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Vertical transmission of bacterial symbionts, which is known in many species of sponge (Porifera), is expected to promote strong fidelity between the partners. Combining 16S rRNA gene amplicon sequencing and electron microscopy, we have assayed the relative abundance of vertically-inherited bacterial symbionts in several stages of the life cycle of Amphimedon queenslandica, a tropical coral reef sponge. We reveal that adult A. queenslandica house a low diversity microbiome dominated by just three proteobacterial OTUs, with a single gammaprotebacterium clearly dominant through much of the life cycle. This ontogenetic perspective has revealed that, although vertical transmission occurs very early in development, the inherited symbionts do not maintain proportional dominance of the bacterial community at every developmental stage. A reproductive bottleneck in the A. queenslandica life cycle is larval settlement, when a free-swimming pelagic larva settles out of the water column onto the benthos and completes metamorphoses into the sessile body plan within just 3–4 days. During this dramatic life cycle transition, an influx of environmentally-derived bacteria leads to a major reorganization of the microbiome, potentially challenging the fidelity and persistence of the vertically-inherited symbiotic relationships. However, dominance of the primary, vertically-inherited symbionts is restored in adult sponges. The mechanisms underlying ontogenetic changes in the bacterial community are unknown, including how the dominance of the primary symbionts is restored in the adult sponge—does the host or symbiont regulate this process? Using high-resolution transcriptional profiling in multiple stages of the A. queenslandica life cycle combined with this natural perturbation of the microbiome immediately following larval settlement, we are beginning to identify candidate host genes associated with animal-bacterial crosstalk. Among the sponge host genes upregulated during the times of active microbiome assembly, there is an enrichment of genes potentially involved in innate immunity, including scavenger receptors, and of genes containing eukaryote-like domains, which have elsewhere been implicated in host-symbiont interactions. Intriguingly, we also see an enrichment of sponge genes arising from ancient horizontal transfer events from bacteria, which raises the possibility that host-bacterial associations in the evolutionary past may help to regulate host-bacterial associations in the ecological present.
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INTRODUCTION

Animal-bacterial symbioses are both ubiquitous and simultaneously exclusive because, although most organisms are involved in such relationships, most species do not participate in most symbioses (Douglas, 2014). This strongly suggests that host and symbionts carefully choose their partners, and thus that mechanisms exist for specific selection and persistence of suitable partners (McFall-Ngai et al., 2013; Douglas, 2014). One way in which selection and persistence can be regulated is via direct vertical inheritance of the symbionts by the animal host, usually from mother to offspring. This aligns the interests of both partners because the maintenance and spread of the symbiont depends directly on the reproduction of the host (Frank, 1996; Bright and Bulgheresi, 2010). This in turn should promote fidelity and specificity between the partners (Russell and Moran, 2005), so it not surprising that vertical transmission is a widespread feature of animal-bacterial symbioses (Bright and Bulgheresi, 2010). Vertical transmission also provides a mechanism for hosts to sanction against costly “cheater” symbionts by restricting their rate of transmission, but this depends on a hosts' capacity to maintain a suitable abundance and distribution of chosen partners throughout its life cycle (Bright and Bulgheresi, 2010; Douglas, 2014). Determining modes of symbiont transmission are thus important for understanding the ecology and fidelity of the symbiosis (Bulgheresi, 2011), and it becomes particularly important to identify whether critical points for transmission exist in the life cycle. These critical points can inform predictions of which environmental factors are most likely to affect transmission dynamics and microbiome composition (Gundel et al., 2011; Ebert, 2013), and can provide natural perturbations for identifying genes that may mediate host-symbiont interactions.

Marine sponges are well-known for harboring phylogenetically-diverse bacterial communities as adults, often with a high degree of host-symbiont fidelity (Webster et al., 2001, 2010; Hentschel et al., 2002, 2003, 2012; Taylor et al., 2004, 2007, 2013; Thomas et al., 2016). They provide compelling examples of how an animal's ecology comprises not only its external environment, but also its internally-housed microbes. In particular, the bacterial symbionts that coexist with sponges provide their hosts with an extended multitude of metabolic functions that include nitrogen and phosphorous cycling, sulfur oxidation, carbon fixation, conversion of dissolved organic matter, and the production of secondary metabolites that serve the sponge in defense against predation (Taylor et al., 2007; Fan et al., 2012; Hentschel et al., 2012; de Goeij et al., 2013; Wilson et al., 2014; Zhang et al., 2015). The nature of bacterial community-specificity has been explored for multiple sponge species across a variety of phylogenetic, spatial, and temporal scales, revealing that adult sponge microbiomes generally are dominated by core symbionts that comprise a mix of both specialists and generalists (Webster et al., 2001, 2010; Schmitt et al., 2011; Erwin et al., 2012, 2015; Simister et al., 2012; Blanquer et al., 2013; Taylor et al., 2013; Easson and Thacker, 2014; Burgsdorf et al., 2015a; Thomas et al., 2016).

