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26 Abstract
27 Chemosensation is a critical signalling process in animals and especially important in 

28 sea cucumbers, a group of ecologically and economically important marine 

29 echinoderms (Class Holothuroidea), which lack audio and visual organs and rely on 

30 chemical sensing for survival, feeding and reproduction. The ionotropic receptors are 

31 a recently identified family of chemosensory receptors in insects and other 

32 protostomes, related to ionotropic glutamate receptor family (iGluR) a large family of 

33 membrane receptors in metazoan. Here we characterize the echinoderm iGluR 

34 subunits and consider their possible role in chemical communication in sea 

35 cucumbers. Sequence similarity searches revealed that sea cucumbers have in 

36 general a higher number of iGluR subunits when compared to other echinoderms. 

37 Phylogenetic analysis and sequence comparisons revealed GluH as a specific iGluR 

38 subfamily present in all echinoderms. Homologues of the vertebrate GluA (aka α-

39 amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, AMPA), GluK (aka kainate) and 

40 GluD (aka delta) were also identified. The GluN (aka N-methyl-d-aspartate, NMDA) as 

41 well as the invertebrate deuterostome subfamily GluF (aka phi) are absent in 

42 echinoderms. The echinoderm GluH subfamily shares conserved structural protein 

43 organization with vertebrate iGluRs and the ligand binding domain (LBD) is the most 

44 conserved region and genome analysis indicates evolution via lineage and species-

45 specific tandem gene duplications. GluH genes (named Grih) are the most expressed 

46 iGluRs subunit genes in tissues in the sea cucumber Holothuria arguinesis, with 

47 Griha1, Griha2 and Griha5 exclusively expressed in tentacles, making them 

48 candidates to have a chemosensory role in this species. The multiple GluH subunits 

49 may provide alternative receptor assembly combinations, thus expanding the 

50 functional possibilities and widening the range of compounds detected during 

51 aggregation and spawning in echinoderms. 

52
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53 Introduction
54 Chemosensation is an ancient sensory mechanism present from microbes to humans 

55 that allows the detection, processing, and response to information acquired from the 

56 environment (Yohe & Brand, 2018). In multicellular organisms, chemosensation 

57 occurs in specialized organs mediated by specific chemosensory receptors. The 

58 chemosensory receptors detect and discriminate the variety of chemical signals, which 

59 are translated into electrical signals to elicit specific behaviours such as food foraging, 

60 protection from predators, finding mates and other social behaviours (Bargmann, 

61 2006; Kaupp, 2010). Most of the chemosensory receptors studied so far are members 

62 of the superfamily of seven transmembrane domain G protein-coupled receptor 

63 (GPCR), and include the odorant, gustatory and pheromone receptors (Bargmann, 

64 2006; Touhara & Vosshall, 2009).

65 More recently, a group of chemosensory ionotropic receptors (IR), also with 

66 temperature sensing ability, and expressing in olfactory sensory neurons have been 

67 described in protostomes (insects, crustaceans and molluscs) (Benton et al., 2009; 

68 Croset et al., 2010; Ni et al., 2016; Rytz et al., 2013). The IRs are derived from the 

69 metazoan glutamate ionotropic receptors (iGluRs),  an evolutionary well conserved 

70 family of ligand-gated ion channels that can assemble either as homo- or 

71 heterotetramers activated by glutamate that are best known for their role in synaptic 

72 communication in nervous systems (Traynelis et al., 2010; Twomey & Sobolevsky, 

73 2018).The functional IR and iGluR are composed of several subunits sharing 

74 conserved structure and consisting of an extracellular amino-terminal domain (ATD) 

75 involved in subunit assembly, absent in some shorter IRs isoforms (Croset et al., 

76 2010), a ligand-binding domain (LBD) followed by two transmembrane segments that 

77 form the ion pore channel, a third transmembrane domain and a cytosolic carboxy-

78 terminal tail (Jin et al., 2009). The LBD domain is composed of two half-domains S1 

79 and S2 that closes around glutamate (or related agonists) separated by the ion 

80 channel pore. iGluRs ligand selectivity for glutamine or related molecules depends on 

81 the residues within the LBD that regulate cation flow in response to an external 

82 chemical stimulus (Abuin et al., 2011; Karakas & Furukawa, 2014; Kumar et al., 2011; 

83 Ramos-Vicente et al., 2018; Traynelis et al., 2010). The protostome IRs differ from 

84 other iGluRs at the LBD as they lack the characteristic glutamate-interacting residues 

85 (Shepherd & Huganir, 2007; Wudick et al., 2018).
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86 iGluRs are classified in four main subfamilies present in vertebrates and invertebrates 

87 and an official nomenclature (gene/protein) has been established (Collingridge et al., 

88 2009): a-amino-3-hydroxy-5-methyl-4-isoxa-zolepropionic acid (AMPA) receptors 

89 (Gria/GluA), kainate receptors (Grik/GluK), N-methyl-D-aspartate (NMDA) receptors 

90 (Grin/GluN) and delta receptors (Grid/GluD). In invertebrates two other subfamilies are 

91 present: phi receptors (Grif/GluF), only described in deuterostomes (non-vertebrate 

92 chordates, hemichordates and echinoderms), and epsilon receptors (Grie/GluE), 

93 found in deuterostomes, in eumetazoans (Placozoa and Ctenophora) and cnidarians 

94 (Ramos-Vicente et al., 2018). In mammals, the 18 iGluR subunits are most expressed 

95 in neurones but they are also present in non-neuronal cells (Raible et al., 2006; 

96 Traynelis et al., 2010; Yelshanskaya et al., 2014). Epsilon receptors were found to be 

97 abundant in the amphioxus nervous system (Pascual-Anaya & D’Aniello, 2006) and 

98 form functional ligand-gated ion channels suggesting conserved structure and function 

99 with the vertebrate receptor sister subfamily (Ramos-Vicente et al., 2018). 

100 Chemosensation is the prominent sense in the marine environment (Ache & Young, 

101 2005; Giordano et al., 2017; Hardege & Bentley, 1997) and in benthic and slow-

102 moving invertebrates such as echinoderms (Phylum Echinodermata), a large group of 

103 deuterostomes that lack vision and hearing organs, chemosensation is the major 

104 signalling mechanism for survival, feeding and reproduction (Hamel & Mercier, 1996, 

105 1999; Marquet et al., 2018; Roberts et al., 2017).  We have been using the sea 

106 cucumber, Holothuria arguinensis (Class Holothuroidea) as a model to understand 

107 echinoderm behaviour and reproduction. We have recently discovered that H. 

