2011; Sumrall and Zamora, 2018). Adradial floor plates are typically internally 

388 expressed and are dominant in taxa that bear oral frame plates. Abradial floor plates are 

389 broadly expressed externally and are dominant in taxa bearing oral plates (see Zamora 
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390 and Sumrall, this volume). Indeed, the oral plates and oral frame plates appear to be the 

391 proximal-most plates in these respective floor plate series on morphological grounds. 

392 The peristomial opening is covered by five primary peristomial cover plates 

393 (PPCP) that form early in ontogeny (Sumrall and Waters, 2012; Kammer et al., 2013) 

394 and are positioned interradially. The PPCPs can be traced ontogenetically (Bell, 1976b; 

395 Sumrall and Wray, 2007) and in some taxa, they remain prominent after they reach 

396 maturity and are easily distinguishable from the surrounding ambulacral cover plates; 

397 this feature can be seen in coronoids. The primary peristomial cover plates can become 

398 indistinguishable from the shared cover plate and proximal most ambulacral cover plate 

399 systems except by position as in most isorophinid edrioasteroids. Shared cover plates 

400 are often present over the peristome and ambulacral cover plates extend down the floor 

401 plate system and protect the food groove. 

402 The power of UEH lies in its ability to identify the evolutionary fate of the 

403 development of individual skeletal plates within plate series of the axial skeleton. For 

404 example, the loss of one or more ambulacra has evolved in different clades, such as 

405 glyptocystitoids, hemicosmitoids, and paracrinoids (Sumrall and Wray, 2007). By 

406 understanding the identity of plates present in the oral area and which ambulacral 

407 bound them, it is possible to determine the evolutionary fate of each of the ambulacra 

408 and code for presence or absence of homologous elements, rather than simply counting 

409 the appendages, which are subject to homoplasy. This detailed understanding of 

410 ambulacral identity is only possible when the plating of the oral area is fully 

411 characterized through UEH, because other orientation features such as positioning of 
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412 the hydropore, gonopore and periproct in the CD interray is not fully consistent among 

413 echinoderms (Sumrall and Wray, 2007; Sumrall 2010; Sumrall and Waters 2012).

414 UEH is useful in providing a more comprehensive understanding of individual 

415 homologous elements related to the oral and ambulacral plating in blastozoan 

416 echinoderms but has not been expanded to other sections of the body, such as 

417 respiratory structures or the thecal body wall plating (extraxial skeleton). Additionally, 

418 UEH has not been successfully applied to non-blastozoan or edrioasteroid echinoderms 

419 to date.

420

421 3 The Application of These Homology Hypotheses

422 There are several limitations when applying EAT and UEH to blastozoan 

423 echinoderms. Because EAT was developed using eleutherozoans as exemplars, where 

424 developmental information is more available, there has been an imprecise translation of 

425 skeletal regions to non-eleutherozoan taxa. Similarly, because UEH was first developed 

426 to describe blastozoan mouth frames, this hypothesis can be difficult to reconcile with 

427 eleutherozoans where mouth frame construction is radically different. These limitations 

428 reflect the high disparity between these taxa and are evident in the complexities in 

429 coding blastozoan character data for eleutherozoans where a large proportion of the 

430 states are mutually inapplicable (Deline, 2021). 

431

432 3.1 Perforate Skeleton

433 While a diagnostic feature of perforate extraxial skeleton is the presence of 

434 perforations through the thecal wall, perforations are not universally present, they 
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435 change through ontogeny and there are issues associated with what is meant by 

436 perforations across echinoderms as described above. The nature of interambulacral 

437 plating in edrioasteroids is a clear example of this complication where the extraxial 

438 plating between the axial elements of the ambulacra shows a wide variety of 

439 expressions (Bell, 1976a; Zhao et al., 2010). They are inferred to be homologous a 

440 priori on similarity arguments as well as a posteriori based on phylogenetic arguments 

441 (Smith and Jell, 1990) following Patterson (1982). Furthermore, the development of this 

442 plate series is well constrained in both early taxa (Zhao et al., 2010) and later taxa (Bell, 

443 1976b; Sumrall, 2001) and there is little doubt that this plate series is homologous 

444 across the clade and likely beyond this clade, such as the oral surface plating in 

445 imbricate and gogiid eocrinoids. The issue with imperforate and perforate extraxial 

446 skeleton is the way they are diagnosed in the absence of direct developmental data. 

447 Homology is when two structures are the same historically because they can be traced 

448 back to a single structure in common ancestor, whereas perforate and imperforate 

449 skeleton are diagnosed by their character expression. But it is also problematic that a 

450 variety of non-homologous structures are considered as evidence for perforation 

451 including the hydropore, gonopore, periproct (important body openings), a variety of 

452 non-homologous respiratory structures that either perforate (typically exothecal 

453 respiratory structures such as epispires, though there are exceptions) or invaginate 

454 rather than perforate the thecal wall (typical of endothecal respiratory structures). These 

455 are in addition to pores associated with the podia. Presence of these features, primarily 

456 the respiratory structures, is controlled by heterochrony and the position can vary 

457 considerably because of heterotopy. In the context of the development of these 
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458 structures, it is not inconceivable that signaling from the developing soft tissue structure 

459 (be that podia, epispires etc.) to the growing skeleton is responsible for the presence of 

460 perforations in numerous non-homologous skeletal structures. 

461

462 3.1.1 Respiratory Structures

463 Homology becomes most complex where plate series or thecal regions are 

464 diagnosed strictly on morphological grounds without respect to underlying 

465 developmental criteria. Perforate extraxial skeleton is diagnosed by two factors: (1) not 

466 following the OPR (terminal growth); and (2) having perforations in the integument 

467 (Mooi et al., 1994). Having perforations in the integument is a complex issue and is a 

468 function of several competing factors. First, not all perforations of the integument are 

469 homologous nor are they reflecting the same organ systems of the body. Second, some 

470 organ systems, such as respiratory pores, change their morphological expression 

471 ontogenetically. This suggests that pore systems can be strongly influenced by 

472 heterochrony, such as descendent lineages that have pores giving rise to paedomorphic 

473 descendants that lose those pore structures. As functions, such as respiration are 

474 dependent on surface area which ontogenetically increases more slowly than volume, 

475 we see countless examples of evolutionary adaptations of organisms increasing 

476 efficiency of respiration (McKinney and Sumrall, 2011). An example of this is seen in the 

477 blastoid Pentremites, where there is documented evidence that hydrospire respiratory 

478 structures grew with positive allometry in order for the surface area of the respiratory 

479 structures to keep pace with the volume (Dexter et al., 2009). This has also been 

480 documented in the rhombiferan Pleurocystites, whose pectinirhombs also grew with 
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481 positive allometry (Brower, 1999). These variations can range from heavier respiratory 

482 structure concentrations in certain areas of the body to maximize efficiency, losing 

483 respiratory structures altogether, or developing them at different ontogenetic stages. 

