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26

27 Abstract

28 Sponges (Porifera) co-evolved with microorganisms in a well-established symbiotic 

29 relationship. Based on this characteristic, sponges can be separated into high microbial 

30 abundance (HMA) and low microbial abundance (LMA) species. Paraleucilla magna 

31 (Calcarea, Porifera) is an alien species of ecological importance in the Brazilian 

32 coastline. Little is known about the composition of its microbiota and that of other 

33 calcareous species, especially those inhabiting the Southwest Atlantic. Here, we 

34 describe the microbiota of P. magna and compare it to that of other calcareous sponge 

35 species for which such data exist. P. magna’s microbiota shows a lower diversity than 

36 that of Clathrina clathrus, C. coriacea, Leucosolenia sp., Leuconia sp. and Leucetta 

37 antarctica. P. magna microbiota is dominated by two bacterial OTUs of the 

38 Alphaproteobacteria class, that could not be classified beyond class (OTU001) and 

39 family levels (OTU002; Rhodospirillaceae). The Thaumarcheota was the predominant 

40 archaeal phylum in P. magna, with OTUs mainly affiliated to the genus candidatus 

41 Nitrosopumilus. The comparison with other calcareous species showed that microbiota 

42 composition correlated well with sponge phylogenetic affiliation. Metabolic prediction 

43 with PICRUSt software of P. magna bacterial microbiota indicated that membrane 

44 transport and carbohydrate, amino acid and energy metabolisms were most abundant 

45 while, for the archaeal domain, pathways related to translation, and energy metabolisms 

46 were predominant. Predicted metabolic features were compared between the different 

47 sponge species and seawater samples, showing that pathways related to cell motility, 

48 membrane transport, genetic information processing, xenobiotics metabolism and signal 

49 transduction are higher in the former while amino acid and nucleotide metabolism, 

50 translation, replication and repair, folding, sorting and degradation and glycan 
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51 biosynthesis and metabolism are abundant in the latter. This study shows that P. 

52 magna’s microbiota is typical of an LMA sponge and that it differs from the microbiota 

53 of other calcareous sponges both in its composition and in predicted metabolic 

54 pathways. 
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72 Introduction

73 Sponges (phylum Porifera) represent the most ancient metazoan lineage. For 

74 over 600 million years, their presence has been recorded in a great variety of habitats 

75 while, at the same time, maintaining a simple bauplan. Several studies point to the 

76 conclusion that the key to this adaptability may lie on their long association with 

77 microbes [1]. 

78 Sponges co-evolved with microorganisms forming, through time, a well-

79 established symbiotic relationship. While the host provides nutrition from the 

80 degradation of other microbes and a habitat in its mesohyl, the prokaryotic community 

81 enhances its metabolic potential with complementary physiological functions and the 

82 production of useful secondary metabolites [2]. 

83 In the last two decades, advancements in next generation sequencing (NGS), in 

84 bioinformatics tools and the growth of gene marker databases, allowed a deeper study of 

85 this relationship. Nowadays, for example, it is known that organisms from the three 

86 domains of life inhabit sponges, with different levels of specificity [2,3]. The nature of 

87 this symbiotic relationship can be used to divide sponges into two main categories:  

88 high microbial abundance (HMA), in which a diverse microbiota can account for up to 

89 35% of the host’s biomass and low microbial abundance (LMA), comprising sponges 

90 that are inhabited by fewer and less diverse microbes. In the latter, the most common 

91 scenario is the predominance of only one or two microbial phyla [4]. 

92 Another great motivation for gaining a better understanding of this relationship 

93 is the potential biotechnological applications of enzymes and bioactive molecules 

94 produced by microbial sponge symbionts. As reported by Abdelmohsen et al. [5], 57% 

95 of the marine natural products with described action against drug resistant pathogens 

96 (parasites, fungi and viruses) were extracted from species of the phylum Porifera.
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97 Porifera has four extant classes that are characterized by different kinds of 

98 skeletal features: Demospongiae, Calcarea, Hexactinellida and Homoscleromorpha. The 

99 composition and dynamics of microbial symbionts and how they relate to taxonomic 

100 ranks in Demospongiae have been extensively studied [6]. This concentration of 

101 resources in the class comprising the majority of Porifera’s described species has left a 

102 deficit of information on the microbiota of species belonging to the other classes. 

103 Additionally, there is still limited data on the microbiota of sponges of the South 

104 Atlantic. To date, few studies have analyzed the microbiota of calcareous sponges using 

105 high-throughput technology and the only species for which such data exist are Clathrina 

106 clathrus, C. coriacea, Leucosolenia sp., Leuconia sp. and Leucetta antarctica [7,8]. 