108 arguinensis males release odorants to attract other individuals to spawning 

109 aggregations and that at the time of spawning they release a pheromone that induces 

110 spawning in males and females (Marquet et al., 2018). Although the spawning 

111 pheromone has not been fully characterized it appears to include phosphatidylcholine 

112 derivatives (Marquet et al., 2018). However, the receptors and tissues involved in 

113 chemosensory detection in H. arguinesis still need to be identified, and how the signals 

114 are translated into behavioural and physiological actions is not yet understood. Sea 

115 cucumbers are ecological important bottom-dwelling marine echinoderms and as 

116 deposit feeders they play a fundamental role in nutrient recycling and restoration and 

117 biodiversity enhancement of the marine environment (Purcell et al., 2016). Overfishing 

118 is contributing to the decline of natural populations and understanding of their 
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119 reproductive behaviour and communication is essential for efficient fisheries 

120 management and to establish guidelines for aquaculture production (González-

121 Wangüemert et al., 2016).

122 Echinoderms do not have a brain, and their simple central nervous system (CNS) 

123 consists of a circular nerve ring and radial nerve cords (Díaz-Balzac & García-Arrarás, 

124 2018; Hoekstra et al., 2012). In sea cucumbers the nerve ring localizes at the base of 

125 tentacles, a highly sensory and enervated organ, from which radial nerves cords exit 

126 and enervate the body wall (Díaz-Balzac et al., 2010; Marquet et al., 2020; San Miguel-

127 Ruiz et al., 2009). As a step towards identifying chemosensory neurones in sea 

128 cucumbers, we have mapped neurones that use nitric oxide and other signalling 

129 mechanisms in H. arguinensis (Marquet et al., 2020). We have also characterized the 

130 olfactory receptor-like (OR-like) GPCR repertoire and identified 79 in the Apostichopus 

131 japonicus genome and 57 in tissue transcriptomes of H. arguinensis (Marquet et al., 

132 2020). The OR-like repertoire of H. arguinesis expresses mostly in tentacles, oral 

133 cavity and papillae/tegument and is smaller than in other echinoderms (S. purpuratus 

134 and A. planci) (Hall et al., 2017; Marquet et al., 2020; Raible et al., 2006; Roberts et 

135 al., 2017; Sea Urchin Genome Sequencing et al., 2006) suggesting that mediation and 

136 transmission of environmental chemical cues in echinoderms may be regulated by 

137 different molecular mechanisms.

138 Recently, two putative iGluRs subunits were described in A. planci (named gKAR2 

139 and GluR2, orthologues of the vertebrate GluN and GluA, respectively) and their 

140 abundance in sensory tentacle suggested they could take part in chemosensation 

141 (Roberts et al., 2017). Here, we hypothesize that iGluRs could have a chemosensory 

142 role in sea cucumbers and characterize the iGluR subunit repertoire in sea cucumbers 

143 and other echinoderms using genomes and transcriptomes and a combination of 

144 sequence functional annotation and phylogenetic analyses. We found sea cucumbers 

145 and other echinoderms to possess a specific subfamily of iGluR subunits named GluH 

146 (with corresponding gene name Grih) in accordance to established convention for 

147 ligand-gated ion channels (Collingridge et al., 2009; Tweedie et al., 2021). No putative 

148 IR-like genes or transcripts were found in echinoderms as members of this subfamily 

149 were exclusively present in protostomes. The H. arguinesis iGluRs were mapped to 

150 the different tissue libraries to determine their primary expression location and 

151 abundance and infer potential roles in chemosensation. Grih genes were the most 
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152 abundant type with some exclusively expressed in tentacles highlighting their key role 

153 in the assembly of functional iGluRs that may be involved in echinoderm 

154 chemosensation.

155 Material and Methods

156 Ethical approval

157 H. arguinensis (class Holothuroidea, subclass Aspidochirotida) specimens were 

158 collected and handled in agreement with a license of the ICNF, Instituto da 

159 Conservação da Natureza e das Florestas, Portugal (License N° 635/2015/CAPT). 

160 This species is not endangered or protected. 

161 Animals and tissue collection

162 H. arguinensis (> 210 mm length) were hand collected from the intertidal zone of the 

163 Ria Formosa (37°00′35.02″N; 7°59′46.10″O) in Faro (Portugal) and transported live in 

164 individual plastic bags filled with natural sea water to the laboratory. Sea cucumbers 

165 show no sexual dimorphism from external appearance. Sex and maturity stages were 

166 determined from gonadal biopsies and observation under light microscopy 

167 (LeicaDM2000). Adults, 5 females and 12 males, were used in the present study. Sea 

168 cucumbers were anesthetized by immersion in sea water with added MgCl2 (5%), 

169 tissues were dissected out (tentacles, nerve ring, and radial nerve) and immediately 

170 frozen on dry ice and kept at −80 °C for RNA extraction. 

171 RNA processing and sequencing

172 Total RNA was extracted from 40-45 mg of tissue using the E.Z.N.A. Total RNA Kit I 

173 (Omega Bio-Tek, USA) according to the manufacturer’s instructions. Samples were 

174 treated with RNase-free DNase I (Omega Bio-Tek) to remove possible genomic DNA 

175 contamination. The integrity and quality of the extracted RNA was assessed by gel 

176 electrophoresis on a 0.8 % agarose 1x TBE gel. The RNA purity and quantity were 

177 determined on a NanoDrop One (Thermofisher, Spain). Sequencing library 

178 preparation and sequencing was conducted by Admera Health (New Jersey, USA) 

179 using a Illumina TrueSeq Stranded mRNA with Poly-A selection library kit (100- 500 

180 ng RNA input) to generate 150 base paired-end reads (RNA-seq data have been 

181 deposited in the ArrayExpress database at EMBL-EBI under accession number E-

182 MTAB-10369) (Canario, 2021).
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183 Transcriptome Sequence assembly and annotation

184 Reference transcriptomes of tentacles, nerve ring and radial nerve from adult H. 

185 arguinensis were used to screen for iGluR transcripts. Quality control of raw reads and 

186 editing was performed with Trimgalore wrapper script v. 0.6.4 (Krueger, 2015) 

187 producing simple descriptive statistics and edited reads, before assembly. Tissue 

188 specific de novo assemblies were obtained using Trinity v. 2.10.0 with the default 

189 parameter and “–SS_lib_type RF” for stranded information of reads (Haas et al., 

190 2013). The pair-end reads from each of the three tissue libraries were used to 

191 assemble tissue specific de novo transcriptomes (Supplementary Table 1). To 

192 evaluate the quality of the produced assembly, sequenced reads were mapped back 

193 to the reference assembly and quantitative and qualitative measures were applied 

194 using TransRate assembly and contig scores (Smith-Unna et al., 2016). Trinity scripts 

195 were used to quantify transcript abundance according to the Trinity quantification 

196 workflow (Grabherr et al., 2011). The H. arguinensis reference tissue transcriptomes 

197 were used as the scaffold for mapping and gene expression quantification. Mappings 

198 of reads to the reference assembled transcriptome was done using Bowtie 2 

199 (Langmead & Salzberg, 2012). Calculation of abundance estimation values (counting) 

200 of the mapped reads was performed with RSEM (Li & Dewey, 2011), followed by 

201 EdgeR (Robinson et al., 2010) to identify significant gene expression variation. Levels 

202 of expression were quantified using fragments per kilobase of transcript per million 

203 mapped reads (FPKM). A three-way analysis of variance with sex, tissue and receptor 

204 as factors was used to compare differences in expression levels (FPKM), followed by 

205 the multicomparison Holm-Sidak a posteriori test when main effects were statistically 

206 significant. Statistical analysis was performed using SigmaPlot software (version 14.0, 

207 Systat Software, Inc). 
208

209 Sequence database searches, alignments, and phylogenies

210 To identify the putative iGluRs in sea cucumber, an in house generated database of 

211 iGluR amino acid sequences (205) collected from vertebrates, invertebrate 

212 deuterostomes and protostomes was created. The dataset contained 18 Homo 

213 sapiens iGluR sequences obtained from ENSEMBL which were used as bait in protein 

214 BLAST queries (Altschul et al., 1990) to retrieve  homologues from: 1) several 

215 chordates (phylum Chordata) - two vertebrates (subphylum Vertebrata) the ray-finned 
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216 fish spotted gar (Lepisosteus oculatus) and the cartilaginous fish elephant shark 

217 (Callorhinchus milii), the tunicate (subphylum Tunicata) sea squirt (Ciona intestinalis), 

218 the cephalochordate (subphylum Cephalochordata)amphioxus (Branchiostoma 

219 lanceolatum), 2) the hemichordate (phylum Hemichordata) acorn worm (Saccoglossus 

220 kowalevskii), 3) and several representatives of the phylum Echinodermata, the purple 

221 sea urchin (Strongylocentrotus purpuratus, Class Echinoidea), crown-of-thorns 

222 starfish (Acanthaster planci, Class Asteroidea), and the Japanese sea cucumber 

223 (Apostichopus japonicus, Class Holothuroidea); 4) several protostomes from the 

224 phylum Mollusca - the Pacific oyster (Crassostrea gigas, Class Bivalvia), a freshwater 

225 snail (Biomphalaria glabrata, Class Gastropoda), the California sea hare (Aplysia 

226 californica, Class Gastropoda) and the California two-spot octopus (Octopus 

227 bimaculoides, Class Cephalopoda) – and from the phylum Insecta the fruit fly (D. 