484 It has been well documented that the array of different types of respiratory 

485 structures cannot be homologous. First, their construction is vastly different in the 

486 groups in which they are present (Patterson, 1980: test of similarity). This includes 

487 endothecal respiratory structures where ambient water is passed through canals 

488 embedded within the skeleton for gas exchange through thin stereom folds and 

489 exothercal respiratory structures where coelomic fluid is circulates through the skeleton 

490 towards the theca surface (in some cases making true skeletal perforations) for gas 

491 exchange (Sumrall and Waters, 2012). Phylogenetically, these are the derived condition 

492 in many clades (Patterson, 1980: test of congruence), suggesting that these features 

493 cannot be homologous. In fact, some groups such as glyptocystitoids have several 

494 different types of respiratory structures within the clade, including both endothecal and 

495 exothecal types (Paul 1968a,b, Sprinkle and Wahlman 1994; Zamora et al., 2017) and 

496 other taxa, such as eublastoid Troosticrinus possess both endothecal and exothecal 

497 respiratory structures in the same organism (Sumrall and Waters, 2012). For a 

498 comprehensive review of respiratory structures in many Paleozoic echinoderms, we 

499 refer readers to Sheffield et al. (this volume). 

500 Groups of early edrioasteroids, such as cambrasterids and stromatocystitids, 

501 have epispires along the plate sutures in this plate series (Zamora et al., 2007; Zhao et 

502 al., 2010). These epispires may be absent in juveniles and become more pronounced 

503 ontogenetically. Other taxa such as the early form Kailidiscus and edrioasterids, and 
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504 later isorophids lack these structures and bear imperforate interambulacral plating. Yet 

505 within isorophids, the unusual Thresherodiscus re-evolved respiratory structures in the 

506 form of paired pores within plates that are connected by a thin calcified hollow bulb 

507 similar to some kinds of diplopores (Sumrall and Gahn, 2006). The ephemeral nature of 

508 respiratory structures in interambulacral plating shows that the situation is more 

509 complicated than a simple dichotomy of pores being present or absent.

510  The addition of respiratory structures during ontogeny has been documented in 

511 gogiid eocrinoids, such as Sineocrinus, Guizhouecrinus, Akadocrinus, glyptocystitoids, 

512 and other taxa (Fig. 7; Sumrall and Schumacher, 2002; Nohejlová and Fatka, 2016; 

513 Sheffield et al., this volume). In gogiids, epispires are completely absent from the most 

514 juvenile specimens, typically those with thecae under 3 mm in height (Fig. 7.1; Parsley 

515 and Zhao, 2006). It is likely that the juveniles respired across the plates or through the 

516 gut, until larger size necessitated epispire development. Because small juveniles have 

517 extremely high surface area to volume ratios, it is not unexpected that juvenile 

518 blastozoans lacked respiratory structures and instead were able to respire across the 

519 plates whereas this ratio dramatically decreases with increased size requiring 

520 respiratory structures in adults (Fig. 7.2; McKinney and Sumrall, 2011). Epispires first 

521 developed near the top portion of the theca, toward the ambulacral area, then along the 

522 bottommost portion of the theca by the stem. Parsley (2013) found that by the time 

523 thecae reached about 8 mm in height, epispires were distributed evenly across the 

524 body. Parsley (2013) noted that the emergence of the epispires in this particular pattern 

525 suggests that they formed to support high levels of metabolic activity. Some eocrinoids 

526 have lost epispires throughout all of their ontogenetic stages; in such cases, taxa 
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527 without epispires typically had much thinner plates (and often with flattened thecae, like 

528 Haimacystis) than those with epispires (Sumrall et al., 2001; Sheffield et al., this 

529 volume). Presumably, with thinner plates came a reduced need for pores to perform 

530 respiratory function; organisms would have been able to respire across the entire thecal 

531 surface (Sprinkle, 1975). Well-documented and complicated developmental pathways 

532 for respiratory structures in blastozoans makes it difficult to ascribe plate series to 

533 perforate or imperforate extraxial skeleton using a strict diagnosis based on the 

534 presence of pores within the EAT framework. Again, it is the historical context of the 

535 plate series’ origin that determines the homology of the plating, not the presence or 

536 absence of pore systems. 

537 There are a number of examples of echinoderm taxa who have evolutionarily lost 

538 their respiratory pore structures or have significantly reduced them. Glyptocystitid 

539 rhombiferans are a clade that bear pectinirhombs among derived members, but 

540 plesiomorphic taxa either lack respiratory structures or bear a variety of other 

541 respiratory structures (Paul, 1968a; Sprinkle and Wahlman, 1994). Pectinirhombs are 

542 added to specific plate sutures ontogenetically and dichopores are sequentially added 

543 to existing pectinirhombs ontogenetically (Paul, 1968b; Sumrall and Sprinkle,1999; 

544 Sumrall and Schumacher, 2002). Amecystis is derived within the pectinirhomb-bearing 

545 pleurocystitid clade (Paul, 1967; Parsley, 1970; Broadhead and Strimple, 1975; Sumrall 

546 and Sprinkle, 1995), but lost its respiratory structures, something that has happened 

547 more than once in the pectinirhomb-bearing rhombiferans. To respire, Ameystis likely 

548 utilized a mode of respiration that some modern holothuroids use, cloacal pumping via a 

549 large, flexible integument of the periproct (Broadhead and Strimple, 1975). Other 
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550 Paleozoic echinoderm taxa, such as some edrioasteroids, may have also used modes 

551 of cloacal pumping to respire (see Bell, 1976b). In glyptocystitoids, the ephemeral 

552 nature of respiratory structures shows that either many taxa with perforated extraxial 

553 skeleton lack pores or many with imperforate extraxial skeleton bear pores. 