107 In the present study, we aim to shorten this gap by describing the microbial 

108 symbionts (Bacteria and Archaea) of Paraleucilla magna Klautau, Monteiro & 

109 Borojević, 2004 (Porifera, Calcarea) using next generation sequencing. This species was 

110 first described in the 1980's in Rio de Janeiro state [9] where it has been considered a 

111 cryptogenic species.  Further records in Brazil were in São Paulo and Santa Catarina 

112 states, but P. magna has also been registered in several localities in the Mediterranean 

113 Sea [10–12], and in the Eastern Atlantic Ocean [13]. P. magna harbors a variety of 

114 organisms, such as crustaceans, molluscs, bryozoans, and polychaetes [14] and some 

115 bacteria that produce antimicrobial compounds have also been isolated from tissue 

116 samples of this species [15].

117 P. magna is capable of reproducing throughout the year and produces high 

118 numbers of larvae [16], two characteristics that indicate an efficient invasive potential 

119 [17]. Populations of P. magna present high demographic fluctuations and have not 

120 presented any visible harm to native Brazilian sponge populations.  It is also one of the 

121 most common calcareous sponge species on the rocky coasts of Rio de Janeiro. 
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122 Moreover, in the Mediterranean Sea it is considered an invasive species, as it causes 

123 problems in mollusc farms. 

124 To increase our knowledge about the symbionts of Brazilian sponges we 

125 analyzed the microbiota and the predicted metagenome of P. magna collected at 

126 Marica’s archipelago in Rio de Janeiro, Brazil and performed a comparative analysis 

127 with the microbiota of other calcareous species with available data. 

128

129 Material and Methods

130 Sample collection and storage

131 Paraleucilla magna individuals (n=2) that were at least 10 meters apart were 

132 collected by scuba diving at a depth of 6 meters in Maricás archipelago, Rio de Janeiro 

133 (23o00'41.8'' S, 42o55'07.39'' W), Brazil, in February 2013 (Fig 1). Excess seawater was 

134 removed by gently pressing the samples against sterile filter paper. A fragment of 

135 approximately 500 mg was excised from each individual with a sterile scalpel blade. 

136 Fragments were stored in RNAlater (Qiagen) at room temperature and transported to the 

137 laboratory for DNA extraction. A voucher of each specimen was deposited at the 

138 Porifera Collection of the Rio de Janeiro State University (UERJPOR) under voucher 

139 numbers UERJPOR27 (P. magna 6) and UERJPOR26 (P. magna 8), respectively. 

140 Morphological identification was performed by three specialists, BM, MK and ELE. 

141 For microbiota analysis of the surrounding seawater, 5 liters of surface seawater were 

142 collected in a sterile container and filtered through a 0.22 µm membrane (Millipore). 

143 The membrane was stored at -20 °C until processing. 

144 Figure 1. P. magna in situ photograph and sample collection locality. (A) In situ 

145 photograph of one of the P. magna individuals collected for microbiota analyses (P. 
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146 magna 6). (B) Main island of Maricás Archipelago showing a vertical rocky slope, a 

147 typical environment in this island. (C) Map of South America showing Rio de Janeiro 

148 state in the inset. (D) Map of Rio de Janeiro state with collection area in the inset. (E) 

149 Central coast of Rio de Janeiro state including Guanabara Bay and nearby islands: 

150 Cagarras Archipelago (CA), Maricás Archipelago (MA) and Tijucas Archipelago (TI). 

151 (F) Collection locality in Maricás Archipelago.

152

153 DNA extraction

154 For more efficient extraction, small pieces of sponge tissue were cut with a 

155 sterile scalpel and macerated with sterile polypropylene pestles in microcentrifuge tubes 

156 containing extraction buffer. The filter membrane was cut into small pieces with 

157 sterilized scissors and placed into a microcentrifuge tube with the same buffer. Total 

158 DNA extractions were carried out with the DNEasy blood and tissue kit (Qiagen) 

159 following the manufacturer’s recommendations. DNA quantification was performed 

160 using the Qubit High sensitivity ds DNA assay (Thermo Fisher Scientific, Brazil).

161

162 Sponge phylogenetic analysis

163 To provide a molecular tag for our P. magna samples, amplification of the 18S 

164 rRNA gene was performed as described by Redmond et al. (2007)[18]. The 

165 amplification products were purified, sequenced by Sanger methodology with the 

166 BigDye reagent (Thermofisher, São Paulo, Brazil) and analyzed on an Applied 

167 Biosystems 3500 Genetic Analyzer capillary instrument. A minimum of three 

168 sequencing reactions was performed for each fragment on both forward and reverse 

169 strands. Contigs from FASTA formatted sequences were constructed with Geneious R9 
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170 software (Biomatters) and used for BLAST [19] searches against GenBank [20]. The 

171 resulting sequences were deposited under accession numbers KY634245 and 

172 KY634237. 

173

174 Marker gene library construction and sequencing

175 For the analysis of the microbiota, the V4 region of the 16S rRNA gene was 

176 amplified using primers and PCR conditions as described by Caporaso et al. (2011)[23]. 

177 Triplicate PCR reactions for each sample were pooled, purified, quantified with the 

178 Qubit fluorometer and paired-end sequenced with the 500 cycles MiSeq reagent kit V2 

179 on a MiSeq instrument (Illumina).  Sequences were deposited on SRA databank under 

180 accession number SRP127694.

