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Abstract
Sponges live in symbioses with microbes that allow the hosts to exploit otherwise

26

inaccessible resources. Given the potential of microbiomes to unlock new niche axes for the

27

hosts, microbiomes may facilitate evolutionary innovation in the ecology of sponges. However,

28

the hypothesis that ecological diversification evolves via the microbiome among multiple,

29

closely related sponge species living in sympatry is yet untested. Here, we provide the first test

30

of this hypothesis within Ircinia, a genus possessing diverse and abundant microbiomes that

31

engage their hosts in nutritional symbioses. We used genome-wide SNP data (2bRAD) to delimit

32

genetic species boundaries using BFD* among four Ircinia growth forms that putatively

33

constitute distinct species and two nominal species, I. campana and I. strobilina. We also

34

evaluated the performance of two single-locus genetic barcodes, CO1 and ITS, in resolving

35

Ircinia species boundaries. We then used 16S rRNA metabarcoding to test whether the genetic

36

species units uncovered by BFD* harbor microbiomes that are compositionally unique within

37

each host lineage and distinct relative to seawater microbial communities. BFD* recovered

38

genetic species boundaries that are generally reflected in the morphological differences of the

39

growth forms and upheld the species designations of I. campana and I. strobilina, whereas CO1

40

and ITS provided comparatively little species-level phylogenetic resolution. The microbiomes

41

were found to be compositionally distinct relative to seawater microbial communities, conserved

42

within host lineages, and non-overlapping relative to the microbiomes of other host lineages.

43

These results support a model by which microbiomes underly ecological divergence in resource

44

use among closely related sponge species. This research provides insights into the roles of

45

microbiomes in ecological speciation of sponges and sets the groundwork for further

46

investigation of adaptive radiations in sponges.
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Introduction
Microbiomes, the assemblages of symbiotic microbes that live in close association with

52

host organisms, are universal features of eukaryotes. Given the ubiquity of their presence and

53

their impacts on fundamental biological processes of their hosts, microbiomes have experienced

54

a growing appreciation in the scientific community over the past few decades. Their influences

55

can be seen across multicellular organisms and include, for example, the development of

56

immune systems in humans (Belkaid & Hand, 2014), predator evasion via bioluminescence in

57

the Hawaiian bobtail squid (Euprymna scolopes Berry 1913) (Jones & Nishiguchi, 2004), and

58

the mediation of body contractions in Hydra Linnaeus, 1758 (Murillo-Rincon et al., 2017).

59

Among the roles of microbiomes is one that appears to be particularly broad in terms of the

60

number and span of eukaryotic host clades for which it has been documented: nutrition (Akman

61

Gündüz & Douglas, 2009; Graf, 1999; Semova et al., 2012; C. Wilkinson & Cheshire, 1990;

62

Yuen et al., 2019; Zimmer & Bartholmé, 2003). The specific mechanisms by which microbes

63

enable the provision of nutrients for their hosts differs among symbioses and is largely

64

contingent on the trophic strategies of the microbes; fermentative gut prokaryotes of ruminants

65

break down plant material that is undigestible by the host (Yeoman & White, 2014),

66

photoautotrophic dinoflagellates use light and host-derived CO2 to produce sugars for

67

zooxanthellate hermatypic corals (Davy et al., 2012); and rhizosphere bacteria perform nitrogen

68

fixation to convert atmospheric nitrogen (N2) to ammonia (NH3), a biologically available

69

nitrogen source for legumes (Kuypers et al., 2018).
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70

Despite the biochemical diversity of nutrient exchanges from microbiomes, a

71

commonality can be found among many of them in that they unlock nutrient-based resource axes

72

that are difficult or impossible for the host organism to traverse alone: the digestive enzymes of

73

mammals are unable to break down complex carbohydrates of roughage, metazoans lack the

74

ability to photosynthesize, and plants cannot fix N2 to create NH3. By enabling their hosts to

75

explore new trophic space, microbiomes may facilitate ecological diversification. The extent to

76

which microbial symbioses can drive the evolution of ecological diversity is perhaps best

77

exemplified by the insect order Hemiptera Linnaeus, 1758, in which microbiomes appear to have

78

aided hosts in shifting to new food species by producing nutrients that are either lacking from the

79

food source or cannot be provisioned by the insect’s own metabolism (Sudakaran et al., 2017).

80

The evolutionary lability of microbiome-mediated transitions in resource use of hemipterans has

81

resulted in multiple adaptive radiations of host plant specialists, outlining the role of

82

microbiomes as key innovations (Heard & Hauser, 1995; Janson et al., 2008). Given that

83

microbiomes can exert strong fitness influences on host clades across the eukaryotic tree of life

84

and in numerous biological contexts, the role of microbiomes as conduits for ecological

85

speciation (Brucker & Bordenstein, 2012) might be a common evolutionary force driving

86

diversification.

87

Host-microbiome symbioses abound in the aquatic environment and form the foundations

88

of many hosts’ biologies. Such is the case in sponges (phylum Porifera Grant, 1836), one of the

89

oldest extant metazoan phyla, which first acquired symbiotic associations with microbes early in

90

their evolutionary history (~540 mya) (Brunton & Dixon, 1994). The sponge-microbe symbiosis

91

has had profound impacts on the ecology of sponges due to the microbes’ roles in the

92

exploitation of resources that are otherwise inaccessible to the hosts. The metabolisms of sponge-
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dwelling microbes that hold the potential to supplement their hosts’ energetic budgets encompass

94

several microbial trophic metabolisms such as photosynthesis (Erwin & Thacker, 2007; C. J.

95

Freeman & Thacker, 2011), the fermentation of organic compounds (Hentschel et al., 2006),

96

sulfur oxidation (Jensen et al., 2017), methane oxidation (Rubin-Blum et al., 2019), and nitrogen

97

fixation (C. R. Wilkinson & Fay, 1979). These processes have been demonstrated experimentally

98

to have a positive effect on host sponge fitness, as is the case with photosynthesis (C. J. Freeman

99

& Thacker, 2011), have strong correlative evidence for supplementing host nutrition, as has been

100

observed in methanotrophic symbionts (Rubin-Blum et al., 2019), or likely affect sponge fitness

101

positively based on the physiological exchanges documented in other host clades that possess

102

symbionts performing similar biochemical functions. These include the sulfur oxidizing

103

symbionts of lucinid clams (Yuen et al., 2019) and vestimentiferan tube worms (Stewart &

104

Cavanaugh, 2006), and the aforementioned examples of the nitrogen fixation in legumes

105

(Kuypers et al., 2018) and fermentation in ruminants (Yeoman & White, 2014).

106

Many sponge species possess microbiomes with taxonomic compositions that are

107

conserved within host species and are distinct relative to the microbiome compositions of other

108

sponge species (Thomas et al., 2016). Isotopic data represented by sympatric, though

109

phylogenetically distant host taxa support the hypothesis that this pattern of beta diversity among

110

the microbiome compositions translates to divergent niche inhabitation among sponge species

111

and potentially facilitates their coexistence on the same reef (C. J. Freeman et al., 2020).

112

However, tests of ecological divergence among congeneric or incipient sponge species are few in

113

number because the datatypes required to provide the necessary level of phylogenetic resolution

114

among the host lineages, such as genome-wide SNP data, are seldom used in conjunction with

115

metabarcoding or metagenomic censuses of microbiomes in sponges. To our knowledge only
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116

two studies have implemented such a study design by evaluating both microsatellite and 16S

117

rRNA data, one in Ircinia campana Lamarck, 1814 (Griffiths et al., 2019) and the other in

118

Cliona delitrix Pang, 1973 (Easson et al., 2020). In both systems, a positive correlation between

119

genetic distance and beta diversity in microbiome composition was observed, suggesting that the

120

development of distinct microbiome compositions coincides with genetic divergence between

121

sponge lineages prior to or contemporaneously with the onset of speciation. However, the

122

hypothesis that diversification in resource use is driven by microbiomes in multiple closely

123

related sponge lineages inhabiting the same geographic area remains unexplored.

124

A suitable system to investigate this question exists in Caribbean Ircinia Nardo 1833.

125

Sponges in this genus host symbiotic prokaryotic communities that can be four orders of

126

magnitude more abundant than and compositionally distinct relative to prokaryotic communities

127

in the surrounding seawater, reflecting a pervasive role of microbiomes in Ircinia physiologies

128

(Erwin et al., 2012; Hardoim & Costa, 2014). Additionally, members of this genus rank among

129

the most productive in shallow-water Caribbean benthic habitats due to the substantial rates of

130

photosynthesis by their microbiomes (C. Wilkinson & Cheshire, 1990; Wulff, 1994). Of the four

131

currently described shallow water Caribbean Ircinia at least two, I. campana and I. felix

132

Duchassaing & Michelotti, 1864, are likely mixotrophs, gaining energy from symbiont

133

photosynthesis as well as through heterotrophic filter feeding (Erwin & Thacker, 2007; C.

134

Wilkinson & Cheshire, 1990). Previous work on microbial metabolisms in I. felix suggests that

135

bacterial photosynthesis and nitrogen metabolism play important roles in subsidizing host

136

nutrition (Weisz et al., 2007). I. felix microbiomes may also perform phosphorus

137

transformations, although the link to host nutrition has not yet been made (Archer et al., 2017).