554 In some cases, respiratory pore systems are induced in plate series, regardless 

555 of their origin, showing that functional constraint is independent of the homology of the 

556 particular elements. For example, asteroblastid diploporans have diplopores that are 

557 restricted to the interambulacral areas (Kesling, 1968). In other cases, diplopores can 

558 be present in both axial and extraxial skeletal elements, such as in Tristomiacystis, a 

559 Devonian diploporan (Sumrall et al., 2009). This taxon bears diplopores on both the 

560 theca wall plates (extraxial), is as typical for diplopore-bearing taxa, as well as 

561 diplopores piercing the floor plates (axial). Note that the floor plates follow OPR, bear 

562 the food groove and brachiole facets, structurally form the thecal wall without underlying 

563 thecal plates, and conform to all morphological and developmental expectations of 

564 abradial floor plates as described by Sumrall (2017). In essence, using a strict diagnosis 

565 these plates can be both axial and extraxial. In addition, taxa such as Dactylocystis, 

566 Revalocystis, and Estonocystis have a reduced number of diplopores and constrained 

567 their placement to the axial ambulacral floor plates (Fig. 1, 8; Kesling, 1968; Sheffield 

568 and Sumrall, 2019). Chauvel (1941) suggested that constraining diplopores to the 

569 ambulacral floor plates could indicate that at least some respiratory structures may have 

570 had an ambulacral origin. While testing that hypothesis is not within the scope of this 

571 article, this comment predicts that in some lineages, respiratory structures might begin 

572 in the axial system and migrate towards the extraxial plate series. However, we do not 
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573 see that in blastozoan morphology. A clear example of this can be seen in 

574 glyptocystitoids, that show a disparate range of respiratory structures: those with 

575 corrugated thecal plates, those with epispires, those with pectinirhombs, and some 

576 without any respiratory structures at all (Sheffield et al., this volume). In all of these 

577 examples, these disparate respiratory structures evolved independently and appear 

578 solely in the extraxial skeleton. 

579 One aspect of many categories of respiratory pores is the fact that they do not 

580 penetrate the thecal wall. Endothecal respiratory structures such as dichopores, 

581 cryptopores and hydrospires have incurrent and excurrent pores, but the entirety of the 

582 respiratory structures is contained within the thecal wall. Thin folds on the thecal interior 

583 facilitate gas exchange through the porous stereom but ambient seawater is fully 

584 external to the theca. Conversely, some exothecal respiratory structures such as 

585 humatirhombs and some forms of diplopores have the entire pore system contained 

586 within the thecal plate but differ in that the coelomic fluid circulates through the pore 

587 system. In none of these cases are the pores truly perforations. Epispires do perforate 

588 the thecal wall, but this is only true because the papulae that presumably pass through 

589 these structures are non-calcifying.

590

591 3.1.2 Hydropore, Gonopore, Periproct

592 EAT describes oral plates and oral frame plates as part of the extraxial skeleton 

593 based on the hydropore, gonopore and anus commonly perforating these plate series. 

594 This is the derived condition for these plates as can be seen by their position among 

595 early taxa such as Lepidocystis and Kailidiscus (Sprinkle, 1973; Zhao et al., 2010). As 
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596 described above, homology is defined by development rather than diagnosed by the 

597 features of skeletal elements. From this perspective oral plates and oral frame plates 

598 have been clearly established as part of the axial skeleton, as they are developmentally 

599 the earliest formed portions of the floor plate series and they have been shown to be 

600 morphologically contiguous with the abradial and adradial floor plate series respectively 

601 (Zhao et al., 2010). 

602 Consequently, the placement of the hydropore, gonopore, and periproct are not 

603 restricted to the perforate extraxial skeleton. These features show heterotopic evolution, 

604 resulting in a variety of positions within the theca, including placement in both the axial 

605 and extraxial skeleton as well as the sutures between them. In several early taxa, such 

606 as imbricate and gogiid eocrinoids and Kailidiscus, the hydropore and gonopore are in 

607 the form of small pyramids positioned in the proximal right CD interambulacrum within 

608 the extraxial skeleton of the interambulacral plating and the periproct is positioned 

609 centrally to distally in the CD interambulacrum (Sprinkle, 1973; Zhao et al., 2010). This 

610 is consistent with its traditional diagnosis as perforate extraxial skeleton; many of these 

611 early groups bear respiratory structures in these plates, though there are exceptions, 

612 such as Kailidiscus and some gogiids. In more derived taxa bearing oral plates (e.g., 

613 derived blastozoans and edrioasterids), the hydropore and gonopore are nearly 

614 universally positioned within the axial skeleton, namely, the oral plates and the oral 

615 frame plates; typically, this is seen in the posterior oral plate series shared between O1, 

616 O6, and O7 (Paul, 1968a; Sumrall and Wray, 2007; Sumrall and Waters, 2012; Kammer 

617 et al., 2013). 
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618 In isorophid edrioasteroids that bear oral frame plates, the hydropore and 

619 gonopore are incorporated into the oral frame (Kesling and Mintz, 1960; Bell, 1976b; 

620 Sumrall 1996) and this combined hydro-gonopore is covered by one or a series of 

621 hydropore orals (Kesling, 1960; Bell, 1976b, Sumrall 1996). These plates appear to be a 

622 combination of modified ambulacral cover plates and interambulacral plates resulting in 

623 the orifice bordering the axial and extraxial skeleton externally and positioned in the 

624 axial skeleton internally. In Euryeschatia, the hydrogonopore is bordered between the 

625 hydropore oral, repositioned along the C ambulacrum in the CD interambulacrum and 

626 bordered internally by ambulacral floor plates (Sumrall and Zamora, 2012).

627 Similarly, the positioning of the periproct is not limited to the perforate extraxial 

628 skeleton. While most early echinoderms bear the periproct in the extraxial skeleton, 

629 typically in the interambulacral plating of the CD interray, this is not universally the case. 

630 Some taxa have moved the periproct to the side of the theca with the plating of the 

631 thecal wall into what is typically inferred to be perforate skeleton, which is seen in 

632 derived glyptocystitoid rhombiferans and paracrinoids (Parsley and Mintz, 1975; Sumrall 

633 and Waters, 2012; Zamora et al., 2017). Several cases in later taxa also exist where the 

634 periproct is positioned more proximally and can border the oral plate series, such as the 

635 stem rhombiferan Ridersia, blastoids, and the diploporan, Tristomiacystis (Sumrall et al., 

636 2009; Zamora et al., 2017). Still others, including some eublastoids, have the periproct 

637 completely bordered by oral plates. The position of these orifices, which are functionally 

638 quite different, is, again, not an indication of plate series homology, but a reflection of 

639 heterotopy in the evolutionary history of these clades.
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640 Furthermore, the developmental origin of the hydropore, which has been 

641 classified as part of the perforate extraxial skeleton varies across extant taxa. During 

642 the development of the echinoid Paracentrotus lividus, the calcified madreporite found 

643 in the adult body plan forms around the larval hydropore as a result of further biomineral 

644 deposition in continuity with the larval skeleton (Gosselin and Jangoux, 1998). In this 

645 echinoid, the adult hydropore is thus the same structure as the larval hydropore. In the 

646 asteroid Asterias rubens, however, the hydropore of the larvae is closed following 

647 metamorphosis, and the madreporitic pore arises as a distinct canal connected to the 

648 coelomic cavity. Thus the larval hydropore and adult madreporite are distinct structures 

649 (Gondolf, 2002). This suggests that the developmental origin of adult structures, such 

650 as the madreporitic pore from the larval hydropore, is not consistent across different 

651 echinoderm groups.