181

182 Processing of the sequence reads and microbiota analysis 

183 The sequence reads were processed with mothur software (v 1.39.5)[24] 

184 according to the Miseq SOP [25]. Briefly, paired-end reads were joined using the 

185 make.contigs command and filtered to exclude ambiguities (max=0), homopolymers 

186 (maxhomop=8), sequences over 252 bp and to ensure correct overlapping. Then, they 

187 were aligned against the Silva (v. 128) database [26], pre-clustered (diffs=2) and 

188 screened for chimeras, using the VSEARCH algorithm [27]. Screened sequences were 

189 classified, and those belonging to undesired taxa such as chloroplast, mitochondria and 

190 Eukarya were removed. Analysis was carried out separately for Bacteria and Archaea 

191 domains. To build operational taxonomic units (OTUs), clustering was set at 97% 

192 similarity. 
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193 For taxonomic description, sponge OTUs with relative abundance lower than 1% 

194 of the total number of sequences were grouped as others; this cutoff was defined at 5% 

195 for seawater OTUs. Rarefaction curves and alpha and beta diversity analysis were 

196 calculated after subsampling groups to the smallest library size. Results were plotted 

197 with Prism v7 software (GraphPad, USA). 

198 A more thorough investigation was performed on two OTUs (OTU001 and 

199 OTU002) that presented a high relative abundance in P. magna. The get.oturep 

200 command was used within mothur software to obtain the representative fasta sequences 

201 for both OTUs. These sequences were aligned against sequences from a P. magna 16S 

202 rRNA gene clone library that was constructed by amplifying this gene from genomic 

203 DNA with primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-

204 GGTTACCTTGTTACGACTT-3′). The PCR amplification products were cloned into 

205 the PGEMT vector (Promega) and inserted into E. coli XL1Blue cells. Transformed 

206 bacterial colonies were picked, plasmid DNA was recovered and used in sequencing 

207 reactions to obtain full-length 16S rRNA gene sequences. 

208 Sequences that presented >97% identity were chosen as full-length counterparts 

209 of the OTU sequences and were used on BLAST searches against the GenBank 

210 database. The best-hit sequences were downloaded and aligned with the OTUs’ 

211 representative sequences using MAFFT algorithm. A maximum likelihood tree was 

212 built using the GTR model/ G+I and 500 bootstraps as a test of phylogeny with MEGA 

213 v7 software [22].  

214

215

216
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217 Comparison with the microbiota of other calcareous sponges

218 Raw V4 sequence reads of 16S rRNA surveys from the calcareous sponge 

219 species Clathrina clathrus, C. coriacea, Leucosolenia sp., Leuconia sp. and Leucetta 

220 antarctica and from seawater samples from the Antarctic region, Spain and Curaçao 

221 that are available at SRA were downloaded (Supplementary material). These sequences 

222 were analyzed along with our data set within mothur software essentially as described 

223 above. However, the maximum length parameter was altered to 125 bp to match the 

224 other samples’ length. As there were multiple biological replicates from each sample, 

225 those replicates that did not reach 90% coverage were removed. 

226 A biom formatted OTU table was used to calculate and plot alpha diversity 

227 within the Microbiome Analyst website (http://www.microbiomeanalyst.ca/) [28]. The 

228 following parameters were used: The low count filter was set without a minimum count 

229 and the prevalence in samples was set at 10%. The low variance filter was set at inter-

230 quartile range and the percentage to remove was set at 0%. The data was then 

231 normalized by rarefying to the minimum library size and scaled by total sum scaling. 

232 To determine the similarities of the microbial communities among the different 

233 sponge and seawater samples a dendrogram was constructed with mothur from Bray-

234 Curtis distances obtained from samples rarefied to the minimum library size. Weighted 

235 unifrac was the chosen distance metric for beta diversity analysis from the rarefied 

236 samples, which was visualized on a NMDS graph. 

237

238 Functional category prediction with PICRUSt software

239 For metagenome prediction, sequences were processed within mothur as 

240 outlined above but, instead of the Silva database, the Greengenes database 

241 (gg_13_5_99) [29] was used to align and classify the OTUs. Three biom formatted files 
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242 were produced with the make.biom command in mothur containing OTU counts and 

243 Greengenes taxonomy labels in the PICRUSt format: Two with OTUs from the P. 

244 magna samples and the surrounding seawater of Maricás archipelago (one for the 

245 Bacteria and one for the Archaea domain), and a third one for the bacterial domains of 

246 all calcareous sponge and seawater samples. 

247 These biom formated files were uploaded to a Galaxy web application 

248 maintained by the Huttenhower lab (https://huttenhower.sph.harvard.edu/galaxy/). 

249 Using PICRUSt software[30], OTU counts were normalized by 16S copy number and 

250 the metagenome was predicted in the form of KEGG ortholog abundances [31] that was 

251 used for functional categorization. 