228 melanogaster) IR8a and IR25a linked to  chemosensation (Croset et al., 2010). To be 

229 as comprehensive as possible the sequences from the recently published study by 

230 Ramos-Vicente et al. (2018) and those available at the National Center for 

231 Biotechnology Information (NCBI) were included. To enrich the echinoderm data we 

232 used receptor sequences of the different holothurian receptor subfamilies (GluH, GluA, 

233 GluK, GluD) as well as starfish GluN, cephalochordate GluF, insect D. melanogaster 

234 IR25a to search publicly available genome and protein data from two starfishes the 

235 crown-of-throne starfish (Asterias rubens) and European starfish (Patiria miniata), two 

236 sea urchins, the green sea urchin (Lytechinus variegatus) and the slate pencil urchin 

237 (Eucidaris tribuloides), two sea cucumbers, the brown mottled sea cucumber 

238 (Australostichopus mollis) and the brown sea cucumber (Actinopyga echinites), and 

239 from the Class Ophiuroidea, the brittle star (Ophionereis fasciata) and the sea lily 

240 (Anneissia japonica, Class Crinoidea). All searches were performed against the most 

241 recent annotated assemblies available from ENSEMBL and NCBI (Supplementary 

242 Table 2). 

243 De novo assembled sea cucumber H. arguinensis tissue transcriptomes were 

244 searched separately using stand-alone translated nucleotide BLAST (tblastn) queries 

245 against the in-house iGluR database with an e-value cut-off of e-25. The retrieved 

246 nucleotide sequences were translated to amino acids and confirmation as putative 

247 iGluR was confirmed using protein BLAST searches against the human (taxid:9605) 

248 non-redundant protein sequences (nr) database at NCBI. When identical transcripts 
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249 were retrieved from the transcriptome the longest was reserved and partial duplicates 

250 deleted from the analysis. To identify unique transcripts and account for potential 

251 sequencing errors the predicted proteins were clustered using CD-HIT v4.8.1 (Li & 

252 Godzik, 2006) and sequences > 97% amino acid identity were considered to be from 

253 the same transcript. 

254

255 Sequence comparisons and phylogenetic analysis

256 Multiple sequence alignments of deduced iGluRs proteins were performed using the 

257 MUSCLE algorithm in Aliview v1.22  (Larsson, 2014) and conserved regions identified. 

258 The percentage of amino acid sequence identity/similarity was calculated with 

259 GeneDoc v2.7 (Nicholas & Nicholas, 1997). Protein domains were identified using 

260 Pfam v33.1 (Mistry et al., 2021) and from alignments with the B. glabrata homologues 

261 following Liang et al. (2016). The transmembrane domain regions and the signal 

262 peptide domain were predicted using the TMHMM Server v.2.0 (Krogh et al., 2001) 

263 and SignalP-5.0 (Almagro Armenteros et al., 2019). For the phylogenetic analysis, 

264 incomplete sequences and major sequence gaps were removed from the protein 

265 alignment. Trees were constructed using the VT model that best fitted the data given 

266 by model test-ng 0.1.5 in the CIPRES Science Gateway v3.3 (Miller et al., 2010). The 

267 Bayesian Inference (BI) tree was built using MrBayes (Ronquist et al., 2012) on 

268 XSEDE v3.2.7a (Towns et al., 2014) and 1.000.000 generation sampling and 

269 probability values to support tree branching. The maximum likelihood (ML) trees were 

270 built with the RAxML v8.2.12 method with 1000 bootstrap replicates (Stamatakis, 

271 2014). Both trees were rooted using the Arabidopsis thaliana receptors Ath_GLR2 

272 (NP_180476.3) and Ath_GLR5 (NP_565744.1) (Ramos-Vicente et al., 2018), 

273 visualized on FigTree v1.4.4 (Rambaut, 2016) and edited in Inkscape v0.92.3.

274 Nomenclature

275 The iGluRs are a large and extensive family of genes with different receptors 

276 subtypes in metazoans. In the present study, we followed the adopted nomenclature 

277 by the International Union of Pharmacology Committee on Receptor Nomenclature 

278 and Drug Classification (Collingridge et al., 2009) and the gene symbol from the H. 

279 sapiens gene nomenclature committee (Tweedie et al., 2021) summarized in Table 2. 

280 Accordingly, we have renamed the cephalochordate-specific epsilon and phi 
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281 receptors. The newly identified echinoderm iGluR subfamily reported in this study was 

282 designated as Grih (gene/transcripts) and GluH (proteins). Members that clustered 

283 clustering with the vertebrate canonical subfamilies were named following Ramos-

284 Vicente et al. (2018). Paralogues from the other subfamilies were randomly numbered.

285

286 Gene neighbourhood analysis

287 The predicted protein sequences of a maximum of 10 neighbouring genes upstream 

288 and downstream of the iGluR encoding genes were retrieved from the A. japonicus 

289 genome ASM275485v1 at NCBI and used to query the genomes of S. purpuratus 

290 (Spur_5.0, GCA_000002235), A. planci (assembly OKI-Apl_1.0), H. sapiens 

291 (GRCh38.p13 (GCA_000001405.28), L. oculatus LepOcu1 (GCA_000242695.1) 

292 tunicate (KH (GCA_000224145.1), B. lanceolatus (BraLan2, GCA_900088365) and C. 

293 gigas (oyster_v9, GCA_000297895.1).  The identity of the genes with hits for the A. 

294 japonicus homologues was confirmed by retrieving their sequences and reverse 

295 search on A. japonicus genome assembly. No syntenic regions were found in the C. 

296 gigas, B. lanceolatus and C. intestinalis genomes.

297 Quantitative polymerase chain reaction

298 Three hundred ng of DNase-treated total RNA (denatured at 65℃) from the same 

299 samples used for sequencing (from tentacles, nerve ring and radial nerve), were used 

300 to synthesize cDNA in a final reaction volume of 20 µL with 200 ng of random 

301 hexamers (Jena Biosciences, Germany), 10 mM dNTPs (Promega, USA), 100 U 

302 RevertAid Reverse Transcriptase (RT, Promega) and 8 U of Ribolock RNase Inhibitor 

303 (ThermoFisher) incubating for 10 min at 20 ℃; 50 min at 42 ℃ and 5 min at 72 ℃. 

304 cDNA integrity and quality were assessed by amplifying the 18S ribosomal RNA. 

305 Quantitative reversed transcription-polymerase chain reaction (qPCR) was used to 

306 confirm expression of four of the most abundant transcripts Griha5, Grihb, Grihc1 and 

307 Grihc2 in male H. arguinensis cDNAs (n = 3). Specific primer pairs for each transcript 

308 with amplicon sizes between 116 and 189 base pairs were designed using primer-

309 BLAST (Ye et al., 2012) at the NCBI (Table 1). qPCR reactions were performed on a 

310 CFX ConnectTM Real-TIME PCR Detection System (Bio-Rad, Portugal) using 96-well 

311 micro plates (Axygen) and products were sequenced to confirm their identity. 