These observations raise question about the relative importance of animal hosts and the core symbionts themselves in regulating the assembly and maintenance of the total microbiome through the host life cycle, and in homeostasis of host functionality (Thomas et al., 2016). In an ontogenetic context, numerous studies have demonstrated vertical inheritance of putatively core symbionts during development of embryos and larvae, based on evidence from electron microscopy (see for example Ereskovsky et al., 2005; Oren et al., 2005; Maldonado, 2007; Schmitt et al., 2008) or sequencing of prokaryotic 16S rRNA gene amplicons (see for example Oren et al., 2005; Enticknap et al., 2006; Schmitt et al., 2007, 2008; Sharp et al., 2007; Steger et al., 2008; Lee et al., 2009; Webster et al., 2010; Gloeckner et al., 2012). Horizontal transmission, characterized by de novo symbiont acquisition from the environment with each new generation, has also been identified in several sponges (de Caralt et al., 2007; Maldonado, 2007; Schmitt et al., 2007; Gloeckner et al., 2013) and could include the introduction into the microbiome of opportunistic, non-core bacterial species. In the absence of complete ontogenetic perspectives, however, the nature and extent of microbiome compositional changes through the host life cycle are unknown, including whether fidelity of core, vertically-inherited symbionts is challenged at any stage.

The demosponge Amphimedon queenslandica (Hooper and Van Soest, 2006) lives on the intertidal reef flat of tropical Pacific coral reefs, and has a well-characterized life cycle that comprises typical pelagic larva and benthic adult stages (reviewed in Degnan et al., 2008, 2015). It is particularly tractable for investigating host-symbiont interactions through the entire life cycle, as it houses asynchronously developing embryos and larvae through much of the year, in easily accessible brood chambers (Leys and Degnan, 2002; Degnan et al., 2005, 2015; Leys et al., 2008). It also is genome-enabled (Srivastava et al., 2010), facilitating investigations of molecular crosstalk between host and symbionts (Hentschel et al., 2012). Here we combine 16S rRNA gene amplicon sequencing and electron microscopy to identify the community composition and modes of inheritance of prokaryote symbionts in A. queenslandica, and to provide a novel perspective on post-transmission stability of symbionts in this phylum. We then explore the changes in host transcriptional activity at life cycle transitions that coincide with microbiome composition shifts that we observe, as a starting point for identifying candidate genes that may be involved in regulating interactions between the sponge host and its bacterial partners.

MATERIALS AND METHODS

Characterization of the Prokaryote Community Using 16S rRNA Gene Amplicon Sequencing

Collection of Biological Material

Three healthy adult specimens (no bleaching or tissue necrosis) of A. queenslandica were removed intact from the reef flat at Shark Bay, Heron Island, southern Great Barrier Reef, Australia (23°27′ S, 151°55′ E) in each of January, May and October 2014, and immediately transported in cold seawater to the Heron Island Research Station (HIRS). From each adult, 0.5 g biopsies were frozen at −80°C for subsequent genomic DNA (gDNA) extraction. Because microbial symbiont communities have been shown to vary spatially between cortex and endosome regions in at least some sponges (Yang and Li, 2012), we sampled from four different sites within each sponge, and pooled all samples to comprise our adult sample from each season.

Fifteen additional adults collected in January 2014 were used for dissection of brood chambers as a source of embryos to document ontogenetic changes in microbial community composition and to identify microbes acquired through vertical transmission. Twenty embryos at each of four developmental stages (white, beige, spot and ring stages, which cover early to late embryogenesis) were extracted from brood chambers as previously described (Leys and Degnan, 2002; Leys et al., 2008) and immediately frozen in a minimal volume of 0.22 μm-filtered seawater (FSW) at −80°C for subsequent gDNA extraction.

For larval collection, another 15 adults collected in January 2014 were housed at HIRS in flow-through seawater aquaria drawing water from the reef flat. Plankton mesh traps attached to aquaria outflow were used to passively collect all larvae that emerged naturally from adult sponges between 12 noon and 3 p.m. (Degnan et al., 2015). Immediately upon emergence, ~40 larvae were frozen in minimal volume FSW at −80°C; these represented 0–3 h post-emergence (hpe) pre-competent larvae (see Degnan and Degnan, 2010). Remaining larvae were maintained in ambient seawater for a further 4 h, at which 40 individuals were collected to represent the 4–7 hpe competent larvae.

Finally, as a source of postlarval sponge material, all remaining competent larvae (4–7 hpe) were induced to settle onto the crustose coralline algae (CCA) Mesophyllum sp., which is common at the sponge collection site. Mesophyllum sp. was removed from rocks using hammer and chisel and broken into shards from which epi- and in-faunal animals were removed before shards were used to induce larval settlement. At 48 h post-induction (hpi), 40 postlarvae were carefully removed from the CCA using a sterile scalpel and immediately frozen in minimal volume FSW at −80°C for subsequent gDNA extraction.