252 The PICRUSt output in biom file format was uploaded for analysis in the 

253 Calypso online software (http://cgenome.net/wiki/index.php/Calypso; [32]) where the 

254 20 most abundant features were presented in heatmaps for P. magna samples 

255 description. For the comparison with other sponge species, the 15 most abundant 

256 features were chosen. Similarities in the predicted metagenomes among all calcareous 

257 sponges and seawater samples were determined with a hierarchical clustering graph 

258 according to Bray-Curtis distances that was also computed within the Calypso platform. 

259 The parameters used for these analyses on the Calypso platform were the following: 

260 Data was filtered by removing rare taxa with less than 1% relative abundance, and the 

261 data were normalized by total sum normalization followed by square root 

262 transformation. Statistical analysis was performed in STAMP [33], using two groups 

263 comparison between Sponges and Seawater, using the two-sided Welch’s t-test with 

264 Benjamini-Hochberg FDR correction.

265

266
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267 Results

268

269 Sequencing run details and alpha diversity 

270 Sequencing of the V4 tag of the 16S rRNA gene produced, after mothur 

271 processing, 819,538 sequence reads for the two P. magna individuals, being 98.5% 

272 bacterial and 1.5% archaeal (Table 1). From the seawater sample of Maricás 

273 archipelago, 216,345 sequences were obtained, 93% bacterial and 7% archaeal.  These 

274 sequences resulted on a total of 2,214 and 2,034 bacterial OTUs obtained for P. magna 

275 6 and 8, respectively, while 2,576 OTUs were retrieved for the seawater sample. We 

276 recovered fewer archaeal OTUs which were 24, 16 and 55 for P. magna 6, P. magna 8 

277 and seawater samples, respectively.  

278

Sample Taxon Nseqs Coverage Sobs Invsimpson 
P. magna 6 Bacteria 323,510 0.998 2214 2.98 
P. magna 8 Bacteria 483,744 0.999 2034 2.47 
Seawater Bacteria 201,156 0.995 2576 24.00 

P. magna 6 Archaea 8,569 0.999 24 1.23 
P. magna 8 Archaea 3,715 0.999 16 1.26 
Seawater Archaea 15,189 0.999 55 4.72

279 Table 1. Sequence data and alpha diversity. Sobs: species observed; Invsimpson: 

280 Inverse Simpson index.

281

282 Although the species observed index (Sobs) presented little difference between 

283 seawater and sponge samples, a higher diversity was found in seawater, as indicated by 

284 the inverse Simpson (invSimpson) index, which measures richness as well as evenness 

285 (Table 1, Fig S1). All libraries had high coverage, above 99%, and reached a plateau in 

286 rarefaction curves (Fig S1).  

287

288
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289 Taxonomic composition of P. magna and surrounding seawater microbiota 

290 The bacterial communities of both P. magna individuals and the surrounding 

291 seawater are composed of few phyla with relative abundance above 1% or 5%, for 

292 sponges and seawater samples, respectively. Proteobacteria is the most abundant, with 

293 the class Alphaproteobacteria representing 84%, 92% and 21% of the OTUs in P. 

294 magna 6, 8 and seawater, respectively (Fig 2). Gammaproteobacteria was more 

295 prominent in seawater sample, represented by 43% of the OTUs, while in P. magna 6 

296 and 8 only 5% and 4% of them, respectively, were affiliated with this taxon. 

297 Bacteroidetes was the second most abundant phylum, especially in seawater in which it 

298 amounted to 30% of the OTUs, while in P. magna 6 and 8 the phylum’s proportion was 

299 3% and 2%, respectively. Planctomycetes was present only in the seawater sample (2%) 

300 and P. magna 6 (1%). OTUs affiliated with the phylum Marinimicrobia comprised 1% 

301 of the total in seawater (Fig 2). 

302

303 Figure 2. Taxonomic composition of the Bacteria domain from the microbiota of P. 

304 magna and seawater samples. Only taxa with relative abundance above 1% (for 

305 sponges) or 5% (seawater) are shown. Others represents taxa below these cutoffs. The 

306 predominant phylum Proteobacteria was separated into classes.

307

308 At a lower taxonomic rank, both P. magna individuals presented two 

309 Alphaproteobacteria OTUs, hereafter named OTU001 and OTU002, as dominant taxa. 

310 OTU001 has a relative abundance of 38% and 49% in P. magna 6 and 8, respectively, 

311 and could not be classified beyond the class level. When its representative sequence was 

312 used for searches against full-length sequences obtained from a 16S rRNA clone library, 

313 a clone (A3) with 98% identity was found. The Blast search of this sequence against 
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314 GenBank database retrieved sequences with at most 91% similarity. These sequences 

315 originated from uncultured bacteria, mostly belonging to the class Alphaproteobacteria; 

316 those were isolated from diverse marine environments. When these sequences were 

317 used in a phylogenetic analysis, OTU001 and its full-length representative sequence 

318 formed a separate cluster with strong bootstrap support indicating that they might 

319 belong to a novel species or, perhaps, genus with low representation in databases (Fig 

320 3A). 

321

322 Figure 3. Phylogenetic analysis of P. magna’s predominant bacterial OTUs.  

323 Maximum lilkelihood trees of full length 16S rRNA gene sequences were constructed 

324 with Mega software. (A) OTU001 and closest relatives retrieved from Blast searches 

325 against Genbank. (B) OTU002 and closest relatives retrieved from Blast searches 

326 against Genbank. Only bootstrap values above 50% are shown.