312 Reactions were performed in duplicate in a final volume of 10 µl containing 2 µl of 1:10 
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313 and 1:5000 diluted cDNA for target genes and 18S, respectively, SsoFast EvaGreen 

314 Supermix (Bio-Rad) and 300 nM of the forward and reverse specific primer. Optimized 

315 conditions consisted of 95 °C for 30 s, followed by 45 cycles of 95 °C for 5 s and 10 s 

316 at the appropriate annealing temperature for primers. Melting curves were performed 

317 to detect nonspecific products and primer dimers and target specificity was confirmed 

318 by the presence of a single peak in each melt curve. Standard curves were prepared 

319 from serial dilutions of quantified amplicons. Control reactions were included in all runs 

320 to confirm the absence of genomic DNA. qPCR reaction efficiencies were between 

321 88.0 – 92.6% and the coefficient of determination r2 > 0.99% for each target transcript. 

322 Gene expression was normalized to 18S.

323 Results
324 The echinoderm ionotropic glutamate receptors 
325 BLAST searches found 15 iGluR subunit transcripts in the tissue libraries of H. 

326 arguinensis, 18 genes in the A. japonicus genome (Figure 1) and at least 8 and 5 

327 genes, respectively, in the A. mollis and A. echinites incomplete genome assemblies. 

328 In the sea urchin, iGluR subunit genes varied from 10 in S. purpuratus to 11 in L. 

329 variegatus and a similar number seem to exist in the starfishes (10 in A. planci and 9 

330 in P. miniate) (Figure 1). In the crinoids, iGluR subunit genes varied between 10 in A. 

331 japonica genome and 6 in O. fasciata. 

332 Phylogenetic analysis identifies a new subfamily unique to the Echinodermata which 

333 was named GluH and is the most gene rich within this phylum (Figures 1 and 2). Our 

334 BI and ML phylogenetic analysis support that the unique echinoderm GluH cluster with 

335 GluF and protostome IRs and are closely related to the metazoan GluK and GluA 

336 (Figure 2A and B). The GluN was the first metazoan receptor lineage to diverge, and 

337 our analysis support a close evolutionary proximity between the protostome IR8a/25a 

338 with the metazoan GluD (Figure 2A). No homologs to protostome IR genes were 

339 retrieved from any of the echinoderms or other deuterostomes, confirming they are 

340 specific to this group (Figure 2B). 

341 The GluH subfamily is composed of 3 main receptor clades, GluHA, GluHB and 

342 GluHC, containing receptor sequences from the twelve echinoderms studied. 

343 Clustering of the different sequences suggests they resulted from lineage and species-

344 specific duplications (Figure 2B). The other echinoderm iGluR family members cluster 
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345 with the vertebrate homologues. The echinoderm GluA and GluK sequences form a 

346 distinct cluster with two branches suggesting that they duplicated prior to the 

347 echinoderm radiation (Figure 2B). 

348 Homologues of the GluD family were also found but a single gene was present in the 

349 echinoderms (Figure 2B). No members of the GluN subfamily were identified in the 

350 Holothuridea and Echinoidea lineages, although members were found among the 

351 Asteroidea and the Crinoidea, suggesting an ancestral Grin gene was deleted in the 

352 Echinozoa lineage (Figure 2B). Except for two GluE in the Crinoidea, no homologues 

353 of the recently described GluE were identified in echinoderms. GluF is specific to 

354 cephalochordates, IR is only found in protostomes and both subfamilies cluster with 

355 GluH, suggesting these subfamilies only persisted in invertebrate genomes and are 

356 restricted to these taxa.

357 Sequence comparisons and protein domain characterization

358 The structural features of the echinoderm iGluR subunits are conserved with those of 

359 vertebrate with few exceptions (Figure 3). For some of the echinoderm GluH, GluA 

360 and GluK no signal peptide was predicted suggesting different cellular localization. An 

361 extra transmembrane domain localized at the protein N-terminus was predicted for 

362 some of the echinoderm GluH and GluA members suggesting that they may have 

363 different architectures. The single echinoderm GluD possesses the LBD and the C-

364 terminal (CTD) domains, but the incomplete sequence does not allow confirmation of 

365 the presence of the ATD region (Figure 3, Supplementary Figures 3, 4 and 5). 

366 The ATD and CTD are the least conserved regions and the S1 and S2 domains within 

367 the LBD are the most conserved. The S1 and S2 of the GluH receptors share only 39-

368 46% amino acid sequence similarity with the vertebrate orthologs suggesting that they 

369 may be activated by different molecules. The higher amino acid sequence 

370 conservation between the echinoderm GluA (S1, 57-74% and S2 56-69%) and GluK 

371 (S1, 71-83% and S2 72-77%) and the homologue regions in vertebrates revealed that 

372 they are probably activated by similar ligands (Figure 3). 

373 iGluR activation is associated with the binding of glutamate or other amino acids 

374 (glycine, D-serine, aspartate and glutamate analogues) to the LBD. Arginine (R) 

375 localized within S1 domain and threonine (T) and aspartic acid/glutamic acid (D/E) 

376 within S2 are important conserved amino acid interacting residues (Armstrong et al., 

377 1998; Stroebel & Paoletti, 2020).  In sea cucumbers, the deduced iGluR (GluA, GluK 
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378 and GluD) proteins revealed that the R is fully conserved, but this is not the case for 

379 the other two residues (Figure 4). The overall conservation of the functional positions 

380 suggests that the sea cucumber receptors are likely to be activated also by amino 

381 acids but not necessarily the same.

382 Short-range gene environment conservation 

383 The gene environment of the sea cucumber iGluR subunit genes was characterized 

384 to better understand receptor gene family evolution and the origin of the newly 

385 identified GluH subfamily (Figure 5, 6 and 7). In A. japonicus, the 11 newly identified 

386 Grih genes are distributed in four genome regions and gene arrangement within each 

387 region suggests that they resulted from tandem duplication events (Figure 5). 

388 Similarly, a highly homologue region was found in the S. purpuratus genome where 

389 the five Grih genes are also arranged in tandem. In A. japonicus, the remaining Grih 

390 genes are dispersed in pairs in three other genome regions and identification of 

391 duplicate Slc3a1 neighbour suggests that the genome regions that encode for Grihc6 

392 and Grihc4 (MRZ01001152.1), and Grihc7 and Grihc5 (MRZV01001222.1) resulted 

393 from a species-specific duplication. This explains the highest sequence similarity 

394 between the Grihc6 and Grihc7, and Grihc4 and Grihc5 sequences. In S. purpuratus 

395 a single genome region that encodes for the orthologues of the A. japonicus gene 

396 neighbours of Grihc6 and Grihc4 and Grihc7 and Grihc5 was also identified, but no 

397 Grih gene was found there. This suggests that after the divergence of the two classes 

398 of echinoderms, gene duplications and gene translocation occurred in the A. japonicus 

399 genome. In A. planci, three Grih genes also map in tandem in the same genome 

400 fragment (NW_019091545.1) (Figure 5). In vertebrates no GluH homologue exists but 

401 in L. oculatus genes in linkage were found mapping in proximity, in chromosomes that 

402 contain Grin and Grik genes, providing evidence for a common origin between GluH 

403 and vertebrate iGluR subfamilies.