To distinguish vertically-inherited prokaryotes from those environmentally acquired, we also profiled the microbial community of both the settlement substrate and the seawater of the native sponge habitat at Shark Bay. For the settlement substrate, shards of Mesophyllum sp. were cleaned to remove epi- and in-faunal animals, and stored at −80°C for subsequent gDNA extraction. For the seawater, sterile Millepore filter papers of two pore sizes (0.22 and 0.45 μm) were used to vacuum-filter ~70 L of seawater collected at each of two different tidal states across 3 consecutive days to maximize microbial coverage; filters were replaced every 2 L to prevent loss of filtering capacity due to blocking of pores. Used filters were transferred aseptically to individual 15 ml falcon tubes and stored at −80°C for subsequent gDNA extraction.

Extraction of Genomic DNA

Prokaryote DNA was extracted from batches of ~40 frozen sponge embryos, larvae or postlarvae, and ~0.25 g of frozen adult sponge tissue. We used the Experienced Users Protocol from the PowerSoil DNA Isolation kit (MO BIO Laboratories) following the manufacturer's protocol, except at step 3 where 20 μl of lysozyme from chicken egg white (Sigma-Aldrich; 20 mg/ml) was added with solution C1 in order to increase microbial lysis. Purified gDNA was eluted in a total volume of 50 μl of MOBIO PowerSoil C6 buffer and stored at −20°C.

To isolate total gDNA from the CCA, the frozen shards of Mesophyllum sp. were ground into a paste with 60 μl of the MOBIO PowerSoil kit (MOBIO) C1 solution using a sterilized ceramic pestle and mortar before being added to the Powerbead tube supplied with the kit. The remainder of the extraction procedure followed the manufacturer's instructions, with the exception of eluting the gDNA in a final volume of 50 μl of C6 buffer before storing at −20°C.

To isolate total gDNA from the seawater, the frozen collection filters were processed using a modified version of the Isolation of Genomic DNA from Tissues protocol of the Qiagen QIAamp® DNA Micro Kit Handbook. Filters were sliced into strips using sterile scalpels and then placed aseptically into 1.7 ml microcentrifuge tubes (maximum 2 filters per tube). DNA was extracted by addition of 180 μl of ATL buffer and 20 μl of lysozyme (20 mg/ml) per filter, followed by an incubation for 1 h at 56°C. After transferring lysates to new microcentrifuge tubes, this first step was repeated two more times for each sample. Cell lysis and DNA precipitation steps were performed as recommended by the manufacturer, and the purified gDNA was dissolved in 50 μl of C6 buffer and stored at −20°C.

Extracted gDNA from all samples was quantified using a Qubit® 2.0 Fluorometer (Invitrogen) and quality was assessed using a 2% TBE agarose gel.

Prokaryote 16S rRNA Gene Amplicon Sequencing

Twenty nanogram of each sample was used to generate PCR amplicons for 454 pyrosequencing with the broad specificity bacterial and archaeal forward (pyroL803F mix CCT ATC CCC TGT GTG CCT TGG CAG TCc tpp TCA Gtt aga Kac ccB Ngt agtc) and reverse (pyroL1392R CCA TCT CAT CCC TGC GTG TCT CCG Acct ppT CAG ACA GCa cgg gcg gtg tgtRc) primers as per the protocol used at The Australian Centre for Ecogenomics (ACE) at The University of Queensland. Due to sequence similarity between the A. queenslandica 16S mtDNA (GenBank accession DQ915601; (Erpenbeck et al., 2007) and bacterial 16S rRNA gene sequences, we performed a two-step PCR protocol. The initial A. queenslandica PCR product was ~100 base pairs smaller than the expected prokaryote product and thus could be separated from it by 1% TAE agarose gel electrophoresis; the excised prokaryote product was purified from gel matrix using a silica-based cleanup and dissolved in 15 μl of ultrapure water. At ACE, a second 10 cycle PCR was performed using pyrotagged reverse primers (Berry et al., 2011), and sequencing was performed on a Roche Life Sciences 454 GS-FLX system.

In silico Analysis of Prokaryote 16S Gene Amplicon Sequences

Raw 16S rRNA gene amplicon sequences were processed using QIIME version 1.8.0 (Caporaso et al., 2010b). For the filtration step, we discarded sequences that were <300 nucleotides in length, had >1 ambiguous base, had homopolymer runs longer than six nucleotides, had up to two mismatch in the adapter sequence, or did not pass a sliding window test of quality scores (window size = 300 bp; average quality score 25). Remaining sequences were trimmed to 300 nucleotides in length. Any residual sequences matching to mitochondrial DNA of the sponge host were identified using Bowtie2 (Langmead and Salzberg, 2012) and excluded from all downstream analyses. All sequences with more than 97% similarity to each other were grouped into Operational Taxonomic Units (OTUs) using UCLUST (Edgar, 2010), with the cluster seed used as a representative sequence for each OTU. Chimeric OTUs identified by ChimeraSlayer (Haas et al., 2011) were removed. Of the remaining OTUs, only those for which at least five reads were recovered across all samples were retained for further analyses.