652 The plates which bear or support the gonopore have also been classified as 

653 perforate extraxial skeleton (Mooi et al., 1994). The developmental origin of the 

654 gonopores, however, is vastly different from that of the hydropore. In contrast to the 

655 hydropore, the gonopores do not have an analogous structure in the larva. In echinoids, 

656 the gonopores do not open until sexual maturity (Spirlet et al., 1994). Prior to this, the 

657 gonopore-bearing plates in most echinoids, the genital plates, lack any perforation. 

658 Furthermore, the perforations associated with the gonopores are not only limited 

659 to the genital plates of crown group echinoids. In some derived holasteroid irregular 

660 echinoids, as well as the tithoniids (stem group atelostomates), some of the gonopore 

661 openings are found on ocular plates instead of genital plates (Saucède et al., 2001, 

662 Smith, 2004, Gaillard et al., 2011). Additionally, in some clypeasteroid echinoids, as well 
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663 as the Cretaceous atelostomate Absurdaster, the gonopore opens within the 

664 interambulacral plating (Kier, 1968, Kroh et al., 2014), interpreted by (Mooi et al., 1994) 

665 to be axial skeleton. The disparate developmental origins found among perforations in 

666 different plate types, and the migration of perforations such as the gonopore across 

667 different, non-homologous plate types suggests that the perforation of skeletal elements 

668 may be unrelated to homology, and may instead be associated with signaling from the 

669 gonoduct (which connects the gonad to the genital pore) to the skeleton, which 

670 subsequently results in the local resorption of the skeleton and a resulting perforation of 

671 the skeleton. 

672 Okada (1979) surgically removed portions of the gonoduct from juvenile and 

673 young post-juvenile echinoids and found that removal of the gonoduct midway through 

674 perforation of the genital plate resulted in the further cessation of genital pore formation. 

675 Furthermore, Okada found that when the gonad was removed, occasionally an 

676 additional gonoduct would regenerate from it and pierce an interambulacral plate, 

677 resulting in a new gonopore forming in the interambulacra. Likewise, when the gonoduct 

678 was removed and regeneration resulted in the development of multiple gonoducts, a 

679 gonopore formed where each contacted the skeleton. All of this suggests that the 

680 perforate nature of the genital plate has little to do with the innate ability of this skeletal 

681 element to be perforate, but with a resorption-related signal sent from the gonoduct. 

682

683 3.2 Feeding Structures

684 The feeding structures of echinoderms, ambulacra, are made up of three plate 

685 series with, in some cases, accessory appendages (Sumrall, 2017). The food groove is 
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686 floored by a series of plates called floor plates that form two series distributed among 

687 taxa. The food groove is covered by a series of ambulacral cover plates. Distinguishing 

688 the floor plate series is complex but can be framed in the form of a testable hypothesis. 

689 If both plate series are present as in pyrgocystids and Kailidiscus (Zhao et al., 2010; 

690 Sumrall and Zamora 2011, 2018), position can be used with the adradial set along the 

691 ambulacral midline and the abradial set offset from the midline. Where known, the 

692 adradial set is wholly internal and only seen in interior views of the theca and cross 

693 sections. The abradial set is typically expressed with a broad laterally exposed shelf 

694 abradial from the cover plate series (Sumrall, 2017). 

695 Hypotheses of floor plate homology can also be tested because the floor plate 

696 series and the peristomial border series are developmentally linked and show a 

697 consistent distribution among taxa. Taxa bearing oral frame plates possess adradial 

698 floor plates and this floor plate set forms a series extending from and morphologically 

699 contiguous with the oral frame plates proximally. Taxa bearing oral plates bear abradial 

700 floor plates that begin with the oral plates proximally (Sumrall 2017; Zamora and 

701 Sumrall, this volume). There are, however, some cases where floor plate homologies 

702 are ambiguous or absent. It has been convincingly shown that many early crinoids bear 

703 floor plates within the structure of the erect ambulacral system (Guensburg et al., 2010). 

704 But whether these taxa bear adradial or abradial floor plates remains unknown. The 

705 presence of an oral plate series in some early crinoids suggests that they would 

706 correlate to abradial floor plates, but other data are lacking (Sumrall, 2017). 

707 Interestingly, while early crinoids almost universally have uniserial brachial 

708 elements, many derived crinoids have biserial brachial growth that identically patterns 
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709 plate series following the OPR. In these cases, the brachial elements are interpreted as 

710 extraxial simply based on phylogenetic arguments despite the fact that the OPR would 

711 diagnose them as axial. A further complication is that podial pores are present in many 

712 early taxa and eleutherozoans. These pores are intimately associated with the water 

713 vascular system and presumably follow the trace of a radial canal (Guensburg et al., 

714 2020). Pores can be present in either or both adradial and abradial floor plates and in 

715 some cases along sutures between them as in Kailidiscus. However, the most 

716 prominent pattern is the reduction of pores to podial basins or more typically a complete 

717 loss of these pore systems (Guensburg et al., 2020). This is not to say that the water 

718 vascular system and podia are missing entirely, sensu Sprinkle (1973), only that the 

719 skeletal evidence for podia is lacking. In any case, floor plate systems can be 

720 convincingly shown to be homologous regardless of the presence or absence of podial 

721 pore systems. 

722 In some cases, as in a number of sphaeronitid diploporans (Sheffield and 

723 Sumrall, 2019), the food grooves do not lie upon the floor plates, but rather directly upon 

724 the plates of the body wall. In these cases, the food groove does not directly follow plate 

725 sutures, nor plate positions but rather extends down the theca in the absence of axial 

726 skeleton distal to the peristomial border, except for cover plates. In addition, small side 

727 food grooves lead to elevated brachiole facets that are induced as out swellings of the 

728 thecal plates themselves, rather than being borne on floor plates. The lack of any 

729 patterning to the plates bearing the food groove such as terminal growth and the 

730 inconsistency in plating ray to ray and specimen to specimen argue against the 

731 presence of floor plates. Many of these examples have a 36˙ rotation of the ambulacral 
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732 system with respect to the underlying oral plate configuration. Presumably, cover plates 

733 (axial skeleton) would have articulated directly with these thecal plates, though no direct 

734 evidence has been observed, as these plates are taphonomically the least likely to be 

735 preserved (Brett et al., 1997). Because the soft tissue component of ambulacra extends 

736 along these structures it is likely that the floor plate component of the axial skeleton is 

737 simply not calcified. Although brachioles are not preserved in these taxa, we can 

738 assume that if they are calcified they are also part of the axial skeleton. This is seen in 

739 several diploporan taxa such as Glyptosphaerites and most sphaeronitids (Paul (1984) 

740 and Paul and Toom (2021) suggest that Glyptosphaerites is a sphaeronitid; however, 

741 that relationship was not uncovered during phylogenetic analyses by Sheffield and 