404 The A. japonicus Grik and Gria genes are differently arranged in the genome, and they 

405 share conserved gene linkage with the other echinoderm and vertebrate genome 

406 regions that encode the subfamily members (Figure 6 and 7A). In S. purpuratus and 

407 A. planci, the two Grik and the two Gria genes map in tandem, suggesting that 

408 receptors evolved under different pressure in echinoderms. For the echinoderm Grid 

409 genome regions, a conserved gene environment was found between A. japonicus and 

410 S. purpuratus but no homolog genome region was detected within the A. planci Grid 
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411 locus or in vertebrates (Figure 7B). Curiously, in all A. japonicus, S. purpuratus and A. 

412 planci the Gria genes are flanked by the ionotropic GABBA receptors (gabrb3 and 

413 gabbr2) and in L. oculatus LG7, gria4a and gabrb3 also map in proximity (Figure 7A).

414

415 Expression of iGluR gene subunits in H. arguinensis

416 Quantification of iGluR subunit transcripts in the tissue libraries of H. arguinensis 

417 (Figure 8) found Grih genes to be the highly expressed in the three tissue 

418 transcriptomes. Grihb, Grihc1 and Grihc2 are the most abundant across the 3 tissue 

419 libraries. The expression profile between males and females is generally similar but 

420 levels of expression tend to be higher in females for some genes and tissues (Figure 

421 8). Griha1, Griha2, Griha5 and Grik seem to be specific to the tentacle, while Griha4 

422 and Grihc3 appear specific to the radial nerve (Figure 8). qPCR of the most abundant 

423 genes, confirmed expression of Grihb, Grihc1 and Grihc2 in tentacles, nerve ring and 

424 radial nerve of male H. arguinesis (Supplementary Figure 5).

425 Discussion
426 We identified GluH, a novel iGluR subfamily exclusively found in echinoderms. GluH 

427 is also the most expanded and diverse echinoderm iGluR subfamily and has evolved 

428 by lineage and species-specific gene duplications. It is also largely expanded in sea 

429 cucumbers compared to sea urchins and sea stars. Homologues of the canonical 

430 GluA, GluK and GluD subfamilies are also present in echinoderms, but GluN was 

431 absent from the Holothuridea and Echinoidea lineages. Primary structure analyses 

432 suggest functional divergence of the GluH from other iGluRs. The high expression of 

433 specific isoforms in sensory tissues in H. arguinensis suggest they may play an 

434 important role in neuronal transmission and abundance in tentacles indicate they are 

435 novel targets to unravel chemosensation in sea cucumbers and possibly all 

436 echinoderms.

437 GluH, a novel iGluR subfamily specific to echinoderms

438 GluH is a novel iGluR subfamily, which our extensive phylogeny places exclusively 

439 with the echinoderms. This contrasts with a recent report which, based on a more 

440 limited number of sequences, clustered the echinoderm iGluR with members of the 

441 cephalochordate and hemichordate GluF (Ramos-Vicente et al., 2018). The GluF 
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442 subfamily was suggested to have been lost in the lineages of protostomes, 

443 urochordates and vertebrates (Ramos-Vicente et al., 2018) and our analysis indicate 

444 that it is only present in cephalochordates. GluF was also previously suggested to exist 

445 in hemichordates, but our analysis failed to cluster the hemichordate sequence with 

446 any of the clades. In our evolutionary analysis, which included data from 12 

447 echinoderms, GluH clusters in the same tree branches as the cephalochordate GluF 

448 and mollusc IR, indicating shared origin of a group of invertebrate specific iGluRs/IRs 

449 and pointing to shared conservation of physiological roles in different taxa.

450 The GluH subfamily is not closely related to the canonical vertebrate iGluR members 

451 (GluA, GluK, GluN and GluD) but they share a common origin and possess a similar 

452 protein modular structural organization with an extracellular N-terminal, bipartite ligand 

453 binding domain and short cytoplasmic C/terminus (Mayer et al., 2006). In the class 

454 Holothuroidea, as revealed by the members found in the A. japonicus genome and H. 

455 arguinensis tissue transcriptomes, GluH/Gri members expanded when compared to 

456 other echinoderms and considering their position in the A. japonicus genome as 

457 tandem gene arrays (from 2 to 5 genes) in different chromosome fragments. Moreover, 

458 three types of Grih genes exist (Griha, Grihb and Grihc) that resulted from gene 

459 duplication events early during the echinoderm radiation. Differences between types 

460 in the threonine (T) residue localized in the first half of the S2 domain that contacts the 

461 glutamate γ-carboxyl group suggest that they may have different amino acid affinities 

462 (Abuin et al., 2011; Chen et al., 2004). The sea cucumber GluHA possesses the 

463 conserved T residue in the S domain (Mayer et al., 2006; Naur et al., 2007). In GluHB, 

464 this T residue was mutated to alanine (A), a mutation that had no effect on localization 

465 or function of IR8a (Abuin et al., 2011) but reduced glutamate potency by three orders 

466 of magnitude in the NR2A subunit of NMDA (GluN) receptors (Anson et al., 1998; 

467 Chen et al., 2004). Most of GluHC threonine position in S2 was modified to serine (S), 

468 maintaining polarity and likely ligand characteristics. In addition, an extra 

469 transmembrane region localized in the ectodomain was predicted for H. arguinensis 

470 GluHC2 and GluHC3 and for S. purpuratus GluHC1, suggesting that they may have a 

471 different conformation in the cell membrane and thus potential modified function.

472

473 The GluN subfamily is absent from sea cucumber and sea urchin genomes
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474 The sea cucumber GluA, GluK and GluD homologues have high similarity to their 

475 vertebrate orthologs and the high conservation in the LBD suggests that may have 

476 similar function. The apparent absence of GluN in sea cucumbers and sea urchins is 

477 intriguing, as members are found in starfish as well as in the crinoids. In vertebrates, 

478 GluN members are critical for the development of the central nervous system (CNS), 

479 generation of breathing and locomotion rhythms, and the processes underlying 

480 learning, memory, and neuroplasticity (Baez et al., 2018; Hansen et al., 2017). 

481 Evolutionary analysis performed by us and others (Ramos-Vicente et al., 2018) 

482 suggest that GluN was the first iGluR subfamily to diverge which subsequently 

483 duplicated originating three types in vertebrates, GluN1, GluN2 and GluN3. 

484 Homologues of the three GluN types are also present in invertebrates suggesting that 

485 duplication of an ancestral Grin gene in the different members occurred early in 

486 evolution (Ramos-Vicente et al., 2018). The absence of GluN homologues from 7 

487 representatives of the Echinozoa lineage makes it unlikely to be a consequence of 

488 incomplete genome assemblies and suggests that the genes were subsequent 

489 deleted in this lineage. Their role in echinoderm physiology remains to be established. 

490 A putative chemosensory role for GluH 

491 We have previously found that sea cucumbers maintained a reduced number 

492 of GPCR olfactory-like receptors (OR) when compared to other echinoderms (Marquet 

493 et al., 2020). In H. arguinesis and in A. japonicus, 4 OR types were found (totalling 57 

494 and 79 ORs, respectively) from an assembly of sensory and reproductive tissues, 

495 compared to around 300 identified in A. planci and S. purpuratus (Marquet et al., 

496 2020). The iGluR repertoire in H. arguinesis, A. japonicus, and other echinoderm 

497 genomes, is much smaller than ORs, and gene number is relatively well conserved, 

498 albeit expanded in H. arguinesis and A. japonicus. Gene duplication is a fundamental 

499 process in evolution and a major source of protein functional diversity and adaptive 

500 innovations (Guschanski et al., 2017). In eukaryotes tandem gene duplication is one 

501 of the main gene mechanisms of gene evolution and sources of genetic novelty and 

502 tandem gene expression is regulated by the same elements (Lan & Pritchard, 2016). 