138

The microbes of Caribbean Ircinia are also involved in the generation of quorum sensing signals
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and inhibitors that may prevent overgrowth by pathogens (Mohamed et al., 2008; Quintana et al.,

140

2015). Given the importance of symbiotic microbes in Ircinia, investigating host-microbe

141

associations within this genus could help illuminate the roles that microbiomes play in

142

generating ecological diversity among host lineages of aquatic organisms.

143

Several studies have reported additional putative Caribbean Ircinia species that are

144

recognizable by differences in macroscopic features of their bodies’ growth morphology (Diaz,

145

2005; Erwin & Thacker, 2007; Rützler et al., 2000; van Soest, 1978), suggesting that the

146

recognition of only four species is an underrepresentation of the taxonomic richness of this genus

147

in the Caribbean. These growth forms appear to occupy distinct ecological roles, evidenced, for

148

example, by differences in chlorophyll-a concentrations in their mesohyl (Erwin & Thacker,

149

2007). However, it is unknown if the growth forms are distinct species and, if they are separate

150

species, what biological factors contribute to their diversification. Given the likely influences of

151

microbiomes on Ircinia fitness, it is reasonable to postulate that host traits promoting the stability

152

of an advantageous symbiotic microbial community will be evolutionarily favored. Additionally,

153

if microbes enable sponges to exploit different resources, potentially facilitating local adaptation

154

and alleviating resource competition, then the relative abundances of physiologically impactful

155

microbial groups will differ among host species.

156

In this study, we investigated whether microbiomes contribute to ecological divergence

157

among closely related Ircinia lineages inhabiting the same geographic locale, a stretch of shallow

158

water coastal environment in Bocas del Toro, Panama. We levied genome-wide SNP data to

159

delimit species boundaries and to identify patterns of hybridization among four Ircinia growth

160

forms and two nominal species, I. campana and I. strobilina Lamarck, 1816. We then

161

investigated patterns of ecological divergence among the species recovered using the genome-

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

162

wide SNP data by testing for differences among their microbiome compositions, which we

163

inferred via 16S rRNA metabarcoding. Additionally, we analyzed nucleotide sequence data from

164

two single-locus barcodes that are commonly used to perform population and species-level

165

genetic studies in sponges, with the goal of asking whether these loci provide sufficient

166

phylogenetic resolution and accuracy to delimit sponge species.

167
168

Materials & Methods

169

Specimen Collection

170

Thirty Ircinia specimens representing four growth and two nominal species, I. campana

171

and I. strobilina, were collected from Bocas del Toro, Panama, during July 2016 from three sites

172

(Table S1, Fig. 1). Three of the growth forms have globose or irregularly massive body

173

morphologies. The first, Massive A pink, has 2 mm-high rounded conules, oscula no larger than

174

1.2 cm in diameter, and a pink exterior. The surface texture of the second growth form, Massive

175

A green, resembles that of Massive A pink although the conules are shorter (1.5-1.75 mm). The

176

size of Massive A green’s oscula are roughly the same size as those of Massive A pink; however,

177

the exterior is green. The third growth form, Massive B, differs from the first two by possessing

178

higher conules (3-5 mm), a tan exterior, and larger oscula that can reach 1.5 cm in diameter. The

179

fourth growth form, referred to as Encrusting, grows as a green undulating mat and occasionally

180

possesses digitate projections of the body. Like the massive growth forms, Encrusting also has

181

low conules that are no larger than 2 mm. Each growth form was found in only one habitat;

182

Massive A pink was found on the mangrove roots of Inner Solarte (9°18'20.9"N 82°10'23.5"W),

183

Massive A green and Massive B were found in the seagrass-dominated habitat of STRI Point

184

(9°21'06.1"N 82°15'32.4"W), and Encrusting was found on the patch reefs at Punta Caracol
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(9°22'37.6"N 82°18'08.3"W). Specimens of I. campana and I. strobilina were both collected

186

alongside the growth forms at Punta Caracol and STRI Point. All habitats fall within a 8.1-km

187

radius (Fig. 1).

188

Specimens of the same growth form or nominal species were collected at least 3-20

189

meters apart so as to avoid sampling of clones and to prevent sampling of sponges from the same

190

microenvironment, which could result in similar influences on the microbiomes and magnify

191

metrics of beta diversity among the growth forms’ microbiome compositions. Upon collection,

192

thumb-sized tissue subsamples were excised from the sponges using surgical scissors and

193

subsequently transported to the Smithsonian Tropical Research Station in Bocas del Toro for

194

immediate processing. Samples were fixed for molecular data collection in 90% EtOH, followed

195

by two EtOH replacements after 24 h and 48 h. Additional vouchers were made in 4%

196

paraformaldehyde for morphological analysis; however, the measurements of internal anatomical

197

features are reported in a separate manuscript (Kelly & Thacker 2020, in review). Seawater

198

specimens (0.5 L) were collected adjacent to the sponges, transported in opaque (brown)

199

Nalgene bottles, vacuum filtered through 0.2-μm Whatman filter papers, and stored in RNA

200

later.

201
202
203

DNA Extraction and Next-Generation Sequencing Library Preparation
DNA was extracted from the exterior (outermost 2 mm) tissue and water filters using the

204

DNeasy PowerSoil Kit (Qiagen) and from the interior tissue (at least 2 mm away from the

205

outermost edge of the specimen) using the Wizard Genomic DNA Purification Kit (Promega),

206

following the manufacturer’s instructions. DNA was extracted from both the interior and exterior

207

portions of the sponges’ bodies to optimize the type of data that was generated from each tissue
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208

region. Other researchers have reported a 2 mm-wide dark band in Caribbean Ircinia in the

209

outermost region of tissue cross-sections that corresponds to cyanobacteria (C. Freeman &

210

Gleason, 2010). We observed this band in the current I. campana as well as in the growth forms,

211

and thus by extracting DNA from tissue beyond this band and towards the interior of the sponge

212

body, we sought to produce DNA extractions that have higher ratios of concentrations of host

213

DNA relative to microbial DNA. Conversely, by extracting DNA from the exterior of the

214

sponge, we sought to produce DNA extractions with not only higher concentrations of microbial

215

DNA relative to host DNA, but also to produce DNA extractions of microbes that are exposed to

216

light, one of the primary resource axes of Ircinia microbiomes (Erwin & Thacker, 2007; C.

217

Wilkinson & Cheshire, 1990), in addition to other resource axes that are relevant to

218

chemoautotrophic microbes.

219

A RADseq library was constructed following the 2bRAD workflow using the Wizard

220

Genomic DNA Purification isolations obtained from the interior portion of the sponges and the

221

Alf1 restriction enzyme (S. Wang et al., 2012). 2bRAD was chosen to generate host SNP data as

222

it can target a subset of the total pool of loci in a genome using a reduced-representation library

223

preparation scheme, which helps ensure sufficient sequencing coverage at the cost of obtaining

224

fewer loci (S. Wang et al., 2012). By adopting such a methodology, sufficient loci can be

225

recovered to perform a multispecies coalescent test of species boundaries via Bayes Factor

226

Delimitation using genome-wide SNP data (BFD*), a method that allows for the evaluation of

227

several species-grouping hypotheses and performs well with small SNP datasets and few

228

individuals sampled per species (Leaché et al., 2014). A reduced representation library

229

preparation scheme targeting 1/32 of Alf1 restriction sites was performed using the primers
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5ILL-RG (5’ CTA CAC GAC GCT CTT CCG ATC TRG 3’) and 3ILL-YG (5’ CAG ACG TGT

231

GCT CTT CCG ATC TYG 3’).

232

The V4 region of the 16S rRNA subunit was amplified from the DNeasy PowerSoil Kit

233

DNA extractions that were produced from the exterior portion of the sponges and the seawater

234

samples using the primers 515f (5’ GTG YCA GCM GCC GCG GTA A 3’) and 806rB (5’ GGA

235

CTA CNV GGG TWT CTA AT 3’) following protocols developed by the Earth Microbiome

236

Project (http://press.igsb.anl.gov/earthmicrobiome/protocols-and-standards/16s/). PCR reactions

237

were conducted in 50 uL volumes, with 25 uL of 2x HotStarTaq Master Mix, 1 uL of each of the

238

primers at 10 uM concentration, 22 uL of water, and 1 uL of template DNA. Thermocycler

239

conditions entailed an initial denaturing step of 95°C for 5 minutes followed by 35 cycles of the

240

following progression: 94°C for 45 seconds, 50°C for 1 minute, and 72°C for 1.5 minutes; and

241

completed with a 10-minute-long final elongation step.

242

The 2bRAD library was cleaned using the Wizard SV Gel and PCR Clean-up system, and

243

the 16S libraries were cleaned using the AxyPrep Mag PCR Clean-up kit. All next-generation

244

sequencing libraries were dual multiplexed using two 12-basepair Golay barcodes. All libraries

245

were normalized prior to pooling following the quantification of nucleotide concentrations using

246

a Qubit 3.0. Amplifications of 16S rRNA were split between three libraries, one of which was

247

sequenced on an Illumina MiSeq instrument at the Cornell University Institute of Biotechnology,

248

one at the Nova Southeastern University, and a third in the lab of Dr. Noah Palm at Yale

249

University. The Cornell sequencing round also contained the complete 2bRAD library.