327

328 OTU002 is a member of the Rhodospirillaceae family, which could not be 

329 classified to the genus level. It has a relative abundance of 43% and 41% in P. magna’s 

330 6 and 8 microbiota, respectively. As described above, a representative sequence was 

331 aligned against sequences from our clone library, and clone A6 showed 99% identity 

332 with the V4 region of OTU002. The full-length sequence was used on a Blast search 

333 against GenBank and sequences from Alphaproteobacteria found in marine 

334 environments were retrieved showing identities up to 95%. Upon a phylogenetic 

335 analysis (Fig 3B), our sequences grouped closely with bacteria isolated mainly from 

336 coastal and intertidal regions. So, although no further taxonomic information could be 

337 obtained, we could infer that this sequence belongs to an already reported, unnamed 

338 genus of marine bacteria. 
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339 An OTU affiliated with pItb-vmat-80, a genus of environmental 

340 Gammaproteobacteria isolated from a microbial mat found in a shallow submarine hot 

341 spring off the coast of Japan [34], was also observed only in P. magna 6. 

342 OTUs found in the seawater sample were affiliated with a great diversity of 

343 genera, and 35% of them did not reach a minimum relative abundance of 5%. Typical 

344 marine genera were also observed such as those affiliated with the SAR and NOR 

345 clades, with SAR_92 clade being the most abundant, with 14% of the OTUs (Fig 2). 

346

347 Taxonomic composition of the archaeal domain

348 Two archaeal phyla were found in all samples with variable relative abundance. 

349 While sponge OTUs were mostly affiliated with the phylum Thaumarcheota (99% and 

350 96% for P. magna 6 and 8, respectively), seawater sample OTUs were placed in nearly 

351 equal proportion within the phyla Thaumarcheota (47%) and Euryarcheota (53%). At 

352 the genus level, a greater difference between the sponge and seawater samples was 

353 observed. In P. magna individuals, the candidatus Nitrosopumilus was dominant (91% 

354 and 89% in P. magna 6 and 8, respectively) with a smaller contribution of candidatus 

355 Nitrosopelagicus and of subtypes Marine Group I and II. Meanwhile, in the seawater 

356 library half of the OTUs were affiliated with Marine Group II (51%), followed by those 

357 related to candidatus Nitrosopumilus (35%) and Nitrosopelagicus (11%) (Fig 4).  

358

359 Figure 4. Taxonomic composition of the Archaea domain from the microbiota of P. 

360 magna and seawater samples. Only taxa with relative abundance above 1% are 

361 shown.

362

363
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364 Functional category prediction of the bacterial and archaeal microbiomes 

365 PICRUSt software was used to predict metabolic pathways present in the 

366 microbiomes of P. magna and surrounding seawater. A heatmap of the 20 most 

367 abundant KEGG pathways at hierarchical level 2 shows that the functional profiles were 

368 clearly clustered according to their source for both bacterial and archaeal microbiomes 

369 (Figs 5A and B). The most abundant pathways in the P. magna bacterial communities 

370 are those related to membrane transport and carbohydrate, amino acid and energy 

371 metabolism, indicating the predominance of a heterotrophic metabolism. Replication 

372 and repair, nucleotide metabolism and translation pathways were higher in seawater 

373 bacterial communities, indicative of a higher proliferation potential in the open sea.  

374 Signal transduction, metabolism of other amino acids, terpenoids and polyketides, 

375 folding, sorting and degradation, general metabolism and transcription pathways were 

376 the least represented in all samples (Fig 5A).  

377 Figure 5. Abundance heatmap of predicted metagenomic functional profiles from 

378 P. magna and seawater samples.  The 20 most abundant metabolic pathways predicted 

379 with PICRUSt for Bacteria (A), and Archaea domains (B) are shown. Colors shift from 

380 blue (lower) to red (higher) according to pathway abundance in each sample.

381

382 The predicted metagenome of archaeal communities showed that pathways 

383 related to translation, and energy metabolism, the latter involving amino acids and 

384 carbohydrate metabolism, were the most abundant. Among these pathways, only 

385 carbohydrate metabolism was more prominent in seawater.  Differences were found in 

386 intermediately abundant pathways, where metabolism of cofactors and vitamins were 

387 more prevalent in sponges while replication and repair and membrane transport were 

388 more prominent in seawater. Among features with smallest abundance, enzyme families 
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389 and metabolism were lower in the sponges and signal transduction, cell motility, 

390 processes and signaling pathways were lower in seawater (Fig 5B). 