We assigned taxonomies to these OTUs using UCLUST, with the 2013 Greengenes database as a reference. Using the OTU abundance matrix table created by QIIME, the relative abundance of OTUs for each sample was obtained by normalizing the abundances to the total number of reads in each sample. To assess the number of shared and unique OTUs among samples, the data sets were pooled according to their source (i.e., sponge or seawater). We derived heatmaps depicting OTU abundance using the R package pheatmap. To assess microbial community structure within our samples, ecological indices were measured using QIIME on data sets rarefied to the smallest sampling effort, as recommended by Gihring et al. (2012); because we recovered very low number of reads for the coralline algae sample, it was excluded from the ecological indices analyses. Alpha diversity was estimated by Chao1, Simpson and Shannon indices implemented within QIIME.

Phylogenetic trees were built for putative vertically-inherited bacterial OTUs, as defined by having a relative abundance of 5% or greater in at least one sponge developmental sample and being present in more than half of the developmental stages sampled. Nearest related and described sequences were retrieved from the 2013 Greengenes and NCBI databases. Sequence alignments were derived with PyNAST (Caporaso et al., 2010a) using the template alignment file “core_set_aligned.fasta.imputed,” filtered for highly variable regions using QIIME, and manually adjusted using Mesquite (Maddison and Maddison, 2014). A maximum-likelihood tree was generated with RAxML v. 8 (Stamatakis, 2014) using the rapid bootstrapping algorithm and 1000 bootstrap resamples, and visualized using FigTree v. 1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/).

Characterization of the Prokaryote Community Using Microscopy

Transmission Electron Microscopy (TEM)

TEM was conducted both on embryos and larvae collected from brood chambers as previously described (Leys et al., 2008; Degnan et al., 2015) and fixed as described in Leys and Degnan (2002, 2001). In addition, free-swimming larvae were collected and prepared for TEM by cryo-immobilizing live specimens using a Leica EM PACT2 high pressure freezer (HPF), followed by freeze-substitution in a Leica AFS2 in a fixative of 1% OsO4 and 0.5% uranyl acetate in acetone with 5% water (adapted from McDonald et al., 2007). Post-larval sponge samples obtained as previously described (Leys et al., 2008; Degnan et al., 2015) were fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer in FSW for 3 h at RT and osmicated in 1% OsO4 in 0.1M sodium cacodylate. Samples were then treated with 4% (v/v) hydrofluoric acid for 2 h at RT to remove siliceous spicules, followed by dehydration through a graded ethanol series. Samples were embedded in EPON 812 resin and polymerized in a 60°C oven for 2 days.

All sections were cut on a UC6 ultramicrotome (Leica), mounted on Formvar coated copper grids, and contrasted with uranyl acetate and lead citrate. Grids were imaged on a JEOL JEM 1011 transmission electron microscope at 80 kV, equipped with an Olympus Morada digital camera.

Enrichment of Prokaryote Cells from Adult Sponge Tissue

Three healthy adult A. queenslandica were collected from the Shark Bay, Heron Reef field site in March 2014 and immediately transported back to the Heron Island Research Station; they were subsequently maintained at 4°C or on ice at all times during the enrichment process. For each individual separately, sponge tissue was cut into ca. 1 cm3 pieces using sterile scalpel blades, and placed in Ca/Mg-free seawater (CMF-ASW). Samples were agitated on a shaker table for 5 min at 200 rpm, and the supernatant poured to waste. Agitation was repeated with fresh CMF-ASW, and the supernatant poured to waste. A sterile 25 μm mesh cell squeeze was performed on the sponge tissue, and the cell squeeze centrifuged at 100 g for 15 min at 4°C. Supernatant was kept and centrifuged further at 200 g for 15 min at 4°C. Supernatant was kept and centrifuged further at 300 g for 15 min at 4°C. The supernatant was removed and aliquoted into 1.7 mL Eppendorf tubes, and centrifuged at 8800 g for 20 min at 4°C to pellet cells. The resultant bacterial cell enrichments were fixed via two methods, for different downstream analyses: (i) for in situ hybridization, bacterial cells were fixed in 0.05% glutaraldehyde, 1x MOPS buffer, and 4% paraformaldehyde in Milli-Q water for 1 h, and stepped into 70% ethanol for storage at −20 °C; or (ii) for electron microscopy, bacterial cells were snap frozen in 15% glycerol at −80 °C.

Scanning Electron Microscopy (SEM)

Bacterial cell enrichments frozen in 15% glycerol (see above) were defrosted on ice and centrifuged at 10,000 g for 20 min to pellet the cells, and the supernatant was removed. Samples were fixed and embedded using a Pelco Biowave (Ted Pella), using a protocol adapted from Wendt et al. (2004). Cells were fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer in filtered seawater (FSW), and washed in fresh 0.1 M sodium cacodylate buffer before centrifugation at 10,000 g for 10 min. The supernatant was removed and an equal part Milli-Q water was added for cell resuspension. Fifty microliters of the resuspended cells were aliquoted onto poly-l-sine coated 12 mm coverslips, air dried, and dehydrated through a graded ethanol series. Sections of adult sponge were fixed following this same method. Both cells on coverslips and adult tissue samples were critically point dried (Autosamdri-815, Tousimis), mounted onto a stub, and gold coated (SPI-MODULE). SEM images were captured using a Jeol JCM-5000 NeoScope or HITACHI SU3500 SEM.