250
251

Next-Generation Sequence Data Quality Filtering and Processing
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252

The 2bRAD reads were processed once in trimmomatic v0.36 using the setting

253

MAXINFO:40:0.8 to remove low-quality bases at the end of the read, and again using the

254

HEADCROP:14 setting to remove the barcode and one of the two-basepair overhangs (Bolger et

255

al., 2014). Removal of the second overhang was performed using the bbduk v38.26 function

256

forcetrimright=31 [http://jgi.doe.gov/data-and-tools/bb-tools/]. Processed 2bRAD sequences

257

were de novo assembled in Stacks v2.41 using the settings -m 2 -M 3 -n 2 (Catchen et al., 2013).

258

For loci with more than one variant site, only the first SNP was included in downstream

259

analyses. A dataset excluding SNPs that were not present in at least 75% of the samples was

260

generated using the Stacks populations program. The cutoff of a locus’s inclusion in 75% of the

261

samples was chosen, as this threshold has been demonstrated to reduce symbiont contamination

262

in RADseq datasets to about 1.5% in anthozoans that are heavily populated by microbes (Titus &

263

Daly, 2018).

264

16S rRNA reads were processed in trimmomatic v0.36 using the following parameters:

265

TRAILING:30 SLIDINGWINDOW:5:30 MINLEN:150. Further QC steps, including the

266

removal of chimeric sequences, and microbial operational taxonomic unit (herein OTU)

267

inference were performed in mothur v1.39.5 (Schloss et al., 2009). To help ensure that the level

268

of phylogenetic resolution was comparable between the two runs, the reads from the Nova

269

Southeastern University run were trimmed to match the length of the Cornell reads (172 bps).

270

Clustering of sequences into OTUs was performed using vsearch at the 98% clustering threshold

271

(Rognes et al., 2016). Singleton and doubleton OTUs were removed from the dataset to further

272

mitigate sequencing error. Taxonomic assignments of OTUs were made using the Silva v.132

273

database (Quast et al., 2013). Sequences identified by the classify.seqs command in mothur as
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mitochondria, chloroplasts, or eukaryotic 18S sequences were removed from the OTU relative

275

abundance matrix prior to downstream analyses.

276
277
278

Species Inference and Investigation of Hybridization Using Host SNP Data
Species boundaries within the host SNP data were identified using BFD* in Beast v.2.5.1

279

(Bouckaert et al., 2014; Leaché et al., 2014). The expected divergence prior θ was calculated as

280

the average pairwise nucleotide diversity (alpha = 1, beta = 130) and the birth rate prior λ was

281

sampled from a gamma distribution with the parameters (2, 200) (https://www.beast2.org/bfd/).

282

Marginal likelihood estimates were made for each species-grouping hypothesis using path

283

sampling analysis (Bouckaert et al., 2014). Each marginal likelihood analysis was run for

284

100,000 generations with 28 path steps and a pre-burn-in of 25,000 generations; likelihood

285

estimates and trees were logged every 500 generations. Bayes Factors were calculated and

286

compared following Kass and Rafftery (1995). Eighteen models were evaluated that represented

287

different species grouping hypotheses, including models that represent the growth forms as

288

phenotypes of I. campana and I. strobilina. Additionally, we included a model that was

289

motivated by our hybridization analysis results (see below) termed “split massive B by

290

STRUCTURE populations” whereby Massive B individuals were split between either the

291

Encrusting or I. campana species group. Species tree estimation was performed in SNAPP v1.3.0

292

for the species grouping hypotheses that received the highest support from the BFD* analysis

293

(Bryant et al., 2012). Each species tree was inferred using four MCMC chains, each with a length

294

of 2 million generations and a burn-in of 25% (totaling 6 million generations post-burn-in).

295

Likelihoods, theta estimates, and trees were logged every 1000 generations.
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To investigate hybridization among the growth forms and nominal species, an ancestry

297

analysis was performed in STRUCTURE v2.3.4 (Pritchard et al., 2000). K was set to range from

298

3 to 8, and 10 runs were performed for each K using an MCMC length of 200,000 with a burn-in

299

of 50,000 generations. The true number of ancestral populations was predicted by calculating ΔK

300

using the Evanno method implemented in Structure Harvester v0.6.94 (Earl & vonHoldt, 2011;

301

Evanno et al., 2005).

302
303

Microbiome Statistics

304

The raw abundance matrix of OTUs was transformed to relative abundance for all

305

downstream statistics. The microbiomes of the host species supported by the BFD* analysis were

306

tested for compositional differences using Permutational Analysis of Variance (PERMANOVA)

307

based on Bray-Curtis dissimilarity, implemented in the adonis function of the R package vegan

308

v2.5-3 (Oksanen et al., 2016). P-values were adjusted for pairwise PERMANOVAs using

309

Benjamini-Hochberg corrections (Benjamini & Hochberg, 1995). The PERMANOVA

310

assumption of homogeneity of variances was tested using PERMDISP (betadisper), and the

311

cumulative contributions of OTUs to pairwise comparisons (Bray-Curtis dissimilarities) were

312

calculated using SIMPER. The top 10 most influential OTUs (ranked by contribution to Bray-

313

Curtis dissimilarity) in each pairwise comparison between host species were queried via

314

BLASTn to a database of sequences derived from OTUs that are putatively vertically transmitted

315

in I. felix (Schmitt et al., 2007). An OTU was designated a significant hit if it had 100% coverage

316

to the database of 16S rRNA sequences from vertically transmitted symbionts, a percent identity

317

> 98%, and an E-value < 1e-50. The vegan function metaMDS was used to construct an nMDS

318

plot based on Bray-Curtis dissimilarity, and overlap in standard ellipse areas (SEAs) were
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calculated with the maxLikOverlap function in SIBER v2.4.1 (Jackson et al., 2011). The number

320

of OTUs unique to sponges and seawater was calculated using the venn function in

321

VennDiagram v1.6.20 (Chen, 2018).

322
323
324

Single-Locus Genotyping of ITS and CO1
A DNA segment spanning the two Internal Transcribed Spacer (ITS) regions and the 5.8S

325

rRNA subunit was amplified using the primers Por18hf (5’ GAG GAA GTA AAA GTC GTA

326

ACA AGG) and dgPor28.63R (CTK ANT DAT ATG CTT AAR TTC AGC GGG T) in the

327

following reaction mixture: 25 uL of 2x HotStarTaq Master Mix, 1 uL of each of the primers at

328

10 uM concentration, 10 uL of 5 M betaine, 4 uL of 25 mM MgCl2, 8 uL of water, and 1 uL of

329

template DNA for a final volume of 50 uL (Redmond et al., 2013; Thacker et al., 2013). Thermal

330

cycles for amplification of the ITS region followed an initial denaturing step at 95°C for 15

331

minutes followed by 35 cycles of the following progression: 94°C for 1 minute, 53.8°C for 1

332

minute, and 72°C for 1.5 minutes; and completed with a 10-minute-long final elongation step.

333

A segment of the mitochondrial cytochrome oxidase c subunit 1 (CO1) was amplified

334

using the primers cox1.IrcF (5’ GAT AAT GCG GYT CGA GTT GK 3’) and cox1.IrcR (5’ CTA

335

CCG GAT CAA AGA AAG AA GTR T 3’) in the following reaction mixture: 25 uL of 2x

336

HotStarTaq Master Mix, 2 uL of each of the primers at 10 uM concentration, 20 uL of water, and

337

1 uL of template DNA for a final volume of 50 uL. PCR amplification followed a cycle of an

338

initial denaturing step at 95°C for 15 minutes, 35 cycles of the following progression: 94°C for 1

339

minute, 62°C for 1 minute, and 72°C for 1.5 minutes; and a 10-minute-long final elongation step.

340

All ITS and CO1 reaction products were cleaned using the Wizard SV Gel and PCR Clean-up

341

kit, normalized by hand after quantification using a Qubit 3.0 (Invitrogen), and sequenced using
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342

Sanger technology at the DNA Sequencing Facility at Stony Brook University. A table of next

343

generation and sanger sequencing efforts can be accessed in Table S1.

344
345

Gene Tree Inference and Analysis

346

Single-locus sequences (CO1 and ITS) were assembled into contigs using CodonCode

347

v7.1.2 and aligned in MAFFT v7 using default gap penalties and the scoring matrix setting of

348

1PAM/K=2 (https://mafft.cbrc.jp/alignment/server/). Ambiguous positions were represented in

349

sequences following the IUPAC nucleotide code. Publicly available sequences representing the

350

non-irciniid dictyoceratids Hyrtios erectus (GenBank accession JQ082819.1), Spongia officinalis

351

(HQ830364.1), and Dysidea arenaria (JQ082809.1) and the irciniids I. felix (JX306086 and

352

JX306085), I. stroblina (JX306087, JX306088, JX306089, GQ337013, and NC013662), I. oros

353

(JN655186.1), I. dendroides (KX866768.1), I. variabilis (HG816011.1), I. fasciculata

354

(JN655174.1), Psammocinia bulbosa (JQ082836.1), P. halmiformis (FN552814.1), Sarcotragus

355

spinosulus (MK350317.1), and S. foetidus (KX866772.1) were included in the CO1 alignment.