391

392 Comparative analysis of the microbiota of different calcareous sponge species

393 In order to compare the composition of the microbiota present in our samples 

394 and in other calcareous sponge species, we processed all datasets together within 

395 mothur software. Weighted unifrac phylogenetic distances were plotted on an NMDS 

396 graph in which we observed that, as expected, P. magna samples clustered together (Fig 

397 6). The clustering of biological replicates of the same species is also observed, 

398 indicating stability in the core microbiota. Clathrina clathrus and C. coriacea, species 

399 of the same genus, had the most similar communities, indicating that phylogenetic 

400 distance and microbiota membership are associated. The microbiota from the seawater 

401 samples show more similarity in composition among themselves than with the sponge 

402 samples and, therefore, are closer to each other in the plot. Similar results can be seen 

403 on a cladogram obtained using a Yue & Clayton distance matrix where seawater and 

404 sponge samples were also separated, and community similarity mirrored taxonomic 

405 affiliation (Fig S2).  

406 Figure 6. Beta diversity analysis of microbiota composition from different 

407 calcareous sponge species and seawater samples. Weighted unifrac distances were 

408 calculated with mothur software and plotted on a NMDS graph. Samples from different 

409 individuals of the same species are represented by the same color.

410 Seawater samples showed greater microbiota diversity (Fig 7, Fig S3) than 

411 sponges, and the sample from Fields Bay, Antarctica, was the least diverse among them. 

412 Among the sponge species, P. magna presented the lowest Shannon diversity index, 

413 while all other samples presented higher and similar values (Fig 7).
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414

415 Figure 7. Alpha diversity analysis of microbiota from different calcareous sponge 

416 species and seawater samples. The dispersion plot was built based on Shannon index 

417 of diversity.

418 A functional pathway comparison of the microbiomes predicted with PICRUSt 

419 software shows that, although the taxonomic composition of the microbiota is different, 

420 there is a level of conservation in which metabolic features are present in sponge and 

421 seawater samples, preserving the specificity of each symbiotic relationship, as the 

422 different species and seawater samples cluster together on a hierarchical clustering 

423 cladogram based on Bray-Curtis dissimilarity (Fig S4). Heatmap analysis of the 15 most 

424 abundant pathways indicates prevalence, in all samples, of heterotrophic metabolism 

425 and nutrient transport with higher incidence of carbohydrate and amino acids 

426 metabolism (Fig 8). Cellular housekeeping functions, nucleotide and lipid metabolism 

427 were the least abundant functions. Statistical analysis shows that pathways related to 

428 cell motility, membrane transport, genetic information processing, xenobiotics 

429 metabolism and signal transduction are higher in sponges (Fig 9). Meanwhile, amino 

430 acid and nucleotide metabolism, translation, replication and repair, folding, sorting and 

431 degradation and glycan biosynthesis and metabolism were more abundant in seawater 

432 symbionts. 

433 Figure 8. Abundance heatmap of predicted metagenomic functional profiles from 

434 different calcareous sponge species and seawater samples.  Heatmap shows the 15 

435 most abundant metabolic pathways predicted with PICRUSt. Colors shift from blue 

436 (lower) to red (higher) according to pathway abundance in each sample.
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437 Figure 9. Statistical analysis of the differential abundance of predicted 

438 metagenomic functional profiles from sponges and seawater samples. Statistical 

439 analysis of the predicted metagenomes was performed with STAMP software.

440

441 Discussion  

442 In 2017, Moitinho-Silva et al. [7] described a worldwide initiative to study 

443 sponge microbiomes. It was reported that on the Earth Microbiome Project (EMP) [35] 

444 database there is sequencing data for over three thousand samples, representing 269 

445 sponge species from all over the world. However, no data was present for sponges of 

446 the Brazilian coast. In addition, the microbiota of calcareous sponges has been 

447 understudied despite the fact that initial investigations using cultivation procedures 

448 indicate that these animals are a potential source of microbial biodiversity and of 

449 bioactive molecules [36–38].

450 The study reported here presents the first description of P. magna microbiota by 

451 next generation sequencing and increases our knowledge of the microbial symbionts of 

452 calcareous sponges that inhabit the Brazilian coast. We observed that P. magna 

453 microbiota has low diversity, as indicated by the inverse Simpson index, and by the 

454 observation that only two OTUs corresponded to 80% (P. magna 6) and 90% (P. magna 

455 8) of all sequences. Meanwhile, all other OTUs were not represented above 0.05%. 

456 These rare OTUs might even be residue from the feeding habits of these animals. Giles 

457 et al. [39] previously described this microbial profile, of few OTUs with high relative 

458 abundance, on LMA sponges. 

459 Paraleucilla magna’s microbiota is composed predominantly of microorganisms 

460 from the Proteobacteria phylum, following the pattern observed for LMA sponges (Fig 

461 2). The two most abundant OTUs could not be assigned to any known genus. OTU001 
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462 could only be classified in the class Alphaproteobacteria and OTU002 was allocated in 

463 the family Rhodospirillaceae. The Alphaproteobacteria are a quite diverse group of 

464 microorganisms with important biological roles [40]. In the phylogenetic tree, OTU001 

465 sequence did not cluster closely with any related sequence. The closest similarity was 

466 low and with a quite diverse group of microorganisms detected in various locations, 

467 being two from deep-sea regions, one from Paeonia ostii’s rhizosphere and one from a 

468 hyper saline mat (Fig 3A). 