742 Sumrall (2019). 

743 In Eublastoidea, the location of the food groove is variable across taxa. In some 

744 taxa such as Cryptoschisma, Pentremites, and Deltoblastus, once the primary leaves 

745 the oral plate suture, the food groove is borne axially along the lancet plate, which is of 

746 thecal origin (i.e., extraxial skeleton; Fig. 9.1; Sumrall, 2017). From this main food 

747 groove, side food grooves arise which lead to pairs of floor plates (often referred to as 

748 side plates) which bear brachiole facets. This is a derived condition, because more 

749 plesiomorphic taxa, such as Troosticrinus and Hyperoblastus, show the primary food 

750 groove lying upon the periradial suture of the biserial floor plates (Fig. 9.2). In essence, 

751 the lancet evolutionarily erupted through the periradial suture and took on the role of 

752 bearing the primary food groove in the more derived taxa. In some taxa, the lancet plate 

753 is not fully exposed and the primary food grove rests on both the lancet and floor plate 

754 series (Sumrall and Waters, 2012). 
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755 The preceding examples show that skeletal regions within blastozoans do not 

756 simply fit general diagnoses for plate types. Great care must be taken when assigning 

757 skeletal homology based on ephemeral features and in no case is the distinction more 

758 dubious than differentiating perforate and imperforate skeleton. Perforate skeleton can 

759 be imperforate, ambulacral floor plates can be perforated through respiratory structures, 

760 and pores are associated with podia, both of which are absent in the majority of taxa.

761

762 3.3 Oral Surface Plating

763 The identification of two series of peristomial bordering plates as distinct plate 

764 series and part of the axial skeleton is well founded (Bell, 1976a; Sumrall and Waters, 

765 2012). Typically radially positioned oral frame plates and interradially positioned oral 

766 plates are present in edrioasterid edrioasteroids and their precursor plate series are 

767 both present in Kailidiscus (Fig. 3; Bell, 1976a; Zhao et al., 2010). In Kailidiscus, the oral 

768 frame plates are represented by a series of pore bearing elements that form the 

769 immediate peristomial border and are continuous with (though highly modified from) the 

770 adradial floor plate series (Fig. 3). In later edrioasteroids, this distinction remains clear 

771 with Edriophus having oral frame plates that taper disto-radially and do not form a series 

772 with the abradial floor plate series that in turn forms the flood groove (Bell 1976a, 

773 Sumrall and Waters 2012). In isorophids, the oral frame plates form a continuous series 

774 with the adradial floor plates. The podial pore bearing oral plates in Kailidiscus similarly 

775 form an unbroken plate series with the abradial floor plate series which in most respects 

776 is identical to the plating arrangement in Edriophus where these plates form an 

777 unbroken series (Bell, 1976a; Sumrall and Waters, 2012). 
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778 While some authors do not make this distinction, either counting the number of 

779 plates around the peristome or using non-homologous naming schemes (which can 

780 impact downstream analyses; for reference, see Bauer et al., 2022), such activities 

781 confuse the literature and mislead phylogenetic analyses. In reality, the distinction 

782 between oral plate and oral frame plate is clear and unambiguous in nearly every case. 

783 There are a few examples that are more complex and require more detailed analysis, 

784 such as the case of the diploporans with the oral frame plate shift discussed above in 

785 section 3.2. While the radial position of these elements is consistent with oral frame 

786 plates, other features, unambiguously show them to be oral plates. First, they show the 

787 typical broadly exposed external shelf beyond the cover plates, whereas oral frame 

788 plates are strictly internal. Second, the presence of seven plates with the correct 

789 distribution among the ambulacra and the positioning of the hydropore and gonopore 

790 shared among the O1, O6, O7 complex is consistent with other taxa bearing oral plates. 

791 This same situation is present in holocystitid diploporans (Fig. 10), where a series of 

792 differentiated proximal thecal plates take on ambulacral function (periorals) but are not 

793 part of the homologous oral frame series (Sheffield and Sumrall, 2017, 2019). Indeed, 

794 these plates are distal to the oral plate series that have unambiguous plate homologies.

795

796 3.4 Water Vascular System 

797 The first components of the water vascular system form in the rudiment during 

798 the earliest developmental phases of the adult echinoderm body plan. The rudiment is 

799 derived from the left coelomic pouch in indirect developing echinoderms and is the first 

800 structure to show the pentaradial symmetry present among members of the crown 
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801 group. As the rudiment develops, the left hydrocoel forms in the characteristic 

802 pentaradial shape (Peterson et al., 2000; Mooi and David, 2008; Morris, 2012), which 

803 develop into the primary podia seen in juvenile echinoids and at the distal end of the 

804 arm in ophiuroids and asteroids. These primary podia form prior to metamorphosis and 

805 are lost or resorbed in some echinoids (Thompson et al., 2021).

806 After the initial development of the water vascular system, new podia are added 

807 to either side of the radial water vessel in an alternating metameric manner near the 

808 aboral end of each ray (Morris, 2007; Formery et al., 2021). The development of new 

809 podia is underlain by proliferation of mesodermal cells (Thompson et al., 2021), and in 

810 echinoids, the formation of these new podia corresponds with the addition of new 

811 overlying ambulacral plates (Gao et al., 2015; Thompson et al., 2021). In juvenile 

812 echinoids, each podium protrudes through a single ambulacral pore in each plate, 

813 which, at early post-metamorphic stages of growth, lacks the interporal partition that 

814 characterizes echinoid pore pairs. In at least some taxa, the pore through which the 

815 podia protrude is at the border between two sequentially added plates (Gosselin and 

816 Jangoux, 1998; Gao et al., 2015). This is also similar to the podia which span across 

817 multiple ambulacral plates seen in some bothriocidaroid echinozoans (Thompson et al., 

818 2022), and is also reminiscent of the pores in Kailidiscus and the shared podial basins 

819 of asterozoans (Zhao et al., 2010). 

820 In echinoids, the pores through which the podia protrude form coincident with 

821 development of the podia, as the new plate is added marginal to the apical disk (Gao et 

822 al., 2015). The formation of pores through which the podia protrude is suggestive of a 

823 signaling mechanism from the podia to the skeleton of the ambulacral plating, which 
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824 may induce the opening of the pore. Though it is only speculation, similar signaling 

825 mechanisms may underlie the existence of multiple disparate and non-homologous 

826 perforations across the plating of different echinoderm groups, particularly those 

827 perforations which are housed in the perforate extraxial skeleton. 

828 Another unanswered question concerns the nature of skeletal types when plate 

829 series are decalcified (Zamora et al., 2022). From one perspective, if the skeleton (e.g., 

830 the floor plates in Glyptosphaerites) is not present, then there is no axial skeleton in the 

831 floor plate series. However, it may also be the case that the soft mesodermal tissue that 

832 is responsible for biomineral deposition is still present in the organism, though 

833 taphonomically not preserved. Both of these cases would have an identical expression 

834 in the fossil record but would result from fundamentally different developmental origins.