503 The A. japonicus iGluRs and ORs possess a similar genome rearrangement and most 

504 genes resulted from tandem gene duplications. We hypothesised these were probably 

505 associated to species-specific adaptations fuelled by their natural environment to 
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506 detect and transduce the signal of specific sensory (mostly chemosensory) cues 

507 (Marquet et al., 2020).

508 Families of chemoreceptor genes are suggested to have evolved independently 

509 across distinct phyla as a consequence of species-specific physiology and behaviour 

510 (Ache & Young, 2005). A key feature of chemoreceptors is their expression in sensory 

511 organs and in many protostome invertebrates IR expression patterns indicate that they 

512 are a group of ancestral receptors that are exclusively expressed or are clearly 

513 enriched in chemosensory organs/tissues, such as in insects, crustaceans and 

514 molluscs (Benton et al., 2009; Corey et al., 2013; Croset et al., 2010; Groh-Lunow et 

515 al., 2015; Liang et al., 2016; Liu et al., 2010; Olivier et al., 2011; Stepanyan et al., 

516 2004). In D. melanogaster, IRs largely expanded in the genome due to species-

517 specific homologous recombination and retroposition and increased gene number was 

518 suggested to improve the detection of different chemosensory signals (Croset et al., 

519 2010). In that species, a few IRs have been suggested to be olfactory receptors and 

520 functional studies revealed that IRs can be activated by odours. The majority of non-

521 olfactory IRs are expressed in peripheral and internal organs such as gustatory 

522 neurons and involved in other sensory functions such as taste (Croset et al., 2010; 

523 Rytz et al., 2013; Silbering et al., 2011). IR25a and IR8a were the first type of IRs 

524 associated to chemosensation and they show conserved expression in several 

525 protostome olfactory organs (Croset et al., 2010; Liu et al., 2010; Olivier et al., 2011; 

526 Stepanyan et al., 2004). Although absent from echinoderms, IRs are evolutionary 

527 related to other metazoan iGluRs suggestive of potentially conserved functional 

528 overlapping (Croset et al., 2010; Roberts et al., 2018). In echinoderms, the tentacles 

529 are important enervated and sensory organ appendages that allow echinoderms to 

530 move or to handle food (Cameron & Fankboner, 1984; Díaz-Balzac et al., 2010; Hamel 

531 & Mercier, 2011) and expression of two members homologues of vertebrate GluR2 

532 (our GluA) and gKAR2 (our GluD) in the tentacles and tube feet of A. planci was taken 

533 to suggest involvement in chemosensation (Roberts et al., 2018). Interestingly, 

534 tentacles of both males and females H. arguinensis strongly and exclusively 

535 expressed a group of Grih subunit genes, and the the expression level of iGluR genes 

536 in this tissue is orders of magnitude higher compared to the olfactory receptor-like 

537 GPCRs expressed in the same tissue (Marquet et al., 2020). This suggests that one 
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538 or more GluH members are candidate (chemo)sensory receptors in H. arguinensis 

539 and possibly other echinoderms. 

540 Conclusions

541 The iGluR is an ancient receptor family with important functions in the nervous 

542 and sensory system of metazoans, which has undergone specific gene expansions 

543 and deletions. This led to some subfamilies being exclusive of certain taxa, possibly 

544 activated by different ligands, implying specific adaptations. GluH is a novel subfamily 

545 of iGluR highly expanded and unique to echinoderms. The abundant expression of 

546 different GluH subunit receptor isoforms in sea cucumber sensory (tentacles) and 

547 neuroregulatory tissues (radial nerve and the nerve ring) suggest they may participate 

548 in the assembly of different types of iGluR complexes. The multiple GluH subunits may 

549 provide alternative receptor assembly combinations, thus expanding the functional 

550 possibilities and widening the range of compounds detected. Future studies will aim 

551 at deorphanizing GluH receptors and establishing the biochemical and physiological 

552 mechanisms behind chemosensory responses during aggregation and spawning in 

553 sea cucumbers.
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863 Figure legends:
864 Figure 1 - Dendrogram showing the number of putative iGluR subunits identified in 

865 the echinoderms. Homologues found in vertebrates (H. sapiens and L. oculatus) and 

866 in molluscs (C. gigas and B. grablata) are represented for comparison. The 

867 dendrogram represents the evolutionary relationship of the species and was manually 

868 designed having in consideration the tree of life web project (www.tolweb.org/tree) and 

869 the species taxonomic classification was based on http://www.marinespecies.org/. 

870 The unique echinoderm GluH subfamily is boxed. Accession numbers of all 

871 genes/transcripts are listed in Supplementary Table 2. * non-annotated genomes. + 

872 transcriptome, ni- not identified. 

873

874 Figure 2 - The iGluR phylogenetic tree containing receptor subunits from 

875 echinoderms, molluscs, and vertebrates. The tree was built using the BI method and 

876 a similar tree with the ML methods is available as Supplementary Figure 1. 

877 Homologues from the plant A. thaliana (Ath_GLR2 NP_180476.3 and Ath_GLR7 

878 NP_565744.1) were used as an outgroup. The same BI tree is represented in A and 

879 B. A) tree with collapsed receptor clusters and B) circular tree with all the species 

880 represented. In B) the posterior probability values and bootstrap replicates for the 

881 nodes that are supported by BI and ML trees are represented. The branches that 

882 include the representatives of the different echinoderm classes were coloured as well 

883 as the representatives of other phyla used in the analysis. * indicate the A. planci 

884 putative chemosensory iGluR (Roberts et al., 2017). Sequence abbreviations and 

885 accession numbers are listed in Supplementary Table 2. The sequence alignment 

886 used for tree building is available as Supplementary Data 1. 

887

888 Figure 3 – Comparative schematic representation of the predicted protein domain 

889 organization of the echinoderm H. arguinesis, A. japonicus and S. purpuratus iGluR 

890 subunits. The consensus domain organization of H. sapiens GluA, GluK and GluD are 

891 represented on the top for comparison with the vertebrate model. The receptor linear 

892 structure represented was based on (Traynelis et al., 2010). Protein domains were 

893 either identified by querying the Pfam database or deduced from multiple sequence 

894 alignments with the vertebrate homologues and are represented by different colours: 

895 the amino-terminal domain (ATD, PF01094) is represented in pink; the ligand-binding 
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896 domain (S1 and S2 domains, PF10613 and PF00060, respectively) are marked with 

897 blue boxes, the three membrane-spanning helices (M1, M3, and M4) and a membrane 

898 re-entrant loop (M2)) of the transmembrane domains are represented in yellow and 

899 the C-terminal domains (CTD) in white. Homologue protein domains are represented 

900 by the same colours and the percent (%) amino acid sequence similarity between the 

901 echinoderm domains to the corresponding homologue region in H. sapiens and L. 

902 oculatus are indicated. The percent similarity of GluH domains was calculated against 

903 the vertebrate GluA and GluK homologue region. Only complete sequences were used 

904 with exception of the A. japonicus GluD which misses the N-terminus. The structural 

905 analysis of the individual echinoderm iGluR is available in Supplementary Figures 2, 

906 3 and 4.

907

908 Figure 4 – Comparative sequence alignment of the predicted S1 and S2 motifs within 

909 the ligand-binding domain (LBD) of H. arguinensis (Har) and A. japonicus (Aja) with 

910 the H. sapiens (Hsa) iGluR subfamilies. The amino acids arginine (R, in blue) within 

911 the S1 domain and the threonine (T, in pink) and aspartic acid/glutamic acid (D/E, in 

912 green) within the S2 domain associated with G amino acid activation are coloured and 

913 marked in bold. Fully conserved amino acid positions are represented by “*”, 

914 conservation between groups of strongly similar properties by “:” and conservation 

915 between groups of weakly similar properties with “.”.