469 The family Rhodospirillaceae, to which OTU002 was assigned, has 34 known 

470 genera of Gram-negative microorganisms that present various nutritional strategies [41]. 

471 In the phylogenetic tree constructed with related sequences retrieved from GenBank, 

472 OTU002 showed similarity with marine bacteria from different habitats, grouping 

473 closely with a sequence from a bacterium isolated from a marine biofilm. 

474 Yarza et al. [42] reported a phenomenon in which, as sequencing and data 

475 processing technologies develop, the molecular description of new taxa extrapolate the 

476 classical taxonomy system, leaving a great number of microorganisms with no 

477 classification. This seems to be the case for OTU002. Differently, OTU001 appears to 

478 have not been sequenced yet, as the highest similarity value with other reported 

479 sequences in Genbank was 91%.  

480 The seawater sample showed the greatest microbial diversity, and 35% of the 

481 OTUs did not reach a relative abundance of at least 5%. The most abundant OTU 

482 belongs to the SAR92 clade, a member of the Gammaproteobacteria (Fig 2). This group 

483 comprehends oligotrophic marine organisms, capable of producing proteorhodopsin, an 

484 enzyme that enables the generation of energy from sunlight. This allows a nutritional 

485 optimization in environments where carbon concentration is low. This clade is often 

486 found in coastal phototrophic zones, such as where our sample was collected [43].
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487 The predicted bacterial metagenomes for P. magna individuals (Fig 5A) 

488 revealed that the most abundant functional pathways were related to carbohydrate and 

489 amino acid metabolism and membrane transport, indicating the participation of the 

490 symbionts in the obtention and transport of nutrients. The seawater predicted 

491 metagenome was distinguished mainly for having a lower abundance in pathways 

492 related to nutrient metabolism, which corroborates the fact that the most abundant 

493 genera in this sample are oligotrophic. 

494 Karimi et al. [44] published a study reporting the main genomic features of 

495 alphaproteobacterial sponge symbionts. Corroborating our data, their study showed a 

496 prevalence of ABC transporters, fundamental for nutrient obtention, and versatile 

497 nutrients metabolism, pointing to a great importance in nutrient cycling. Moreover, they 

498 also described a reduction in motility observed in symbionts, contrary to that observed 

499 in free-living bacteria. In our heatmap (Fig 5), we also observed a low abundance in 

500 motility pathways.

501 In the domain Archaea, the phylum Thaumarcheota was predominant in P. 

502 magna samples, as already described by studies with other sponges (Fig 4) [45]. On a 

503 lower taxonomic rank, the genus candidatus Nitrosopumillus was the most abundant, 

504 followed by Nitrosopellagicus. In the seawater sample an almost equal proportion of 

505 Thaumarcheota and Euryarcheota were found. Accordingly, a previous study performed 

506 in two sites at Guanabara bay in Rio de Janeiro, using clone libraries of the archaeal 

507 ammonia oxidase gene, amoA, reported the absence of Euryarcheota and the presence of 

508 a distinctive community of Thaumarcheota in P. magna samples [46].

509  Few studies have been performed using archaeal specific primers, however, a 

510 consistency was found between the findings using this methodology and 16S rRNA 

511 sequencing. Our approach used the same primer for archaeal and bacterial kingdoms, 
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512 leading to a possible loss of resolution in the identification of the former. In spite of this 

513 possibility, no studies have reported limitation due to this choice of primers in the 

514 literature [47,48]. 

515  The phylum Thaumarcheota and the two genera found in our samples show 

516 metabolic activity related to the nitrogen biogeochemical cycle, standing out as an 

517 essential group for nitrification activities, using the generated energy for CO2 fixation 

518 [45]. Also, this group has an important role as producer of cobalamine, an essential co-

519 factor for animal life. As such, the predicted archaeal metagenomes of P. magna 

520 samples show a high abundance of pathways related to the metabolism of nitrogenated 

521 compounds and energy metabolism. Other functional categories with high abundance 

522 were those related to cellular maintenance. 

523 Euryarcheota genomic data indicate participation in the degradation of proteins, 

524 lipids and vitamins [49,50]. The predicted archaeal metagenome for seawater, presents 

525 itself as a combination of the two observed phyla, with high abundance of nucleotide 

526 and carbohydrate metabolisms, showing the importance of these two phyla for nutrient 

527 cycling in the ocean. 

528 Data shown here indicate that P. magna is most likely a LMA sponge, as it 

529 presents a microbiota dominated by one phylum, represented by few and abundant 

530 OTUs. When a large number of sponges from the class Demospongiae were analyzed, 

531 researchers were not able to find a prokaryotic signature of the class, as the reported 

532 microbiota compositions were usually species-specific [51]. In order to investigate this 

533 pattern in the class Calcarea, we analyzed the available microbiota found for other 

534 species available in the SRA database. We were able to obtain bacterial V4 16S rRNA 

535 sequence data from five species: Clathrina clathrus, C. coriacea and Leucetta 

536 antarctica, from the subclass Calcinea and Leucosolenia sp. and Leuconia sp. from the 
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537 subclass Calcaronea. We also analyzed the microbiota from four different seawater 

538 samples to compare the microbiota of the sponges and the environment they inhabit, 

539 which is fundamental for LMA sponge studies. 