356

Publicly available sequences representing H. erectus (AY613970.1), D. arenaria (JQ045725.1),

357

Spongia sp. (KX688730), and Vaceletia sp. (AJ633837.1) and the irciniids I. felix f. felix

358

(AJ703888.1), I. oros (LT935654.1) were included in the ITS alignment. The assumption of base

359

composition homogeneity was tested using the disparity index test of pattern heterogeneity as

360

implemented in Mega 7.0 using an MCMC of 10,000 (Kumar et al., 2016; Kumar & Gadagkar,

361

2001). JModelTest v2.1.7 was used to determine which model of nucleotide substitution best fit

362

each alignment (Darriba et al., 2012). Bayesian inference of gene trees was performed in

363

MrBayes v3.2.2 using a non-clock model (four parallel runs, each with four chains) with

364

generation lengths sufficient for the average standard deviation of split frequencies to be
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consistently estimated below 0.01 (Ronquist et al., 2012). Burn-in values of 25% were used in

366

consensus tree generation for both single-locus datasets. Reciprocal monophyly was determined

367

by visually examining the trees.

368
369
370

Data Availability
Raw reads for this study are lodged under the GenBank accession numbers [NNNN].

371

XML files for BFD* analysis, SNP matrices in Nexus format, single-locus alignments, photos of

372

the sponge specimens, and the OTU matrices can be obtained at Data Dryad [NNNN]. All

373

phylogenetic trees can be accessed at TreeBASE under project [NNNN].

374
375

Results

376

Species Boundaries Within the Host SNP Data

377

A total of 4,835,474 clusters corresponding to 2bRAD sequences were recovered after

378

quality controls, which assembled into 53,431 2bRAD loci with an average per-locus read depth

379

of 20.6 +/- 5.6x (1 s.d.). After applying population and sample constraints, 266 variant sites

380

(SNPs) remained, each sourced from an independent locus. This volume of SNPs is

381

commensurate with the only other RADseq dataset published to date, whereby 577 SNPs were

382

obtained from 62 individuals of Dendrilla antarctica after filtering out loci that were not present

383

in at least 40% of the individuals (Leiva et al., 2019). The percent of missing data per specimen

384

in our final SNP matrix was 17.3% +/- 14.2%. None of the specimens displayed identical

385

genotypes, suggesting that clones are not present in the dataset.

386
387

Species delimitation by BFD* lent highest support to two models with nearly equal
marginal likelihoods: the model representing all four Ircinia growth forms as distinct species
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388

(hereafter species model 1) and the model that was motivated by the STRUCTURE analysis that

389

split Massive B between Encrusting and I. campana while designating the other three growth

390

forms as distinct species (hereafter species model 2) (Table 1). The topologies of the species

391

trees for these two hypotheses were congruent, save for the absence of the Massive B terminal

392

branch in model 2 (Fig. 2). Additionally, the nodes of both trees received high support values

393

with the exception of the node joining I. campana and Massive B in model 1, which was the only

394

node to be present in less than 50% of the posterior distribution (Fig. 2A). A number of

395

alternative tree topologies were also present in the posterior distribution of the coalescent

396

simulation (Fig. 2).

397

The estimate of ancestral populations that received the highest support by the Evanno

398

method was K=5, followed by K =7 (Table S2, Fig. S1) (Evanno et al., 2005). The ancestry of

399

SNPs predicted by the STRUCTURE analysis corresponded closely to source species and growth

400

form, with the exception of the Massive B growth form (Fig. 3). However, the K=5 run identified

401

the Massive A green and Encrusting growth forms as originating from the same ancestral

402

population, although these two growth forms were predicted to have originated from separate

403

ancestral populations by the K=7 run. For both the K=5 and K=7 runs, the majority of the

404

specimens contain SNPs that were predicted to originate from an ancestral population other than

405

the one dominating the genetic background of a given specimens’ growth form or nominal

406

species.

407
408

Table 1. Bayes factor delimitation results. Models are listed in order of descending support with

409

the models that received the highest support in bold font at the top.
Model

# of species

MLE

BF
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split massive B by STRUCTURE populations
all growth forms separate species
combine Massive B, I. campana
combine Massive A pink and Massive B
combine Massive B and Massive A green
combine Massive A pink, I. campana
combine Encrusting, I. campana
combine Encrusting and Massive B
combine Massive A pink and Massive A green
combine Massive A green, I. campana
combine Encrusting and Massive A pink
combine Massive A green, I. strobilina
combine Massive A green, pink, and Massive B
combine Massive A green and Encrusting
combine Massive B, I. strobilina
combine all growth forms
combine Massive A pink, I. strobilina
combine Encrusting, I. strobilina

5
6
5
5
5
5
5
5
5
5
5
5
4
5
5
3
5
5

-4012.8
-4012.9
-4019.2
-4032.8
-4037.9
-4045.8
-4046.5
-4046.8
-4050.1
-4057.5
-4059.6
-4061.3
-4064.9
-4073.7
-4103.4
-4112.1
-4121.1
-4136.1

198.6
198.4
185.8
158.6
148.4
132.7
131.1
130.5
124
109.2
105.1
101.6
94.4
76.9
17.5
-18.1
-48.1

410
411
412
413

Differences Among Microbiomes of the Ircinia Lineages
A total of 3,501,469 16S reads passed quality filters, including removal of chimeras, prior

414

to clustering. 143 OTUs were identified as chloroplasts and removed from the dataset. 11938

415

unique prokaryotic OTUs were inferred by the mothur pipeline, with an average of 54684.38 +/-

416

33869.47 (1 s.d.) sequences per sample. 8612 OTUs were found only in sponges, 2612 OTUs

417

were found only in seawater, and only 714 OTUs were shared between the two sources, a pattern

418

consistent with observations of higher taxonomic richness in pooled sponge microbiomes

419

relative to the environment (Thomas et al., 2016).

420

PERMDISP analyses on a relative abundance matrix of OTUs at the 98% clustering

421

cutoff suggested that the assumption of homogeneity of multivariate dispersions was upheld

422

among sponge species in model 1 (F=0.44, P=0.82) and in model 2 (F=2.22, P=0.10), although
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423

was violated when comparing seawater microbial communities and sponge microbiomes

424

(F=43.29, P=3.90e-08). Thus, we decided to instead test for multivariate differences between

425

sponge microbiomes and seawater microbial communities using analysis of deviance

426

implemented in the R package mvabund, which relaxes this assumption by fitting models

427

independently to each response variable (Y. Wang et al., 2012).

428

Both source (sponge vs. seawater) had a significant effect on microbiome composition

429

(analysis of deviance: LRT = 86370.15, P = 0.001), as does host lineage (species model 1 adonis:

430

R2 = 0.45, P < 1e-04; species model 2 adonis: R2 = 3.74, P < 1e-04). Additionally, all pairwise

431

PERMOVAs between host taxa were significant for both species models (R2 values in Table S3,

432

all P < 0.05), suggesting that each host lineage possesses microbial communities that are

433

compositionally distinct. SIMPER analyses identified that the highest-ranking OTUs, in terms of

434

their cumulative contributions to Bray-Curtis dissimilarities between microbiome compositions,

435

are different for each pairwise comparison (Fig. S2). The cumulative contributions of the top 10

436

OTUs to Bray-Curtis dissimilarities in each pairwise comparison were substantial, and range

437

between 22.98% (Massive A pink vs. I. strobilina) to 49.37% (Massive B vs. Massive A green)

438

for species model 1 and 22.88% (Massive A pink vs. I. strobilina) to 44.67% (I. campana vs.

439

Massive A green ) for species model 2. Several of these OTUs were matched using BLASTn to

440

ones that have been identified as being vertically transmitted in I. felix; however, all of these

441

OTUs were present in the surrounding seawater, albeit in low abundances (Table S4-5, Fig. S2)

442

(Schmitt et al., 2007). PCoAs based on Bray-Curtis dissimilarity plotted the microbiomes as

443

clustering by host lineage in multivariate space with an average overlap of 1.21% ± 2.16% (std.

444

dev) in SEA for species model 1 and an average overlap in SEA of 0.78% ± 2.33% (std. dev) for

445

species model 2 (Fig. 4).
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446
447

ITS and CO1 Barcoding and Gene Trees

448

The CO1 segment amplified in 100% of the specimens and the ITS barcode amplified in

449

roughly 90% of the specimens for which PCR was attempted. The CO1 alignment included 490

450

positions and the ITS alignment included 704 positions. Double peaks were found in roughly

451

30% of the specimens’ ITS reads, indicating possible intragenomic polymorphisms. No clear

452

relationship between the presence of double peaks and species designation was observed. Less

453

than 6.67 % of the pairwise CO1 comparisons and less than 3.98% of the pairwise ITS

454

comparisons in the disparity index of pattern heterogeneity test yielded P values < 0.05 (Table

455

S6), suggesting the sequence pairs largely evolve under the same conditions and the assumption

456

of base composition homogeneity is upheld.

457

JModelTest v2.1.7 identified HKY + G as the best-fitting model of nucleotide

458

substitution for the CO1 alignment and HKY + I + G for the ITS alignment. Chain convergence,

459

as diagnosed by the consistent estimation of standard deviations of split frequencies below 0.01

460

in MrBayes v3.2.2, required 1.5 million generations per chain for both alignments. Reciprocal

461

monophyly between individual Ircinia species was not observed in either gene tree (Fig. 5, 6).