Confirmation of the Dominant Symbiont Using Fluorescence In situ Hybridization (FISH)

An oligonucleotide probe specific to the most numerically dominant OTU (OTU 3C 5′-CCCCAGAGTTCCCGGCCGAA-3′) was designed using Geneious software (version R7, Biomatters) and confirmed as unique by BLAST against all other 16S rRNA gene sequences in our data set. A reverse complement negative control (OTU 3NC, 5′- TTCGGCCGGGAACTCTGGGG -3′) was used to test for non-specific binding. Probes were 5′ end-labeled with the indocarbocyanine fluorochrome Cy3 during synthesis by Sigma-Aldrich, Australia and dissolved in Ultrapure distilled water (Invitrogen, Life Technologies) to a working concentration of 50 ng μL−1. Bacterial cell enrichments, fixed as described above, were used for FISH following the method of Webster and Hill (2001) with minor adjustments. Specifically, bacterial cells were dehydrated in 100% ethanol to facilitate their adherence to slides, and a 20 μL aliquot transferred to poly-1-sine-coated 10-well-slides to air dry.

Hybridization solution [8 μL 0.9 M NaCl, 20 mM Tris-Cl (pH 7.2), 0.01% SDS, 17% (v/v) formamide] was mixed with 1 μL of the fluorescently-labeled oligonucleotide probe and applied to wells. Slides were incubated in a dark chamber at 46°C for 3 h. Post-hybridization, slides were washed in a prewarmed wash buffer [20 mM Tris-Cl (pH 7.2), 0.01% SDS, 0.225 M NaCl] at 48°C for 15 min in the dark. Slides were dipped in ice cold Milli-Q water to remove excess salts, air dried, and mounted in ProLong Gold antifade reagent (Life Technologies) with DAPI (4′,6-diamidino-2-phenylindole, Sigma-Aldrich; 1:1000 μL dilution) used as a counter stain. Labeled bacteria on slides were visualized using a 63x or 100x oil immersion objective with Nikon filter sets on a Nikon TiE inverted microscope, and imaged using a Nikon DS-U3 camera.

Differential Expression Analysis of Sponge Host Genes

To identify candidate host genes that may be involved in regulating or responding to the bacterial symbiont community, we asked which genes show significant changes in expression across times in the life cycle where we identify changes in the bacterial community. The transcriptomes used in this analysis were generated using a Cel-Seq protocol (Hashimshony et al., 2012) for multiple, replicated stages distributed throughout the life cycle of A. queenslandica, as described elsewhere (Anavy et al., 2014; Levin et al., 2016). We retrieved raw transcript read counts for three individual samples each of larvae (2–6 hpe), chamber-stage postlarvae (~48 hpi), and adults, selected because they correspond to the life cycle stages between which we observed the most dynamic changes in microbiome composition. From these raw reads, we retained only those genes for which counts were detected in one out of three replicates, in at least two of the three stages studied; the final dataset represented 32% of all sponge gene models presented in Fernandez-Valverde et al. (2015). We used the R software package DeSeq2 to perform differential gene expression analysis (Love et al., 2014). Following normalization by the variance-stabilizing transformation implemented within DeSeq2, genes with mean gene counts less than the 40% quantile were filtered out of the dataset. We then performed pair-wise comparisons between successive life cycle stages (i.e., larva-postlarva and postlarva-adult) and retained subsets of genes that had a Benjamini and Hochberg's false discovery rate (adj p) of <0.05. These significantly differentially expressed genes were then separated into eight discrete clusters (Cluster I–VIII) according to their profiles of expression in the life cycle stages of interest.

For each profile, we used Gene Ontology (GO) annotations derived by Blast2GO (Conesa et al., 2005), followed by the tool Bingo (Maere et al., 2005) to test for statistical over-representation of molecular function categories. We applied Benjamini and Hochberg's (BH) false discovery rate (FDR) correction, using a significance level of 0.05. Redundant terms were removed from the enriched GO list with the online tool REViGO (Supek et al., 2011), using the enriched corrected p-value derived with Bingo as a guide to choose representatives for each GO annotation group, the EBI GOA database (which annotates all UniProt entries with GO terms) as reference, and SimRel as semantic similarity measure with a cut-off value of 0.7. Here we assumed that the relative frequencies of gene functions in the A. queenslandica genome were not far from the overall trends in the genomic databases.

For each cluster, PFAM domains within each gene were also identified with the HMMER package using the Pfam-A database (e-value cutoff of 1e3). PFAM domain enrichment was calculated using an R script as per (Chandran et al., 2009); p-values were computed using a hypergeometric distribution, and adjusted for multiple hypothesis testing by applying a BH FDR correction with a significance level of 0.05.