540 The microbiota of all sponge species was clearly separated from those of 

541 seawater samples both on the NMDS plot (Fig 6) and in the dendogram (Fig S2). 

542 Seawater samples clustered together, preserving certain dissimilarities. Among the 

543 sponges, it has been shown that short phylogenetic distances correspond to more similar 

544 microbiota [52,53]. In the present study, we could observe this phenomenon in two 

545 distinct species of the same genus, Clathrina clathrus and C. coriacea, clustered 

546 together in the NMDS plot (Fig 6) and on the cladogram (Fig S2). These two sponges 

547 species are of the same subclass as L. antarctica, however, no similarity in microbiota 

548 composition was found, with the latter forming a separate branch on the cladogram. The 

549 species Leucosolenia sp. and P. magna are of the same order, Leucosolenida, but they 

550 did not cluster together. In fact, Leucosolenia sp., a species of the subclass Calcaronea, 

551 clustered with species of Clathrina, i.e. species of the subclass Calcinea (Fig S2). 

552 Although they are phylogenetically distant, they have the same type of aquiferous 

553 system, asconoid. Paraleucilla and Leuconia samples also formed a cluster (Fig S2) and 

554 are in proximity on the NMDS graph (Fig 6). Both species have a leuconoid aquiferous 

555 system.

556 Although the microbiota of only a few calcareous sponges has been studied, the 

557 clustering of asconoid and leuconoid species is very interesting. In the asconoid 

558 aquiferous system, the body wall of the sponge is very thin, perhaps allowing higher 

559 concentrations of O2 in the mesohyl. Moreover, this thin body wall allows more light 

560 penetration. On the other hand, leuconoid sponges have thicker body walls, what may 

561 result in less O2 in the mesohyl, albeit the presence of many canals and choanocytary 
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562 chambers. Moreover, there is lesser light penetration in the mesohyl. Both O2 

563 concentrations and light penetration could be related to microorganism selection, 

564 explaining the proximity of sponges with the same aquiferous system. 

565 Microbiota composition of the seawater samples was more diverse than those of 

566 the sponge species. The seawater sample from Bay Fields, Antarctica, was the least 

567 diverse and those from Montoya, Spain, showed the highest diversity. P. magna is the 

568 sponge species with the lowest microbial diversity, while C. coriacea and L. antarctica 

569 are the most diverse, based on the Shannon index (Fig 7). This index calculates 

570 diversity based on richness and abundance of microorganisms combined and although 

571 no index has been deemed as ideal, a study reported the Shannon index as being capable 

572 of describing the largest number of relationships/traits [54]. 

573 Hierarchical clustering based on the predicted bacterial metabolism showed that 

574 sponges from the same genus share similar metabolic pathways and these are clearly 

575 separate from seawater samples, indicating that there is a fundamental difference 

576 between the microorganisms inhabiting these two habitats and the functions they 

577 perform (Fig S4). This can also be seen in the heatmap of the 15 most abundant 

578 predicted pathways and in the statistical analysis with STAMP (Fig 8 and Fig 9, 

579 respectively), in which functions related to nutrient acquisition (membrane transport, 

580 xenobiotics biodegradation and metabolism) and symbiont/host interactions (cell 

581 motility, genetic information processing and signal transduction) were prevalent in 

582 sponges and functions related to cellular metabolism (amino acid metabolism) and 

583 proliferation (nucleotide metabolism, replication and repair) had higher abundance in 

584 seawater (Fig 9).  Conversely, Karimi et al. [55], showed that ABC transporters were 

585 more prevalent in sponges. 
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586 This study shows the first description of P. magna’s microbiota by next-

587 generation sequencing. This microbiota is characteristic of an LMA sponge, is 

588 dominated by few Alphaproteobacteria OTUs and has a predicted metabolism directed 

589 to nutrient uptake and degradation and housekeeping functions. Also, when compared to 

590 other species of calcareous sponges, P. magna symbionts differed at both OTU and 

591 metabolic levels. Other studies need to be performed in order to determine if P. magna 

592 presents a stable microbiota across seasonal and geographical distances.
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812 Figure S1. Rarefaction analysis of microbiota from P. magna and seawater 

813 samples. (A) Bacteria domain and (B) Archaea domain.

814 Figure S2. Hierarchical clustering of microbiota composition from different 

815 calcareous sponge species and seawater samples. Distance among groups was defined 

816 by the Yue & Clayton theta calculator with mothur software.

817 Figure S3.  Rarefaction analysis of microbial community richness of different 

818 calcareous sponge species and seawater samples.   

819 Figure S4. Hierarchical clustering according to Bray-Curtis distances of predicted 

820 functional profiles from different calcareous sponge species and seawater samples. 

821 Metabolic pathways were predicted with PICRUSt and Bray-Curtis distances were 

822 calculated with Calypso software.
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