462

The CO1 sequences representing I. campana and the four Ircinia growth forms were recovered

463

as a polytomy, which is consistent with the fact that there were no variable sites among the

464

ingroup specimens for this gene (although 10 ‘N’ nucleotides are present in the JX306086

465

sequence, which is likely indicative of poor read quality). Within the ITS tree, these taxa were

466

recovered as a poorly resolved clade with short internal branches.

467
468

Discussion
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469

Microbiomes are recognized for their potential to unlock resource axes for their

470

eukaryotic hosts, a role that could facilitate shifts in resource use. Here, we discovered patterns

471

in host genetics and microbiome compositions among members of the sponge genus Ircinia that

472

suggest microbiomes facilitate ecological diversification in this genus. Specifically, genetic

473

species units that were delimited using genome-wide SNPs were found to harbor microbiomes

474

that are compositionally distinct relative to seawater microbial communities and to the

475

microbiomes of other Ircinia species with which they either share a habitat with or are in close

476

geographic proximity to. Together, these observations suggest that the microbiomes are being

477

actively maintained by the sponges and could be acting as agents of character displacement and

478

local adaptation. These results provide the first test of the hypothesis that microbiomes facilitate

479

ecological diversification among multiple, closely related (i.e. congeneric and possibly incipient)

480

sponge species inhabiting the same locale and set the groundwork for future investigations into

481

processes driving speciation and adaptation in sponges.

482
483
484

A Comparison of Phylogenetic Analyses of the Hosts
Our analyses of genome-wide SNP data supported the hypothesis that genetic boundaries

485

exist among the Ircinia growth forms and upheld species designations of the nominal species I.

486

strobilina and I. campana. BFD* lent the highest support to two competing species models, one

487

representing each of four growth forms and the two nominal species as distinct species (model

488

1), and another that differs from the first by splitting the Massive B growth form between the

489

Encrusting growth form and I. campana (model 2). These results suggest that different species of

490

Ircinia might be recognizable by macroscopic differences in their bodies’ growth morphologies

491

(i.e. conule heights, oscula sizes, and pinacoderm coloration); however, caution should be
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exercised in the field as plasticity in some species might mistakenly lead to erroneous species

493

identifications. Ircinia are well known as being taxonomically recalcitrant owing in part to

494

variable phenotypes (de C. Cook & Bergquist, 1999), a feature that might have precipitated the

495

incomplete resolution of the genotypes of Massive B individuals. Unfortunately, we are unable

496

to speculate whether the growth forms in the current study correspond to the growth forms

497

mentioned in several previous studies that describe differences in their chlorophyll-a content and

498

other ecological disparities such as habitat preference (Diaz, 2005; Erwin & Thacker, 2007;

499

Rützler et al., 2000) due to the lack of phenotypic reporting by these authors.

500

Even though the BFD* analysis was unable to completely resolve the genetic boundaries

501

among the current Ircinia, this method outperformed the single-locus genetic barcodes CO1 and

502

ITS. On both the CO1 and ITS gene trees, I. campana sequences were included within the clades

503

containing the growth forms, whereas BFD* supported I. campana as being a distinct species.

504

The failure of the I. campana CO1 and ITS sequences to form a reciprocally-monophyletic clade

505

could be due to hybridization, which has also been found in Mediterranean Ircinia, and which

506

appears to be present in Panamanian Ircinia (Riesgo et al., 2016), and incomplete lineage sorting,

507

a likely possibility given the alternative topologies of the species tree estimates in the posterior

508

distribution of the coalescent simulation. The presence of hybridization might also be evidence

509

of relatively shallow barriers to reproductive isolation. Collectively, the patterns in the hosts’

510

genomes might imply that these taxa have speciated relatively recently. Should these Ircinia be

511

young species, the passing of insufficient time since speciation events could preclude the

512

evolution of segregating polymorphisms in the single-locus genetic barcodes among the host

513

lineages delimited using BFD*.

514
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515

An Appraisal of the Evidence of Microbiomes Facilitating Ecological Diversification in Ircinia

516

The conservation within and the dissimilarities among the microbiome compositions of

517

the host species recovered using BFD*, combined with their stark differences to seawater

518

microbial communities, suggests that the Ircinia are actively maintaining their microbiomes.

519

Despite the uncertain species status of Massive B, the microbiome compositions were distinct

520

among the host lineages regardless of whether this growth form was designated as being a

521

separate species (species model 1) or split between Encrusting and I. campana (species model 2).

522

Thus, genetic distances among these Ircinia appear to correspond to dissimilarities among their

523

microbiome compositions, a pattern congruent with previous studies in I. campana (Griffiths et

524

al., 2019) and C. delitrix (Easson et al., 2020). Our data further support the developing

525

hypothesis that divergence in microbiome compositions coincides with genetic splits among host

526

sponge lineages, and here we demonstrate that this phenomenon is also active among multiple

527

congeneric, possibly incipient, sponge species inhabiting the same immediate geographic

528

vicinity.

529

What could be the process by which microbiomes drive adaptive diversification in

530

Ircinia? We found that the OTUs that structure differences among the microbiome compositions

531

are shared among the host lineages. Therefore, it is unlikely that these OTUs are driving the

532

evolution of ecological novelty by virtue of introducing completely new metabolic functions to

533

the hosts. Instead, we hypothesize that by actively controlling the relative population sizes of

534

symbiotic microbes, the hosts are exploiting different resource axes. For example, one of the

535

most abundant OTUs (OTU00001) regularly ranked as being among the most influential OTUs

536

underlying Bray-Curtis distances among the host lineages. This OTU was identified as being

537

Candidatus Synecoccocus spongiarum, a cyanobacterium that has received experimental support
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as contributing to host fitness, possibly by supplementing the host’s energy budget via

539

photosynthates (Erwin & Thacker, 2008; C. J. Freeman & Thacker, 2011). The relative

540

abundances of Ca. S. spongiarum across the host lineages appear to correspond to differences in

541

abiotic environments associated with different habitat uses; in Massive A pink, a mangrove-

542

dwelling sponge that grows sheltered amidst the entanglements of mangrove prop roots, Ca. S.

543

spongiarum is found in trace relative abundances compared to its much higher relative

544

abundances I. campana, Massive A green, Encrusting, and Massive B, all of which grow on

545

exposed flat substrates that receive higher levels of light. Thus, the high relative abundances in

546

this OTU in the latter taxa could be reflective of the hosts’ utilization of light via their microbes.

547

There are many other OTUs that underly the differences among the microbiome compositions of

548

Ircinia host lineages, and their contributions to host resource use could be further elucidated via

549

metagenomic and experimental studies.

550

OTUs were discovered that were found in only one of the host lineages, and could thus

551

represent microbes that introduce a novel adaptive metabolic function; however, all of these

552

OTUS were found in very low relative abundances (results not shown). There is previous

553

evidence of low-abundance microbes having ecological effects that are disproportionately large

554

relative to their population sizes; in Lake Cadagno the purple sulfur bacterium Chromatium

555

okenii was found to account for 70% of the total carbon uptake and 40% of the total ammonium

556

uptake despite its relative abundance of 0.3% in the ambient microbial community (Musat et al.,

557

2008). Similarly, a species of Desulfosporosinus that represented only 0.0006% of a peat bog

558

microbial community was found to reduce sulfate at a rate of 4.0–36.8 nmol (g soil w.

559

wt.)−1 day−1, accounting for a substantial portion of sulfate reduction pool (Pester et al., 2010). It

560

is possible that a similar process is at play with the host lineage-specific, low abundance OTUs.
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561

However, it is difficult to reconcile the hypothesis that these microbes could be adaptive with the

562

observation that they were found in minute relative abundances. A more credible hypothesis

563

might state that the hosts are actively trying to prevent these microbes from establishing in large

564

population sizes. Following this, it may be equally likely that these OTUs are pathogenic or

565

otherwise antagonize host fitness.

566

Does inhabitation by symbionts cause changes in the genomes of the hosts that could

567

result in speciation in Ircinia? Host immune systems are well recognized as being central to

568

policing the crosstalk between hosts and microbes (Chaplin, 2010). Some of the mechanisms that

569

are critical to microbiome control in vertebrates such as such as serine-threonine-directed

570

mitogen-activated protein kinase, c-jun N-terminal kinase, and toll-like receptors are also present

571

in sponges and stimulated by the pathogen-associated molecular pattern (PAMP)

572

lipopolysaccharide (Böhm et al., 2001; Wiens et al., 2007). If microbiomes play a critical role in

573

host fitness, then the host’s immune apparatus is likely under strong selective pressures. Given

574

that each host lineage maintains a distinct microbiome composition, it may be the case that the

575

immunity loci have undergone patterns of selection that differ by host lineage, thus producing

576

different phenotypes of immune system components that could ultimately result in immune-

577

mediated hybrid depression (Brucker & Bordenstein, 2012, 2013). Given that the active

578

maintenance of species-specific microbiome compositions is a phylogenetically widespread

579

phenomenon among sponges (Thomas et al., 2016), we advocate for the further investigation of

580

immunity incompatibilities in driving sponge speciation.

581
582

Conclusion
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583

The body of literature concerning the implications of microbiomes for eukaryote

584

evolution is ever advancing (Foster et al., 2017). In this study we discovered patterns in

585

microbiome compositions and host genomes that support a model by which microbiomes

586

facilitate ecological divergence in sponges. Addressing the question regarding whether or not

587

microbiomes drive adaptive radiations in sponges will require a larger-scale study evaluating

588

microbiome disparities and species richness among multiple symbiont-rich clades and clades that

589

have relatively sparse microbiomes (Losos & Miles, 2002). Additionally, given the importance

590

of eukaryotic immune system genes in microbial symbioses, the characterization of the patterns

591

of selection that they undergo in sponges harboring high abundances of microbes could help

592

elucidate the roles they play in facilitating divergent resource use via microbiomes.