Data Deposition

16S rRNA gene amplicon sequences generated in this study (Table S1) and further detailed below are deposited in GenBank under Accession Numbers SUB1383828: KX375419–KX375763.

The Cel-Seq transcriptome data analyzed for this study were extracted from a larger dataset, spanning the complete life cycle of A. queenslandica. Raw read data for the nine samples analyzed herein can be accessed as part of the complete dataset deposited in the NCBI Gene Expression Omnibus database under accession GSE60483. Normalized count data for just the nine samples analyzed in this paper are presented as Table S2.

RESULTS

16S rRNA Gene Amplicon Sequencing Reveals a Low Complexity Microbiome Dominated by a Small Number of Proteobacterial OTUs That Appear to Be Vertically Inherited

In total, we identified 422 OTUs based on more than 97% sequence similarity (Table 1). Of these, 169 OTUs were identified in the combined life cycle sponge samples, 364 OTUs derived from the combined seawater samples, and 31 OTUs derived from the coralline algal samples (Table 1). Close inspection of these coralline algal sequences revealed they were dominated by cyanobacteria-like chloroplast DNA, which likely originate from chloroplasts of the algae itself; these reads were thus removed from all downstream analyses. Also of note, although the primers that we used target both bacterial and archaeal 16S rRNA gene sequences, we recovered only four archaeal OTUs in the seawater samples and none in A. queenslandica (Table S1). We combined the 16S rRNA gene sequence reads derived from the separate non-rarefied normalized sponge developmental datasets and seawater seasonal datasets, respectively, to estimate OTU overlap between these sources. Most of the OTUs were recovered in only one source, with 56 restricted to A. queenslandica and 251 restricted to seawater. However, these represent only 6.5 and 13.5% of the total number of reads, respectively. The remaining OTUs were shared between the sponge and seawater pooled samples, representing a total of 113 OTUs and a large proportion (79.7%) of the total dataset sequences (Table 1).


Table 1. 16S rRNA gene amplicon sequence summary for sponge and environmental samples, based on non-rarefied, normalized datasets.

[image: image]



Rarefaction curves based on total sequence counts do not display asymptomatic behavior for some of the data sets (Figure S1), suggesting that additional OTUs might have been discovered with deeper sequencing. The OTU richness and diversity estimations were obtained from rarefied data sets to the smallest sampling effort (i.e., 800 sequences in each data set), excluding the coralline algal sample. Overall, the seawater samples had the highest species richness and diversity, followed by the sponge postlarval (48 hpi) and adult stages, with little variation among the other sponge developmental stages (Table 2).


Table 2. Observed number of operational taxonomic units (OTUs) and estimation of richness (Chao1) and diversity (Shannon, Simpson) obtained from rarefied datasets.
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We combined the 16S rRNA gene sequence reads derived from the separate non-rarefied normalized sponge developmental datasets to determine the taxon diversity of the total microbiome present in Amphimedon (with taxonomic representation >1%). The sponge microbiota was clearly dominated by Proteobacteria (71.6%), followed by Bacteroidetes (11.2%), Firmicutes (6.5%), Actinobacteria (4.1%), Planctomycetes (1.8%), and Cyanobacteria (1.8%; Figure 1). No Poribacteria OTUs were recovered from A. queenslandica (Table S1). Based upon OTU relative abundance within each developmental sample, the Proteobacteria, and specifically the Gammaproteobacteria, clearly dominated the bacterial community throughout the entire sponge ontogeny (Figures 2A,B). The relative abundance of Proteobacteria dropped below 90% only in the 48 hpi postlarval sample, at which stage other phyla (Actinobacteria, Bacteroidetes, and Firmicutes) were more prominent than observed in other life cycle stages. Similarly, within the Proteobacteria, the relative abundance of Gammaproteobacteria was lowest in postlarvae, followed by the adults, with other classes of Proteobacteria being more numerically dominant at these stages (Figures 2A,B). These results are consistent with the highest species richness and diversity observed in the postlarval stage of the sponge ontogeny (Table 2).
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FIGURE 1. Proportional phyletic representation of bacterial OTUs recovered from one or more developmental stages of the sponge host Amphimedon queenslandica. Common phyla (taxonomic representation ≥1% across pooled developmental samples) are depicted in color, rare phyla (taxonomic representation ≤1% across pooled developmental samples) in white, and OTUs unclassified at the phylum level in gray. The class level divisions of proteobacterial OTUs are also indicated.
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FIGURE 2. Relative abundance of bacterial and archaeal 16S rRNA gene amplicon reads derived from samples representing different stages in the life cycle of the sponge Amphimedon queenslandica, seasonal seawater (SW) from the sponge native habitat at Shark Bay, and the coralline algae (CA) settlement substrate Mesophyllum sp. Abundances are shown at (A) phylum level, (B) class level within Proteobacteria, and (C) OTU level. In (A) and (B), common taxa (displaying ≥ 1% read abundance in at least one sample) are coloured. For the CA sample, OTUs matching cyanobacteria-like chloroplast DNA were removed before deriving relative abundance estimates. In (C), bacterial OTUs shown are those that displayed a relative abundance ≥ 5% in at least one sponge life cycle stage.