916

917 Figure 5 - Gene synteny of A. japonicus Grih subunit genome regions with other 

918 echinoderms (S. purpuratus and A. planci) and the vertebrate L. oculatus. Genes are 

919 represented by coloured boxes and their position in the genome assemblies is 

920 indicated in megabases (Mb). Neighbouring gene families are represented by different 

921 colours and homologue genes are indicated by the same colour. The Grih genes are 

922 indicated in red colour and the different receptor types are indicated inside the 

923 coloured box. The neighbouring genes of A. japonicus were used to identify gene 

924 homologues in the represented species. Neighbouring genes represented are: 

925 translin-associated protein X (TSNAX), TEF transcription factor member a (TEFA), 

926 matrix metalloproteinase-16 (MMP16), solute carrier family 3 member 1 (SLC3A1), 

927 SUB1 regulator of transcription (SUB1), gonadotropin releasing hormone receptor 2 

928 (GNRHR2) , BCL2 Apoptosis Regulator (BCL2) , treslin-like (TICRR), sorbitol 
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929 dehydrogenase (SORD), FKBP prolyl isomerase (fkbp8), abhydrolase domain 

930 containing 17A, depalmitoylase (abhd17aa), solute carrier family 35 member F6 

931 (SLC35F6). Accession numbers of the neighbouring genes is provided in 

932 Supplementary Table 3.

933

934
935 Figure 6 – Gene synteny of A. japonicus Grik genome regions with other echinoderms 

936 (S. purpuratus and A. planci) and vertebrates (H. sapiens and L. oculatus). Genes are 

937 represented by coloured boxes and their position in the genome assemblies is 

938 indicated in megabases (Mb). Neighbouring genes families are represented by 

939 different colours and homologue genes are indicated by the same colour. The Grik 

940 genes are indicated in red colour and the different receptor types are indicated inside 

941 the coloured box. Only genes that were common in all species are represented. The 

942 neighbouring genes of A. japonicus were used to identify gene homologues in the 

943 represented species. Neighbouring genes represented are: zinc finger containing 

944 ubiquitin peptidase 1 (ZUP1), centrosomal protein 162 (CEP162),  retinoic acid 

945 induced 14 (RAI14), caseinolytic mitochondrial matrix peptidase chaperone subunit X 

946 (CLPX), programmed cell death 7 (PDCD7), damage specific DNA binding protein 1 

947 cullin 4 (DDB1-CUL4),  ankyrin repeat family A member 2 (ANKRA2), ribosomal 

948 protein S6 (RPS6), centrosomal protein 162  (CE162), elongin A (ELOA), betaine-

949 homocysteine S-methyltransferase (BHMT),  N-acetylated alpha-linked acidic 

950 dipeptidase 2 (NAALAD2), uracil phosphoribosyltransferase homolog (UPRT), 

951 ribosomal protein S4 X-linked (RPS4X). Accession numbers of the neighbouring 

952 genes is provided in Supplementary Table 2.

953

954 Figure 7 - Gene synteny of A. japonicus Gria and Grid genome regions with other 

955 echinoderms (S. purpuratus and A. planci) and the vertebrate L. oculatus. Genes are 

956 represented by coloured boxes and their position in the genome assemblies is 

957 indicated in megabases (Mb). Neighbouring genes families are represented by 

958 different colours and homologue genes are indicated by the same colour. Gria and 

959 Grid genes are indicated in red colour and the different receptor types are indicated 

960 inside the coloured box. Only genes common to all species are represented. The 

961 neighbouring genes of the A. japonicus were used to identify gene homologues in the 
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962 represented species. Neighbouring genes represented are:  gamma-aminobutyric acid 

963 type A receptor subunit beta3 (GABBR3), gamma-aminobutyric acid type B receptor 

964 subunit 2 (GABBR2), phosphoglycerate kinase 1 (PGK1), F-box protein 39 (FBXO39), 

965 retinol dehydrogenase 13 (RDH13), somatomedin B and thrombospondin type 1 

966 domain containing (SBSPON), corrinoid adenosyltransferase (COBO). Accession 

967 numbers of the neighbouring genes is provided in Supplementary Table 2.

968

969 Figure 8 - Expression levels (FPKM) of iGluR subunit transcripts in male and female 

970 H. arguinensis. Each tissue transcriptome was constructed from tissues collected from 

971 12 males and 5 females. Different letters indicate significant differences between 

972 transcripts (sex, tissue and receptor). The level of significance is 5%.

973

974

975 Supplementary Table
976 Supplementary Table 1: Descriptive statistics of the de novo assembly 

977 transcriptomes from nerve ring (NR), radial nerve (RN) and tentacles (T).

978

979 Supplementary Table 2: List and accession numbers of iGluR subunits analysed in 

980 this study.

981

982 Supplementary Table 3: List of accession numbers, genome location and positions 

983 of the neighbouring genes used in the gene synteny analysis.

984

985

986 Supplementary Figures
987

988 Supplementary Figure 1: Phylogenetic tree of the H. arguinesis and A. japonicus and 

989 other vertebrate and invertebrate iGluRs. The tree was built using ML method.

990

991 Supplementary Figure 2: Schematic linear representation of the predicted structure 

992 of the H. arguinensis GluH subunits. The consensus structures of the H. sapiens GluA, 

993 GluK and GluD are represented for comparisons. Only complete sequences are 

994 represented with size indicated. The amino-terminal domain is represented in pink, the 
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995 ligand-binding domain (S1 and S2 domains) are marked with blue boxes, the 

996 transmembrane (TM) regions (the three membrane-spanning helices (M1, M3, and 

997 M4) and a membrane re-entrant loop (M2)) are represented in yellow and the C-

998 terminal domains in indicated in white. The predicted signal peptide (SP) is also 

999 indicated. 

1000

1001 Supplementary Figure 3: Schematic linear representation of the predicted structure 

1002 of the iGluR subunit genes in A. japonicus. The consensus structures of the H. sapiens 

1003 GluA, GluK and GluD is represented for comparisons. Only complete sequences are 

1004 represented, and size (aa) is indicated. The amino-terminal domain is represented in 

1005 pink, the ligand-binding domain (S1 and S2 domains) are marked with blue boxes, the 

1006 transmembrane (TM) regions (the three membrane -spanning helices (M1, M3, and 

1007 M4) and a membrane re-entrant loop (M2)) are represented in yellow and the C-

1008 terminal domains in indicated in white. The predicted signal peptide (SP) is also 

1009 indicated.

1010

1011 Supplementary Figure 4: Schematic linear representation of the predicted structure 

1012 of the iGluR subunit genes in S. purpuratus. The consensus structures of the H. 

1013 sapiens GluA, GluK and GluD is represented for comparisons. Only complete 

1014 sequences are represented, and size (aa) is indicated. The amino-terminal domain is 

1015 represented in pink, the ligand-binding domain (S1 and S2 domains) are marked with 

1016 blue boxes, the transmembrane (TM) regions (the three membrane-spanning helices 

1017 (M1, M3, and M4) and a membrane re-entrant loop (M2)) are represented in yellow 

1018 and the C -terminal domains in indicated in white. The predicted signal peptide (SP) 

1019 is also indicated.