593
594

Acknowledgements

595

We thank Dr. Jackie L. Collier, Dr. Liliana Davalos-Alvarez, Jun Siong Low, David

596

Carlson, Dr. Laurel Yohe, Jesse Collins, Patrick Wong, and Ben Slater for their input on the

597

manuscript. We thank Scott Grimmell for preparing amplicons for the 16S sequencing run

598

performed at Nova Southeastern University, Tyler Rice for his help operating a MiSeq machine,

599

and Dr. Noah Palm for allowing use of his MiSeq. Additionally, we thank the staff of the

600

Smithsonian Tropical Research Institute’s Bocas Research Station for their support on logistical

601

aspects of the field work.

602
603
604
605

Funding
This work was supported by grants to Robert W. Thacker from the US National Science
Foundation Division of Environmental Biology (grant numbers 1622398 and 1623837), and a

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

606

Lerner-Gray Grant for Marine Research awarded to Joseph Kelly. Additional funding was

607

provided by Stony Brook University.

608
609

References

610

Akman Gündüz, E., & Douglas, A. E. (2009). Symbiotic bacteria enable insect to use a

611

nutritionally inadequate diet. Proceedings of the Royal Society B: Biological Sciences,

612

276(1658), 987–991. https://doi.org/10.1098/rspb.2008.1476

613

Archer, S. K., Stevens, J. L., Rossi, R. E., Matterson, K. O., & Layman, C. A. (2017). Abiotic

614

conditions drive significant variability in nutrient processing by a common Caribbean

615

sponge, Ircinia felix. Limnology and Oceanography, 62(4), 1783–1793.

616

https://doi.org/10.1002/lno.10533

617
618
619
620

Belkaid, Y., & Hand, T. W. (2014). Role of the microbiota in immunity and inflammation. Cell,
157(1), 121–141. https://doi.org/10.1016/j.cell.2014.03.011
Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: a practical and
powerful approach to multiple testing. Journal of the Royal Statistical Society, 57, 289–300.

621

Böhm, M., Hentschel, U., Friedrich, A., Fieseler, L., Steffen, R., Gamulin, V., Müller, I., &

622

Müller, W. (2001). Molecular response of the sponge Suberites domuncula to bacterial

623

infection. Marine Biology, 139(6), 1037–1045. https://doi.org/10.1007/s002270100656

624

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Genome analysis Trimmomatic: a flexible

625

trimmer for Illumina sequence data. Bioinformatics, 30(15), 2114–2120.

626

https://doi.org/10.1093/bioinformatics/btu170

627
628

Bouckaert, R., Heled, J., Kühnert, D., Vaughan, T., Wu, C. H., Xie, D., Suchard, M. A.,
Rambaut, A., & Drummond, A. J. (2014). BEAST 2: a software platform for Bayesian

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

SPONGE ECOLOGICAL DIVERGENCE
629

evolutionary analysis. PLoS Computational Biology, 10(4), e1003537.

630

https://doi.org/10.1371/journal.pcbi.1003537

631
632
633

Brucker, R. M., & Bordenstein, S. R. (2012). Speciation by symbiosis. Trends in Ecology &
Evolution, 27(8), 443–451. https://doi.org/10.1016/j.tree.2012.03.011
Brucker, R. M., & Bordenstein, S. R. (2013). The Hologenomic Basis of Speciation: Gut

634

Bacteria Cause Hybrid Lethality in the Genus &lt;em&gt;Nasonia&lt;/em&gt; Science,

635

341(6146), 667 LP – 669. https://doi.org/10.1126/science.1240659

636

Brunton, F. R., & Dixon, O. A. (1994). Siliceous sponge-microbe biotic associations and their

637

recurrence through the Phanerozoic as reef mound constructors. Palaios, 9, 370–387.

638

https://doi.org/10.2307/3515056

639

Bryant, D., Bouckaert, R., Felsenstein, J., Rosenberg, N. A., & Roychoudhury, A. (2012).

640

Inferring species trees directly from biallelic genetic markers: bypassing gene trees in a

641

full coalescent analysis. Molecular Biology and Evolution, 29(8), 1917–1932.

642

https://doi.org/10.1093/molbev/mss086

643

Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, W. A. (2013). Stacks: an

644

analysis tool set for population genomics. Molecular Ecology, 22(11), 3124–3140.

645

https://doi.org/10.1111/mec.12354

646
647
648
649
650
651

Chaplin, D. D. (2010). Overview of the immune response. The Journal of Allergy and Clinical
Immunology, 125(2 Suppl 2), S3–S23. https://doi.org/10.1016/j.jaci.2009.12.980
Chen, H. (2018). VennDiagram: Generate High-Resolution Venn and Euler Plots. https://cran.rproject.org/package=VennDiagram
Darriba, D., Taboada, G. L., Doallo, R., & Posada, D. (2012). jModelTest 2: more models, new
heuristics and parallel computing. Nature Methods, 9(8), 772.

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

652
653

https://doi.org/10.1038/nmeth.2109
Davy, S. K., Allemand, D., & Weis, V. M. (2012). Cell Biology of Cnidarian-Dinoflagellate

654

Symbiosis. Microbiology and Molecular Biology Reviews, 76(2), 229 LP – 261.

655

https://doi.org/10.1128/MMBR.05014-11

656

de C. Cook, S., & Bergquist, P. R. (1999). New species of dictyoceratid sponges from New

657

Zealand: Genus Ircinia (Porifera: Demospongiae: Dictyoceratida). New Zealand Journal of

658

Marine and Freshwater Research, 33(4), 545–563.

659

https://doi.org/10.1080/00288330.1999.9516899

660
661
662

Diaz, M. (2005). Common Sponges from Shallow Marine Habitats from Bocas del Toro Region,
Panama. Caribbean Journal of Science, 41, 465–475.
Earl, D., & vonHoldt, B. M. (2011). STRUCTURE HARVESTER: a website and program for

663

visualizing STRUCTURE output and implementing the Evanno method. Conservation

664

Genetics Resources, 4, 359–361.

665

Easson, C. G., Chaves-Fonnegra, A., Thacker, R. W., & Lopez, J. V. (2020). Host population

666

genetics and biogeography structure the microbiome of the sponge Cliona delitrix. Ecology

667

and Evolution, 10(4), 2007–2020. https://doi.org/10.1002/ece3.6033

668

Erwin, P. M., López-Legentil, S., González-Pech, R., & Turon, X. (2012). A specific mix of

669

generalists: bacterial symbionts in Mediterranean Ircinia spp. FEMS Microbiology Ecology,

670

79(3), 619–637. https://doi.org/10.1111/j.1574-6941.2011.01243.x

671

Erwin, P. M., & Thacker, R. W. (2007). Incidence and identity of photosynthetic symbionts in

672

Caribbean coral reef sponge assemblages. Journal of the Marine Biological Association of

673

the United Kingdom, 87(6), 1683–1692. https://doi.org/10.1017/S0025315407058213

674

Erwin, P. M., & Thacker, R. W. (2008). Phototrophic nutrition and symbiont diversity of two

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

SPONGE ECOLOGICAL DIVERGENCE
675

Caribbean sponge – cyanobacteria symbioses. June. https://doi.org/10.3354/meps07464

676

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of clusters of individuals

677

using the software STRUCTURE: a simulation study. Molecular Ecology, 14(8), 2611–

678

2620. https://doi.org/10.1111/j.1365-294X.2005.02553.x

679

Foster, K. R., Schluter, J., Coyte, K. Z., & Rakoff-Nahoum, S. (2017). The evolution of the host

680

microbiome as an ecosystem on a leash. Nature, 548, 43–51.

681

https://doi.org/10.1038/nature23292

682

Freeman, C., & Gleason, D. (2010). Chemical defenses, nutritional quality, and structural

683

components in three sponge species: Ircinia felix, I. campana, and Aplysina fulva. Marine

684

Biology, 157, 1083–1093. https://doi.org/10.1007/s00227-010-1389-5

685

Freeman, C. J., Easson, C. G., Matterson, K. O., Thacker, R. W., Baker, D. M., & Paul, V. J.

686

(2020). Microbial symbionts and ecological divergence of Caribbean sponges: A new

687

perspective on an ancient association. The ISME Journal. https://doi.org/10.1038/s41396-

688

020-0625-3

689

Freeman, C. J., & Thacker, R. W. (2011). Complex interactions between marine sponges and

690

their symbiotic microbial communities. Limnology and Oceanography, 56(5), 1577–1586.

691

https://doi.org/10.4319/lo.2011.56.5.1577

692

Graf, J. (1999). Symbiosis of Aeromonas veronii biovar sobria and Hirudo medicinalis, the

693

medicinal leech: a novel model for digestive tract associations. Infection and Immunity,

694

67(1), 1–7. https://pubmed.ncbi.nlm.nih.gov/9864188

695

Griffiths, S., Antwis, R., Lenzi, L., Lucaci, A., Behringer, D. C., Butler, M., & Preziosi, R.