We recovered 12 bacterial OTUs with a relative abundance of 5% or greater in at least one sponge developmental stage; six of these (OTU 1, 4, 5, 6, 7, 13) were identified in several stages of the lifecycle (Figures 2C, 3A). Four of these six belong to three orders within the class Gammaproteobacteria (OTU 1, order Chromatiales; OTU 5 and 6, order Oceanospirillales, but see below; OTU 13, order Alteromonadales), while the remaining two belong to unknown orders of the Beta- and Delta-proteobacteria (OTU 4 and 7, respectively; Figure 3B). OTU 1 was by far the most abundant OTU in the A. queenslandica microbiome; it made up 63.5% of the total bacterial community across all stages of the lifecycle, and dominated the microbiome of all embryonic and larval stages (Figures 2C, 3A). Three other OTUs (OTU 4, 6, and 7) also were represented in every lifecycle stage except for the postlarval stage, and OTU 5 and 13 were detected in the majority of stages. Of the six major sponge OTUs, three were also detected in the seawater community but only in very low numbers and never in all seasons (OTU 1, 4, and 6); OTU 5, 7 and 13 were not detected at all in the seawater samples (Figure 3A; Table S1). In contrast, the three main OTUs in the seawater samples (OTU 3, 2, and 12 in order of abundance, assigned, respectively to the orders Alteromonadales, Rhodobacterales and Sphingomonadales) represent 11.8% of the total normalized dataset sequences, and 64.7% of the total seawater community, but are either absent or recovered at low abundance (<1%) in the sponge samples. OTU 2 is also abundant in the coralline algal sample (Figure 3A; Table S1).
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FIGURE 3. Heatmap depicting relative OTU abundance at (A) OTU level for the most abundant OTUs (relative abundance ≥5% within any sample), and (B) order level for all OTUs. The dominant sponge microbionts (relative abundance ≥5% within at least one developmental stage) are indicated in blue. Amongst these, the putative vertically-inherited symbionts (defined as being present in more than half of the developmental stages sampled) are indicated with an asterisk. The order with which each of the most abundant OTUs was affiliated by the program QIIME is indicated in (B). The color scale (0–0.8) indicates percent of total reads assigned to a particular bacterial OTU (panel A) or bacterial order (panel B).



Because OTU 1, 4, 5, 6, 7, and 13 were found generally throughout the sponge life cycle, but were barely, or not at all, detected in the seawater (Figures 2C, 3A), we consider them putative vertically-inherited bacterial symbionts. Together, they dominated the sponge microbiome through embryonic and larval development in the maternal brood chamber, and on into free-swimming larvae. However, the composition of the sponge bacterial community changed substantially in the postlarval 48 hpi sample, at which stage OTU 1 reduced to its lowest observed abundance and OTUs 4, 5, 6, 7, and 13 became undetectable (Figures 2C, 3A). Instead in this stage, we observed the numerical dominance of several other OTUs that were detectable only sporadically, or not at all, in earlier development stages (Figures 2, 3; Table S1). These include most predominantly OTU 16 [Proteobacteria (alpha), Caulobacterales] and OTU 19 (Firmicutes, Bacillales; Figures 2C, 3A), but also several others assigned to diverse orders within the Proteobacteria (see Figure 3, Table S1 for details). At least some of these appeared to be environmentally-derived from either the benthic settlement substrate (the coralline algae) or from the seawater, given their presence in one or more of those samples (Figures 3A,B; Table S1). There was a low level of retention of some of these horizontally-acquired bacteria into the adult stage, but generally the microbiome composition of the adult sponges again mirrored that observed in early development. Specifically, in adult sponges, OTU 1, 4, 5, 6, 7, and 13 were all again detected, and the first three together comprised 75% of the bacterial community (OTU 1, 30%; OTU 4, 30%; OTU 5, 15%; Figures 2C, 3A).

OTU 1 shows highest similarity (95%) to other Ectothiorodospiraceae bacteria within the order Chromatiales in the NCBI database. In our maximum-likelihood (ML) phylogenetic analyses, it forms a strongly-supported clade with other bacterial clones originating from other demosponges, within the family Ectothiorodospiraceae (Figure S2). OTU 4 also forms a well-supported clade with other uncultured demosponge-associated bacterial clones, which is quite divergent from other clades within the phylum Betaproteobacteria, and thus cannot be assigned at this time to any particular order (Figure S3). OTU 5 clusters with other clones derived from both marine and terrestrial environments in a clade within the genus Halomona (order Oceanospirillales; Figure S4). OTU 6 is a proteobacterium that shows highest similarity to other genera in the orders Chromatiales (94% identity) and Oceanospirillales representatives (88.3% identity) in the Greengenes and NCBI databases, while the closest match in the Greengene reference collection used by QIIME is an uncultured bacterium belonging to the Halomonadaceae family. Thus, it is identified as Oceanospirillales in the QIIME analyses reported above (Table S1; Figure 3B). Our ML phylogenetic analyses do not permit confident placement of this OTU, but they do suggest instead that it might belong to the order Chromatiales (Figure S2).