835

836 4 Reconciling EAT and UEH 

837 4.1 Blastoids and Hemicosmitoids as Examples

838 To show how these two homology schemes can be used in concert a comparison is 

839 made between the blastoid Pentremites and the hemicosmitoid Hemicosmites. Both 

840 taxa have axial skeletal elements associated with the ambulacral system consisting of 

841 oral plates forming the peristomial border (orals in hemicosmitids, deltoids in 

842 Pentremites). From these, double biserial floor plates extend along the radii. In blastoids 

843 these are the sides plates running along the edge of the ambulacra and in 

844 Hemicosmites, these are erect ambulacra that mount onto paired plates incorporated 

845 into the oral area inferred to be the first pair of flooring plates (Sumrall, 2010; see Paul, 

846 2021 for another interpretation). Biserial brachioles articulate to facets born on the 
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847 sutures between primary and secondary floor plates. Pentremites has an unusual 

848 situation where a radially positioned plate, the lancet (see below), erupts 

849 developmentally through the perradial suture and bears the main food groove and 

850 medial portions of the side ambulacra. Sutures between paired primary and secondary 

851 floor plates form facets from which biserial brachioles arise. 

852 In both taxa, primary peristomal cover plates cover the peristome and grade into 

853 the proximal portions of the ambulacral cover plates (Sumrall and Waters, 2012). These 

854 are only distinguishable in the earliest ontogenetic stages in Pentremites (passalocrinid 

855 stage) and poorly documented in Hemicosmites (Bockelie paper). Interestingly, in 

856 Pentremites, the ambulacral cover plates along the main food groove transition from the 

857 axial skeleton along the oral plate sutures, transition onto the extraxial skeleton (lancet 

858 plate) then back onto the axial skeleton (side plates). These cover plates continue onto 

859 the brachioles covering up the distal most portions of the food groove (Sumrall and 

860 Waters 2012).

861 In Hemicosmites, cover plates extend along the erect ambulacra, where in some 

862 taxa they are greatly enlarged (Sprinkle, 1975; Sumrall et al., 2015) but are a simple 

863 biseries in other taxa. Cover plates then extend up the brachioles covering the distal-

864 most food grooves.

865 The extraxial skeleton is divided into two regions: the theca which is generally 

866 interpreted to be perforate extraxial, and the stem which is generally interpreted as 

867 imperforate extraxial. In Hemicosmites, the thecal surface is covered by endothecal 

868 respiratory structures in the form of cryptorhombs. Furthermore, the periproct perforates 

869 this skeleton suggesting that the thecal plating is perforate extraxial skeleton. In 
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870 Pentremites, the situation is more complex. Incurrent pores are positioned between the 

871 floor plates and the thecal wall. In the deltoid region, this is axial skeleton of the oral 

872 plate and in the radial region it is extraxial (presumably perforate). The excurrent pores 

873 exit through gaps between a combination of the oral plates (axial), floor plates (axial) 

874 and lancet plates (extraxial). The periproct is positioned similarly as it is a combination 

875 anal opening gonopore and respiratory structure. In both taxa, the stem is inferred to be 

876 imperforate extraxial skeleton, as it is in other blastozoan taxa

877

878 4.2 Taxa That Are Difficult to Reconcile 

879 As new fossil discoveries are made, we have to continuously reevaluate our 

880 working hypotheses by incorporating new evidence. Echinoderms are extremely 

881 disparate and host a vast array of skeletal morphologies and bauplans (Deline et al., 

882 2020). It is not surprising that new fossil finds continue to challenge the existing 

883 hypotheses we construct to understand them more completely. For example, the 

884 discovery of a Tholocystis specimen from Katian-age deposits of Sardinia (Sumrall et 

885 al., 2015) challenges reconciliation with the UEH hypothesis. The specimen has clear 

886 diplopores piercing the thecal plates, placing it within the broader diploporan group, but 

887 further reconciliation within the UEH framework is difficult as complete specimens 

888 preserving the full suite of axial skeletal elements in the oral area have yet to be found. 

889 The Sardinian Tholocystis specimen (Fig. 11.1) has unusual ambulacra that are wide 

890 and recumbent against the theca, but details concerning the peristomial border, number 

891 of oral plates, position of the hydropore gonopore and periproct, and the nature of the 

Page 39 of 77

Cambridge University Press

Cambridge Elements



For Peer Review

40

892 ambulacral floor plates (or potential lack thereof) make it difficult to interpret at this time 

893 (Sheffield and Sumrall, 2019). 

894 Another taxon whose morphology is not immediately understandable through the 

895 UEH framework is the hemicosmitoid Thomacystis (Fig. 11.2). Thomacystis appears to 

896 bear four ambulacra, presumably with the A ambulacrum reduced and B-E being 

897 present, and one or two erect ambulacra (maybe 4), arising from plates bordering the 

898 mouth (Paul, 1984; Sumrall and Waters, 2012; Paul, 2021). The confusion arises 

899 because taxa that bear this ambulacral arrangement have a non-ambulacrum bearing 

900 suture between O3 and O4, Thomacystis has a single plate in this position. This 

901 condition would be highly derived from other hemicosmitoid rhombiferans and likely to 

902 represent apomorphic features. Paul (2021) also noted that there are questions when 

903 attempting to reconcile the morphology of Thomacystis within an EAT framework. 

904 However, another interpretation shows it to have five ambulacra in the normal 2-

905 1-2 configuration with extremely long shared ambulacra and short B-E ambulacra (Fig. 

906 11.2). The unusual morphology is not in the loss of the A ambulacrum, but in the 

907 relatively long shared ambulacra, which is typical for hemicosmitoids. While 

908 Thomacystis needs further study to clarify these issues, it highlights one of the greatest 

909 challenges in echinoderm phylogenetics: recognizing the difference between variations 

910 on a theme and truly novel morphologies. 

911 Although tegmens of monobathrid crinoids are easily reconcilable within the UEH 

912 framework, showing clear vestiges of the PPCPs and ambulacral cover plates, 

913 diplobathrid crinoids are not as they lack an easily recognizable organization (Kammer 

914 and Ausich, 2007; Kammer et al., 2013). There are two possibilities to explain this. First, 
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915 it is possible that the tegmen of diplobathrids bear the cover plate elements as 

916 suggested by the UEH hypothesis, but they lose distinctiveness later in ontogeny as 

917 new plates are added with increased maturity and sutural relationships are modified to 

918 accommodate these additions. Indeed, loss of PPCP differentiation by size 

919 ontogenetically is common in many edrioasteroid taxa but they can be identified by their 

920 constrained position. Ultimately the condition in diplobathrids is testable if earliest 

921 ontogenetic stages can be seen in which the PPCPs and ambulacral cover plates retain 

922 the plesiomorphic morphology. The second possibility is that the diplobathrid tegmen is 

923 a novel feature and unrelated to the plesiomorphic ambulacral system. 