696

(2019). Host genetics and geography influence microbiome composition in the sponge

697

Ircinia campana. Journal of Animal Ecology, 88(11), 1684–1695.

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

698
699

https://doi.org/10.1111/1365-2656.13065
Hardoim, C. C. P., & Costa, R. (2014). Microbial communities and bioactive compounds in

700

marine sponges of the family Irciniidae-a review. Marine Drugs, 12(20), 5089–5122.

701

https://doi.org/10.3390/md12105089

702

Heard, S. B., & Hauser, D. L. (1995). Key evolutionary innovations and their ecological

703

mechanisms. Historical Biology, 10(2), 151–173.

704

https://doi.org/10.1080/10292389509380518

705

Hentschel, U., Usher, K. M., & Taylor, M. W. (2006). Marine sponges as microbial fermenters.

706

FEMS Microbiology Ecology, 55(2), 167–177. https://doi.org/10.1111/j.1574-

707

6941.2005.00046.x

708

Jackson, A. L., Parnell, A. C., Inger, R., & Bearhop, S. (2011). Comparing isotopic niche widths

709

among and within communities: SIBER – Stable Isotope Bayesian Ellipses in R. Journal of

710

Animal Ecology, 3, 595–602. https://doi.org/10.1111/j.1365-2656.2011.01806.x

711

Janson, E. M., Iii, J. O. S., Singer, M. S., & Abbot, P. (2008). Phytophagous insect-microbe

712

mutualisms and adaptive evolutionary diversification. Evolution, 62(5), 997–1012.

713

https://doi.org/10.1111/j.1558-5646.2008.00348.x

714

Jensen, S., Fortunato, S. A. V, Hoffmann, F., Hoem, S., Rapp, H. T., Øvreås, L., & Torsvik, V.

715

L. (2017). The Relative Abundance and Transcriptional Activity of Marine Sponge-

716

Associated Microorganisms Emphasizing Groups Involved in Sulfur Cycle. Microbial

717

Ecology, 73, 668–676. https://doi.org/10.1007/s00248-016-0836-3

718

Jones, B. W., & Nishiguchi, M. (2004). Counterillumination in the Hawaiian bobtail squid,

719

Euprymna scolopes Berry (Mollusca: Cephalopoda). Marine Biology, 144, 1151–1155.

720

https://doi.org/10.1007/s00227-003-1285-3

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

SPONGE ECOLOGICAL DIVERGENCE
721

Kumar, S., & Gadagkar, S. R. (2001). Disparity index: a simple statistic to measure and test the

722

homogeneity of substitution patterns between molecular sequences. Genetics, 158(3), 1321–

723

1327. http://www.genetics.org/content/158/3/1321.abstract

724

Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: Molecular Evolutionary Genetics

725

Analysis Version 7.0 for bigger datasets. Molecular Biology and Evolution, 33(7), 1870–

726

1874. https://doi.org/10.1093/molbev/msw054

727
728
729

Kuypers, M. M. M., Marchant, H. K., & Kartal, B. (2018). The microbial nitrogen-cycling
network. Nature Reviews Microbiology, 16, 263–276.
Leaché, A. D., Fujita, M. K., Minin, V. N., & Bouckaert, R. R. (2014). Species delimitation

730

using genome-wide SNP Data. Systematic Biology, 63(4), 534–542.

731

https://doi.org/10.1093/sysbio/syu018

732

Leiva, C., Taboada, S., Kenny, N. J., Combosch, D. J., Giribet, G., Jombart, T., & Riesgo, A.

733

(2019). Population substructure and signals of divergent adaptive selection despite

734

admixture in the sponge Dendrilla antarctica from shallow waters surrounding the Antarctic

735

Peninsula. Molecular Ecology, 28(13), 3151–3170.

736

Losos, J., & Miles, D. (2002). Testing the Hypothesis That a Clade Has Adaptively Radiated:

737

Iguanid Lizard Clades as a Case Study. The American Naturalist, 160, 147–157.

738

https://doi.org/10.1086/341557

739

Mohamed, N. M., Cicirelli, E. M., Kan, J., Chen, F., Fuqua, C., & Hill, R. T. (2008). Diversity

740

and quorum-sensing signal production of Proteobacteria associated with marine sponges.

741

Environmental Microbiology, 10(1), 75–86. https://doi.org/10.1111/j.1462-

742

2920.2007.01431.x

743

Murillo-Rincon, A. P., Klimovich, A., Pemöller, E., Taubenheim, J., Mortzfeld, B., Augustin, R.,

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

744

& Bosch, T. C. G. (2017). Spontaneous body contractions are modulated by the microbiome

745

of Hydra. Scientific Reports, 7(1), 15937. https://doi.org/10.1038/s41598-017-16191-x

746

Musat, N., Halm, H., Winterholler, B., Hoppe, P., Peduzzi, S., Hillion, F., Horreard, F., Amann,

747

R., Jørgensen, B. B., & Kuypers, M. M. M. (2008). A single-cell view on the ecophysiology

748

of anaerobic phototrophic bacteria. Proceedings of the National Academy of Sciences,

749

105(46), 17861 LP – 17866. https://doi.org/10.1073/pnas.0809329105

750

Oksanen, A. J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., Mcglinn, D., Minchin, P.

751

R., Hara, R. B. O., Simpson, G. L., Solymos, P., Stevens, M. H. H., Szoecs, E., & Wagner,

752

H. (2016). Vegan: community ecology package. Https://Github.Com/Vegandevs/Vegan.

753

https://doi.org/10.4135/9781412971874.n145

754

Pester, M., Bittner, N., Deevong, P., Wagner, M., & Loy, A. (2010). A “rare biosphere”

755

microorganism contributes to sulfate reduction in a peatland. The ISME Journal, 4(12),

756

1591–1602. https://doi.org/10.1038/ismej.2010.75

757
758
759

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of population structure using
multilocus genotype data. Genetics, 155(2), 945–959.
Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., & Glöckner, F.

760

O. (2013). The SILVA ribosomal RNA gene database project: Improved data processing

761

and web-based tools. Nucleic Acids Research, 41((Database issue)), D590–D596.

762

https://doi.org/10.1093/nar/gks1219

763

Quintana, J., Brango-Vanegas, J., Costa, G. M., Castellanos, L., Arévalo, C., & Duque, C.

764

(2015). Marine organisms as source of extracts to disrupt bacterial communication:

765

bioguided isolation and identification of quorum sensing inhibitors from Ircinia felix.

766

Revista Brasileira de Farmacognosia, 25, 199–207.

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

SPONGE ECOLOGICAL DIVERGENCE
767

http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0102-

768

695X2015000300199&nrm=iso

769

Redmond, N. E., Morrow, C. C., Thacker, R. W., Diaz, M. C., Boury-Esnault, N., Cardenas, P.,

770

Hajdu, E., Lobo-Hajdu, G., Picton, B. E., Pomponi, S. A., Kayal, E., & Collins, A. G.

771

(2013). Phylogeny and systematics of Demospongiae in light of new small-subunit

772

ribosomal DNA (18S) sequences. Integrative and Comparative Biology, 53(3), 388–415.

773

https://doi.org/10.1093/icb/ict078

774

Riesgo, A., Pérez-Portela, R., Pita, L., Blasco, G., Erwin, P., & Lopez-Legentil, S. (2016).

775

Population structure and connectivity in the Mediterranean sponge Ircinia fasciculata are

776

affected by mass mortalities and hybridization. Heredity, 117(6), 427–439.

777

https://doi.org/10.1038/hdy.2016.41

778

Rognes, T., Flouri, T., Nichols, B., Quince, C., & Mahé, F. (2016). VSEARCH: a versatile open

779

source tool for metagenomics. PeerJ, 4, e2584–e2584. https://doi.org/10.7717/peerj.2584

780

Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D. L., Darling, A., Höhna, S., Larget, B.,

781

Liu, L., Suchard, M. A., & Huelsenbeck, J. P. (2012). MrBayes 3.2: efficient Bayesian

782

phylogenetic inference and model choice across a large model space. Systematic Biology,

783

61(3), 539–542. https://doi.org/10.1093/sysbio/sys029

784

Rubin-Blum, M., Antony, C. P., Sayavedra, L., Martínez-Pérez, C., Birgel, D., Peckmann, J.,

785

Wu, Y.-C., Cardenas, P., MacDonald, I., Marcon, Y., Sahling, H., Hentschel, U., &

786

Dubilier, N. (2019). Fueled by methane: deep-sea sponges from asphalt seeps gain their

787

nutrition from methane-oxidizing symbionts. The ISME Journal, 13(5), 1209–1225.

788

https://doi.org/10.1038/s41396-019-0346-7

789

Rützler, K., Diaz, M., van Soest, R., Zea, S., Smith, K., Alvarez, B., & Wulff, J. (2000).

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

790

Diversity of sponge fauna in mangrove ponds, Pelican Cays, Belize. Atoll Research

791

Bulletin, 476, 229–248. https://doi.org/10.5479/si.00775630.467.229

792

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B.,

793

Lesniewski, R. A., Oakley, B. B., Parks, D. H., Robinson, C. J., Sahl, J. W., Stres, B.,

794

Thallinger, G. G., Van Horn, D. J., & Weber, C. F. (2009). Introducing mothur: open-

795

source, platform-independent, community-supported software for describing and comparing

796

microbial communities. Applied and Environmental Microbiology, 75(23), 7537–7541.