1020

1021 Supplementary Figure 5: Gene expression levels of Griha5, Grihb, Grihc1 and 

1022 Grihc2 in nerve Ring (NR), radial nerve (RN) and tentacles (T) as determined by qPCR 

1023 and normalized against 18s, and represented as the mean ± SEM of three biological 

1024 replicates (n= 3). 

1025

1026

1027 Supplementary Data
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1028

1029 Supplementary Data 1: Aligned sequence alignment used to build the phylogenetic 

1030 tree

1031 Supplementary Data 2: Gene expression data set (tentacles, radial nerve and nerve 

1032 ring) followed by three-way analysis of variance with sex, tissue and receptor subunit 

1033 as factors to compare differences in expression levels (FPKM), followed by the 

1034 multicomparison Holm-Sidak a posteriori test when main effects were statistically 

1035 significant. Statistical analysis was performed using SigmaPlot software (version 14.0, 

1036 Systat Software, Inc). 

1037
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Table 1: Primer sequences, amplicon sizes and annealing temperatures (T) used in 

the qPCR analysis.
Transcript 

name
Fw/Rw Primer sequence (5'−3') Amplicon 

(bp)
T (°C) E (%) R2

Harg_GluHA5 Fw GCTCAGTACAACGACAGTAG 116 58 87.8 0.998
Rv TGTCATTCCCATGACTAGAAC

Harg_GluHB Fw GGTCAGCCGAGTCAAGAACA 185 60 89.2 0.996
Rv GTGTAACGTAAGCCCTGCCT

Harg_GluHC1 Fw ACTTGAACCCACCGATCACC 120 60 90.7 0.997
Rv CTTCGACACTAGCCGAAATATA

Harg_GluHC2 Fw ATGCAGGTGGAAGAGGTATCC 189 60 91.1 0.998
Rv CCGCTTCACACTCCTCACAA

18s RT_F4 TGACGGAAGGGCACCACCAG 158 58 90.1 0.998
RT_R4 AATCGCTCCACCAACTAAGAACGG
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Table 2: Nomenclature adopted to classify the ionotropic glutamate receptor 

subfamilies.
Subfamily Gene/transcript protein

AMPA Gria GluA
Kainate Grik GluK
NMDA Grin GluN
Delta Grid GluD

Echinoderm-
specific

Grih GluH
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 Harg_GluHA3 (…)EVVRRKADIAAGPLTVTAEREDAVDFSDF(…)GTIDHGSTYHFFWR(…)SPESPLKEK(…)

 Harg_GluHA4  (…)EVVRKKADIAAGPLTVTSEREEAVDFSDF(…)GTIDHGSTYHFFWN(…)SPGSPLREQ(…)

 Harg_GluHA5 (…)EVVRRKADIAAGPLTVTAEREDAVDFSDF(…)GTIDHGSTYHFFWR(…)SPESPLKEK(…)

 Harg_GluHB1  (…)KLTEGHSDIAAAPLAITSERDSAVDFTDV(…)GFVRDSSAYDFFRN(…)NEGSPLRDQ(…)

 Harg_GluHC1  (…)EIIDGDADVIMGSLSKNDAREVDIDFSEF(…)GFVRGSPTYDFYRY(…)GTGSPLRDQ(…)

 Harg_GluHC2 (…)DLADGDADIAVGALVRNDYREEVVDFTDF(…)GLVRNSPAYDFYRY(…)NVGSPLRDQ(…)

 Harg_GluHC3 (…)ELIDGDADVAIGSLTERSAREKDIDLTEF(…)GLVRGSPSYDFYRY(…)NKGSPLRDQ(…)

 Harg_GluHC4 (…)ELIDGDADVAIGSLTKRGAREKDIDFTDF(…)GAVRNSPSYDFYRY(…)NTGSPLRDQ(…)

 Harg_GluHC5 (…)ELIDGDADVAIGSLTKNGARENDIDFTEF(…)GAVRRSPSYDFYRY(…)NKGSPLRDQ(…)

 Harg_GluHC6 (…)ELIDGDADVAIGALARNAAREEDIDFTKF(…)GAVRYSPSYDFYRY(…)NTGSPLRDQ(…)

 Ajap_GluHA1 (…)EVVRRKADIAAGPLTVTAEREQAVDFSDF(…)GTIDHGSTYHFFWN(…)SPDSPLREQ(…)

 Ajap_GluHB3 (…)QLTEGHADIAAAPLAITGERDTAVDFTDV(…)GFVRDSSAYDFFRN(…)NEGSPLRDQ(…)

 Ajap_GluHC2 (…)EIIDGDADVVMGALVVNDAREKDIDFTEF(…)GVVRDSPSFDLYRY(…)GNGSPLRDQ(…)

 Ajap_GluHC5 (…)ELIDGDADVAIGSLTKVGAREDAIDFTEF(…)GAVRNSPSYDFYRF(…)NKGSPLRDQ(…)

 Ajap_GluHC7 (…)DLIDGDADVAIGALTEMSAREADIDFTNF(…)GAVRFSPSYDFYRY(…)NEGSPLRDQ(…)

 Hsap_GluA1   (…)ELVYGRADVAVAPLTITLVREEVIDFSAY(…)GTLEAGSTKEFFRR(…)SKGSALRNP(…)

 Hsap_GluA2   (…)ELVYGKADIAIAPLTITLVREEVIDFSAY(…)GTLDSGSTKEFFRR(…)SKGSSLRNA(…)

 Hsap_GluA3   (…)ELVYGRADIAVAPLTITLVREEVIDFSAY(…)GTLDSGSTKEFFRR(…)SKGSALRNA(…)

 Hsap_GluA4   (…)ELVYGKAEIAIAPLTITLVREEVIDFSAY(…)GTLDSGSTKEFFRR(…)SKGSSLRTP(…)

 Harg_GluAα   (…)DLLDERAHIAVAPLTITSVREEVIDFTEY(…)GILKTGSTYELFRN(…)SNSDELRDQ(…)

 Harg_GluAβ   (…)DIIDGRADFAVAGMTITKKRQKVVDFTTY(…)GTRSGGTTSDFFRD(…)STLDSLTKE(…)

Hsap_GluK1   (…)ELIDHRADLAVAPLTITYVREKVIDFSEY(…)GAVRDGSTMTFFKK(…)SKGSPYRDK(…)

Hsap_GluK2   (…)ELIDHKADLAVAPLAITYVREKVIDFSEY(…)GAVEDGATMTFFKK(…)SKGSPYRDK(…)

Hsap_GluK3   (…)ELIDHKADLAVAPLTITHVREKAIDFSEY(…)GAVKDGATMTFFKK(…)SKGSPYRDK(…)

Hsap_GluK4   (…)ELIARKADLAVAGLTITAEREKVIDFSEY(…)GTIHGGSSMTFFQN(…)SRGSVFRDE(…)

Hsap_GluK5   (…)ELINRKADLAVAAFTITAEREKVIDFSEY(…)GTIHAGSTMTFFQN(…)SRGSPFRDE(…)

Harg_GluKα   (…)ELIRGEADLAVAPLTISYVREEVIDFSQY(…)GTRRGGSTETFFKR(…)SDDSPFRDD(…)

Hsap_GluD1    (…)ELISKRADLAISAITITPERESVVDFSSY(…)GTVRDSAVYEYFRA(…)KGGSPYRDL(…)

Hsap_GluD2    (…)ELVFKRADIGISALTITPDRENVVDFTPY(…)GTVLDSAVYEHVRM(…)KGGSPYRDV(…)

Ajap_GluD    (…)EVYYGRADMAVAGMIINSHREEVVDFTVY(…)GTIENSSLHRFFEQ(…)RKDVPYTDD(…)

S1 S2R T D/E

. :: : * *. : :
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