924

925

926 5 Future Areas of Study

927 EAT and UEH as homology hypotheses do not exist in opposition to one another. 

928 They address different aspects of skeletal homology among echinoderms. However, it 

929 must be remembered that these are homology hypotheses and as such must be 

930 continuously tested and refined as part of the scientific process. This means that these 

931 hypotheses of homology must be continually evaluated via discovery of new taxa, 

932 reinterpretation of known taxa as more complete material comes to light, and through 

933 the utilization of rigorous phylogenetic methods, as opposed to relying solely on 

934 expertise opinions of which features are group defining (Wright, 2015). Ultimately, the 

935 understanding of phylogenetic relationships rests upon our understanding of homology 

936 and how it is transformed through the evolutionary process. It is therefore imperative to 
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937 continue moving forward along these lines of research so that a more complete picture 

938 of these animals can be achieved.

939 There must also be recognition that the current typological definitions of axial and 

940 extraxial are too strict as they diagnose skeletal type based on features rather than 

941 define them based on evolutionary history. Examples above document that Paleozoic 

942 echinoderms show broader variation than what is captured in the diagnoses centered 

943 around OPR = ‘axial’ and structures piercing the thecal wall = ‘perforate extraxial’. This 

944 does not mean that these categories are not helpful in understanding the evolution and 

945 development of echinoderms; rather, we must continue study the variation and 

946 development of the axial and extraxial skeletons outside of Eleutherozoa to ensure that 

947 they can be applied with high fidelity across non-eleutherozoan groups. Certainly, new 

948 echinoderm fossils that challenge our standing hypotheses of homology will be found, 

949 such as the examples of Thomacystis and Tholocystis discussed above. 

950 We must also be cognizant that exceptions to rules do not mean that the ideas 

951 behind them are fallacious. Simply stating that tetrapods have four legs would deny 

952 group membership of the numerous clades of tetrapods that lack limbs. Exceptions 

953 simply highlight areas that need further study. New data challenging our present 

954 knowledge is the very nature of science; we must continue to be willing to question what 

955 we consider to be true and our assumptions to move towards a more accurate 

956 understanding of the evolutionary history of pan-Echinodermata. 

957 However, the examples above do not indicate that EAT and UEH are poor tools 

958 to understand homology. All models are wrong, but some are useful (Box, 1976). We 

959 would contend that EAT and UEH are both wrong to some degree, but both are useful. 
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960 EAT is a powerful tool for defining characters of the gross morphology of the theca 

961 dividing it along developmental therefore homologous lines. UEH is a powerful tool for 

962 understanding the details of the axial skeleton, similarly, defined along developmental 

963 lines to recognize homology. These tools, when applied with care and evidence, place 

964 character construction into the framework of testable hypotheses and generate 

965 interpretations that are internally consistent across a dataset such that character data 

966 can be coded, analyzed, and refined. The fossil record will continue to provide new 

967 challenges and we must continuously test and refine our hypotheses and these tools 

968 will aid us in this endeavor. As we continue to learn more about the breadth of diversity 

969 in the fossil record and combine it with new advances in understanding the development 

970 of the echinoderm system, we can begin to build towards a grand, unified hypothesis of 

971 echinoderm homology. 

972  The wide applicability of using growth zones as a means of establishing 

973 homology of divergent features across various echinoderm groups merits further 

974 investigation. An exciting avenue of new research within the EAT framework would be 

975 to build on previous work using growth zones to establish homology across divergent 

976 features. This could be particularly useful in attempting to establish grounds for potential 

977 homology of features across divergent echinoderm groups, such as both penta-radial 

978 and asymmetric forms. There currently remains no consensus regarding the homology 

979 of the ambulacra in radiate forms to the skeletal plates of bilaterally symmetrical or 

980 asymmetric fossil echinoderms. Precise and detailed analyses of ontogeny and mode of 

981 plate addition, either via a distinct growth zone or via intercalation, may help to 

982 understand some of these issues. 
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983 Another avenue of fruitful research would be to investigate the genetic 

984 underpinnings of development in extinct clades. In many animal groups, expression 

985 patterns of different genes and components of genetic regulatory networks are used as 

986 a basis for establishing homology of morphological characters across wide phylogenetic 

987 distances (e.g. Tweedt, 2017). This work has been particularly well-developed in studies 

988 of arthropods and other ecdysozoan phyla (e.g. Ortega-Hernández et al., 2017; 

989 Janssen and Budd, 2020; Lev et al., 2022). Despite the long history of work attempting 

990 to understand gene expression during development in echinoderms, studies within the 

991 phylum have lagged behind those in other animal groups with regard to the use of 

992 molecular tools to establish homology. Much effort has been invested in the last 20 

993 years attempting to understand the expression patterns of HOX genes and other 

994 homeodomain-bearing transcription factors during development of the echinoderm adult 

995 body plan (e.g. Arenas-Mena et al., 2000; Morris and Byrne, 2005; Hara et al., 2006; 

996 Cisternas and Byrne, 2009; Morris and Byrne, 2014; Tsuchimoto and Yamaguchi, 2014; 

997 Kikuchi et al., 2015; Byrne et al., 2016). These HOX genes are often expressed 

998 sequentially along the antero-posterior or oral-aboral axis of divergent echinoderm 

999 classes and/or in the coelomic cavities. Despite this excellent work, there is little 

1000 evidence that any of these genes are involved in development or patterning of the 

1001 skeleton and are often expressed in distinct cells from those expressing skeletogenic 

1002 markers (Tsuchimoto and Yamaguchi, 2014). 

1003 A future fruitful avenue for research will be to identify differential gene expression 

1004 in the development of different features of the adult echinoderm skeleton. Initial work 

1005 has been done surveying a number of transcription factors and differentiation genes 
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1006 which are expressed during growth and regeneration of different skeletal structures in 

1007 the arm of the brittle star Amphiura filiformis (Piovani et al., 2021). This work suggests 

1008 that different combinations of skeletal genes are responsible for the development of 

1009 different skeletal structures. With further data from different echinoderm classes, 

1010 comparative analyses (e.g. Thompson and Erkenbrack, 2019) will provide a framework 

1011 for understanding potential homology of the morphologically diverse skeletal structures 

1012 seen in different echinoderm groups. 