797

https://doi.org/10.1128/AEM.01541-09

798

Schmitt, S., Weisz, J. B., Lindquist, N., & Hentschel, U. (2007). Vertical transmission of a

799

phylogenetically complex microbial consortium in the viviparous sponge Ircinia felix.

800

Applied and Environmental Microbiology, 73(7), 2067–2078.

801

https://doi.org/10.1128/AEM.01944-06

802

Semova, I., Carten, J. D., Stombaugh, J., Mackey, L. C., Knight, R., Farber, S. A., & Rawls, J. F.

803

(2012). Microbiota regulate intestinal absorption and metabolism of fatty acids in the

804

zebrafish. Cell Host & Microbe, 12(3), 277–288.

805

https://doi.org/10.1016/j.chom.2012.08.003

806

Stewart, F. J., & Cavanaugh, C. M. (2006). Symbiosis of thioautotrophic bacteria with Riftia

807

pachyptila. Progress in Molecular and Subcellular Biology, 41, 197–225.

808

https://doi.org/10.1007/3-540-28221-1_10

809

Sudakaran, S., Kost, C., & Kaltenpoth, M. (2017). Symbiont Acquisition and Replacement as a

810

Source of Ecological Innovation. Trends in Microbiology, 25(5), 375–390.

811

https://doi.org/https://doi.org/10.1016/j.tim.2017.02.014

812

Thacker, R. W., Hill, A. L., Hill, M. S., Redmond, N. E., Collins, A. G., Morrow, C. C., Spicer,

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

SPONGE ECOLOGICAL DIVERGENCE
813

L., Carmack, C. A., Zappe, M. E., Pohlmann, D., Hall, C., Diaz, M. C., & Bangalore, P. V.

814

(2013). Nearly complete 28S rRNA gene sequences confirm new hypotheses of sponge

815

evolution. Integrative and Comparative Biology, 53(3), 373–387.

816

https://doi.org/10.1093/icb/ict071

817

Thomas, T., Moitinho-Silva, L., Lurgi, M., Björk, J. R., Easson, C., Astudillo-García, C., Olson,

818

J. B., Erwin, P. M., López-Legentil, S., Luter, H., Chaves-Fonnegra, A., Costa, R., Schupp,

819

P. J., Steindler, L., Erpenbeck, D., Gilbert, J., Knight, R., Ackermann, G., Victor Lopez, J.,

820

… Webster, N. S. (2016). Diversity, structure and convergent evolution of the global

821

sponge microbiome. Nature Communications, 7, 11870.

822

https://doi.org/10.1038/ncomms11870

823

Titus, B., & Daly, M. (2018). Reduced representation sequencing for symbiotic anthozoans: are

824

reference genomes necessary to eliminate endosymbiont contamination and make robust

825

phylogeographic inference? https://doi.org/10.1101/440289

826
827
828

van Soest, R. W. M. (1978). Marine sponges from Curaçao and other Caribbean localities Part I.
Keratosa. Studies on the Fauna of Curaçao and Other Caribbean Islands, 56(179), 1–94.
Wang, S., Meyer, E., Mckay, J. K., & Matz, M. V. (2012). 2b-RAD: A simple and flexible

829

method for genome-wide genotyping. Nature Methods, 9(8), 808–810.

830

https://doi.org/10.1038/nmeth.2023

831

Wang, Y., Naumann, U., Wright, S. T., & Warton, D. I. (2012). mvabund– an R package for

832

model-based analysis of multivariate abundance data. Methods in Ecology and Evolution,

833

3(3), 471–474. https://doi.org/10.1111/j.2041-210X.2012.00190.x

834

Weisz, J. B., Hentschel, U., Lindquist, N., & Martens, C. S. (2007). Linking abundance and

835

diversity of sponge-associated microbial communities to metabolic differences in host

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

836
837

sponges. Marine Biology, 152, 475–483. https://doi.org/10.1007/s00227-007-0708-y
Wiens, M., Korzhev, M., Perovic-Ottstadt, S., Luthringer, B., Brandt, D., Klein, S., & Muller, W.

838

E. G. (2007). Toll-like receptors are part of the innate immune defense system of sponges

839

(demospongiae: Porifera). Molecular Biology and Evolution, 24(3), 792–804.

840

https://doi.org/10.1093/molbev/msl208

841

Wilkinson, C., & Cheshire, A. (1990). Comparisons of sponge populations across the Barrier

842

Reefs of Australia and Belize: evidence for higher productivity in the Caribbean. Marine

843

Ecology Progress Series, 67, 285–294. https://doi.org/10.3354/meps067285

844
845
846

Wilkinson, C. R., & Fay, P. (1979). Nitrogen fixation in coral reef sponges with symbiotic
cyanobacteria. Nature, 279(5713), 527–529. https://doi.org/10.1038/279527a0
Wulff, J. (1994). Sponge feeding by Caribbean angelfishes, trunkfishes, and filefishes. In In: Van

847

Soest RWM, van Kempen TMG, Braekman JC (eds) Sponges in Time and Space. Biology,

848

Chemistry, Paleontology. Balkema, Rotterdam, pp 265-271.

849

http://www.marinespecies.org/porifera/porifera.php?p=sourcedetails&id=278319

850

Yeoman, C. J., & White, B. A. (2014). Gastrointestinal Tract Microbiota and Probiotics in

851

Production Animals. Annual Review of Animal Biosciences, 2(1), 469–486.

852

https://doi.org/10.1146/annurev-animal-022513-114149

853

Yuen, B., Polzin, J., & Petersen, J. M. (2019). Organ transcriptomes of the lucinid clam Loripes

854

orbiculatus (Poli, 1791) provide insights into their specialised roles in the biology of a

855

chemosymbiotic bivalve. BMC Genomics, 20(1), 820. https://doi.org/10.1186/s12864-019-

856

6177-0

857
858

Zimmer, M., & Bartholmé, S. (2003). Bacterial endosymbionts in Asellus aquaticus (Isopoda)
and Gammarus pulex (Amphipoda) and their contribution to digestion. Limnology and

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

SPONGE ECOLOGICAL DIVERGENCE
859
860
861

Oceanography, 48, 2208–2213. https://doi.org/10.4319/lo.2003.48.6.2208

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.282673; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

862

Figure Captions

863

Figure 1. Map depicting sampling locations of Panamanian Ircinia. Specimens of Massive A

864

pink were collected from the Rhizophora prop roots at the Inner Solarte mangrove hammock

865

(9°18'20.9"N 82°10'23.5"W), specimens of Massive A green and Massive B were collected from

866

the Thalassia-dominated seagrass habitat of STRI Point (9°21'06.1"N 82°15'32.4"W), and

867

specimens of the Encrusting growth form were collected from the patch reef habitat Punta

868

Caracol (9°22'37.6"N 82°18'08.3"W). Specimens of I. campana and I. strobilina were also

869

collected from STRI Point and Punta Caracol.

870
871

Figure 2. Panamanian Ircinia species trees inferred for the species models with the highest BFD*

872

support using 266 2bRAD loci with SNAPP. A depicts species model 1 (all growth forms

873

separate species) and B depicts species model 2 (split massive B by STRUCTURE populations).

874

The left side of each subfigure portrays the maximum clade credibility consensus tree with node

875

heights calculated as median heights, inferred in TreeAnnotator v2.5.1. Node labels are posterior

876

probabilities. The right side shows the posterior distribution of tree as visualized in Densitree

877

v2.6.6, in which coalescent simulations matching the dominant tree topology are drawn in blue

878

and alternative topologies are drawn in green and red.

879
880

Figure 3. STRUCTURE plot showing assignment of SNPs to source populations, inferred for

881

K=5 and K=7.

882
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883

Figure 4. PCoAs of Panamanian Ircinia microbiomes constructed using Bray-Curtis

884

dissimilarities. SEAs were calculated for host lineages inferred via BFD*, with species model 1

885

in A and species model 2 in B.

886
887

Figure 5. Outgroup-rooted gene tree inferred in MrBayes v3.2.2 for the CO1 alignment. The

888

scale bar’s units are nucleotide substitutions per site, node labels are posterior probabilities, and

889

bifurcations receiving less than 50% support are collapsed into polytomies.

890
891

Figure 6. Gene tree inferred in MrBayes v3.2.2 for the ITS alignment. The scale bar’s units are

892

nucleotide substitutions per site, node labels are posterior probabilities, and bifurcations

893

receiving less than 50% support are collapsed into polytomies.

894
895

Figure S1. ΔK parameter estimates calculated using the Evanno method in Structure Harvester

896

v0.6.94

897
898

Figure S2. Graphs showing the relative abundances of OTUs identified by SIMPER as

899

cumulatively contributing the most to Bray-Curtis dissimilarities. The top ten are shown for each

900

pairwise comparison, and their cumulative contributions to Bray-Curtis dissimilarities are

901

reported as a percent in the graph title. The relative abundances of the OTUs in the seawater

902

samples from the sites inhabited by the sponges in each comparison are plotted alongside the

903

sponges. Black stars denote significant BLASTn hits to vertically transmitted OTUs in Schmitt et

904

al. 2007, and white stars denote Candidatus Synechococcus spongiarum. Graphs comparing the

905

same host lineages for species model 1 and model 2 are adjacent to each other.
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