1013
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1022

1023 Figure Captions

1024 Figure 1. Respiratory structures piercing axial skeleton. 1. Oral view of Estonocystis 

1025 antropoffi (GIT 540-80). The five ambulacral grooves lie on oral plate sutures; brachiole 

1026 facets begin after the oral plate series and continue down the theca. 2. Side view of 

1027 Estonocystis antropoffi (GIT 540-80). The ambulacra anastomose down the theca; short 

1028 food grooves that connect with the main food groove lead to brachiole facets. These 
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1029 brachiole facets are contained within the center of single ambulacral floor plates and 

1030 diplopores align horizontally along the floor plates. In EAT, diplopores should be 

1031 contained within perforate extraxial plates of the theca, while floor plates belong in the 

1032 axial system. Both modified from Sheffield and Sumrall (2019). Specimen whitened with 

1033 ammonium chloride sublimated. Scale bar= 10 mm. 

1034

1035 Figure 2. Aboral surface of an echinoid showing axial and extraxial skeletal elements as 

1036 delimited by the EAT. Axial tissues are shown in shades of gray while extraxial tissues 

1037 are in blue. Morphological structures of note are highlighted with arrows. Modified from 

1038 Savriama et al. (2015) and Thompson et al. (2021). 

1039

1040 Figure 3. Colorized views of the holotype of Kailidiscus chinensis (GM 3428) showing 

1041 the morphology of the axial skeleton. 1. Exterior view with most of the cover plates 

1042 stripped. 2. Interior view. Teal = abradial floor plates, Green = adradial floor plates. Red 

1043 = oral plates, Purple = precursor to oral frame plates, Yellow = ambulacral cover plates. 

1044 a = anus, gp = gonopore, hp = hydropore, m = mouth. Note the position of the 

1045 ambulacral pores and how the oral plates are contiguous with the abradial floor plates 

1046 and the oral frame plate precursors are contiguous with the adradial floor plates. Scale 

1047 bar= 5 mm. 

1048

1049 Figure 4. 1. Exterior and interior views of the isorophid edrioasteroid Isorophus 

1050 cincinnatiensis (CMC IP 34539 and CMC IP 23536, respectively) showing the 

1051 distribution of skeletal types. The ambulacral system, including cover plates, oral frame 
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1052 plates and orals are axial skeleton (Ax)= green, the interambulacral plating in perforate 

1053 extraxial skeleton (Per)= yellow, the peripheral rim in imperforate extraxial skeleton 

1054 (Imp)= orange, the hydropore /gonopore (HP/GP)= purple, and periproct= blue perforate 

1055 the interambulacral plating. Scale bar= 5 mm. 

1056

1057 Figure 5. Ambulacral cover plate ontogeny of the edrioasteroid Postibulla lukei showing 

1058 the insertion of plates along the arm rather than purely terminal growth (redrawn from 

1059 Bell and Petersen, 1976: figure 6). Note that on the distalmost tip of the ambulacral 

1060 cover plate series (left) the primary cover plate series (white) are added by terminal 

1061 growth. Higher order cover plate series (coded by labeled colors) are inserted between 

1062 plates of lower order along the perradial suture. 

1063

1064 Figure 6. Blastozoan homologies through a UEH framework. Each color corresponds to 

1065 a specific plate type (false colorization), hypothesized to be homologous, even if 

1066 incorporated into the body in different manners. Red= oral plates; blue= primary 

1067 peristomial cover plates; tan= ambulacral cover plates; green= ambulacral floor plates; 

1068 yellow= thecal plates. 1. Parablastoid Eurekablastus ninemilensis (1781TX5; modified 

1069 from Sumrall 2017). 2. Eumorphocystis multiporata (SUI 97598; modified from Kammer 

1070 et al., 2013). Scale bars= 5 mm. 

1071

1072 Figure 7. Gogiid eocrinoids develop epispires in later ontogenetic stages 1. Juvenile 

1073 specimen of Akadocrinus jani (latex cast of L42227a); like many other juvenile taxa of 

1074 gogiid eocrinoids (under ~3 mm in height), this specimen has no epispires. 2. An older 
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1075 specimen of Akadocrinus jani (L42222), where epispires have developed along the 

1076 plate sutures as is typical in epispire-bearing eocrinoids. Both modified from Nohejlová 

1077 and Fatka (2016). Specimens whitened with ammonium chloride sublimated. Scale bar 

1078 1= 1 mm; 2= 10 mm.

1079

1080 Figure 8. Aberrant morphologies within diploporans. 1. Line drawing of cross section of 

1081 an ambulacrum of Dactylocystis mickwitzi (PIN 17186); ambulacral floor plates colored 

1082 gray. 2. Line drawing of an ambulacrum of Dactylocystis mickwitzi (PIN 17186); 

1083 brachiole facets connect to main ambulacral groove and rest upon ambulacral floor 

1084 plates. Axial ambulacral floor plates are pierced by diplopores. 3. Line drawing of the 

1085 oral area and ambulacra of Glyptosphaerites leuchenbergi (PIN 17172); the ambulacra 

1086 lie directly against the theca without underlying floor plates. The ambulacra extend 

1087 down the theca in the absence of axial skeleton. Scale bars= 5 mm. 

1088

1089 Figure 9. Examples of eublastoid specimens with variable food groove placement due to 

1090 exposure or lack thereof of the lancet plate. 1. Hyperoblastus alveata (UMMP 37809) 

1091 specimen with the food groove placed on the floor plates 2. Pentremites cervinus 

1092 (UMMP 1418) specimen with the food groove situated on the lancet plate. Scale bar= 

1093 10 mm. 

1094

1095 Figure 10. Rotation of ambulacra upon the oral surface. 1. Oral view of Holocystites 

1096 scutellus (SUI 48183). 2. Line drawing of same specimen, bearing a 36˙ rotation of the 

1097 ambulacra upon the oral surface. The five ambulacral grooves lie against the middle of 
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1098 the oral plate series, as opposed to lying on the sutures between the oral plates; the 

1099 latter is the more commonly seen condition in blastozoans. O= oral plates; L= lateral 

1100 non-facetal bearing plates; M= mouth; P= periproct; A-E = ambulacra. Both modified 

1101 from Sheffield and Sumrall (2017). Specimen whitened with ammonium chloride 

1102 sublimated. Scale bar for 1= 10 mm. 

1103

1104 Figure 11. Taxa that have posed challenges to echinoderm homology schemes. 1. Oral 

1105 view of latex cast of Tholocystis sp. (MGM-7192-X; modified from Sheffield and Sumrall 

1106 (2019)). Tholocystis is known from incomplete oral areas, and in this specimen, the 

1107 missing oral plates, ambulacral floor plates, hydropore, and gonopore make it difficult to 

1108 interpret within a UEH framework. 2. Oral view of Thomacystis tuberculata (BMNH 

1109 E16300). Previous morphological interpretations have been published that state it bears 

1110 four ambulacra; however, this specimen bears five ambulacra in the plesiomorphic 2-1-
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1112 ammonium chloride sublimated. Scale bar= 1 cm. 
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