Electron Microscopy (EM) and Fluorescence In situ Hybridization (FISH) Reveal the Morphologies of the Most Dominant OTUs, and Changes in Their Abundance through the Life Cycle

Scanning electron microscopy (SEM) of the cell preparation used for the FISH experiment revealed that the dominant bacterial symbiont is characterized by a rod-shape morphology with a spiral membrane (Figure 4A). Using a fluorescent probe specific to OTU 1, in conjunction with 4′,6-diamidino-2-phenylindole (DAPI) as a counterstain, we confirmed that this Chromatiales bacterium was the morphotype that numerically dominated the microbe-enriched cell preparations obtained from adult A. queenslandica (Figures 4B,C). The same morphotype is clearly visible also in intact adult tissue prepared observed under SEM (Figure 5A).
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FIGURE 4. Fluorescent in situ hybridization (FISH) of the primary Amphimedon queenslandica symbiont (OTU 1) in microbe-enriched cell preparations from adult sponges. (A) SEM of the cell preparation used for the FISH experiments, showing the abundance of the OTU 1 bacterial morphology (false colored in red). Scale bar 5 μm. (B) FISH on bacterial-enriched cells using Cy3-labeled-OTU 1-specific probe (red; arrow), complemented by DAPI that labels all bacterial cells (blue; non-OTU 1-labeled cells, arrowhead). Scale bar 20 μm. (C) Negative control using reverse complement OTU 1-specific probe, with DAPI labeling all bacteria (blue). Scale bar 20 μm.
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FIGURE 5. Electron microscopy (EM) images of the two bacterial symbionts that are numerically the most dominant through all Amphimedon queenslandica life stages. (A) Scanning EM of adult tissue showing OTU 1 (arrow) and putative OTU 4 (arrowhead) morphotypes. Scale bar 1 μm. (B) Transmission EM section of juvenile tissue with OTU 1 shown in cross- and longitudinal-section between sponge cells (SC). The distinctive 9 equidistant “arms” of this bacterium are formed by the spiral cell wall and outer cell membrane. Scale bar 1 μm. (C) TEM section showing a direct comparison of the morphologies of OTU 1 and putative OTU 4; clearly visible are the acidocalcisome-like structures (ac) often found in OTU 1, situated toward the poles of the bacterium. Scale bar 1 μm.



The OTU 1 morphotype is also clearly distinguishable by transmission electron microscopy (TEM) in thin sections of A. queenslandica and was the most abundant morphotype observed in all stages sampled for EM; it was mostly observed extracellularly. The OTU 1 morphotype is up to 1.5–2 μm in length and 0.5–0.8 μm in diameter, and has a spiral envelope formed by the cytoplasmic membrane and the cell wall, which are 20 nm apart. This envelope seems to be coated in a glycol-protein membrane and equipped with longitudinal ridges, giving cross-sectioned bacteria the appearance of a 9-armed star (Figures 5B,C). These protuberances are uniform in height (50–80 nm from tip to valley) and arranged equidistantly around the bacterial cell. There is a continuous riboplasm throughout the intracytoplasmic membrane (0.8–1 μm long, 0.3–0.5 μm wide). The OTU 1 morphotype lacks any noticeable photosynthetic structures, flagella or pili, but pseudo-spherical, membrane-bound vacuoles are visible (Figures 5B,C). These resemble commonly-found bacterial organelles that contain elemental granules either of phosphorus, sulfur or polyhydroxybutyrate (Lawry et al., 1981; Robertson and Kuenen, 2006; Docampo et al., 2010).

We also frequently observed a second morphotype, albeit in lower abundance generally across the developmental stages than OTU 1. Based on its proportional abundance, we infer the second most common morphotype is likely to be OTU 4, the Betaproteobacteria of currently unknown order, although we do not yet have direct experimental evidence of this. Under SEM, the putative OTU 4 morphotype resembles a slightly curved pointed rod with small external ridges (Figure 5A). Under TEM, we observed that the putative OTU 4 morphotype is 1.3–2.7 μm long and 0.3–0.5 μm wide, with a slim curved intracellular membrane. In longitudinal-section, irregular 10–40 nm peaks give the cell envelope a ribbed appearance, and in cross-section, the cell membrane appears 10 nm wide and circular (Figure 5C). These betaproteobacteria have a uniform riboplasm visible in the high-pressure frozen larval samples, and 50–250 nm long fimbriae coating their cell wall (Figure 5C).

By using TEM on multiple ontogenetic stages of A. queenslandica, we were able to visually confirm the vertical inheritance of OTU 1, which our 16S rRNA gene amplicon sequencing data suggests comprises at least 60% of the microbiome in developing embryos (Figure 2C). Specifically, we observed maternal nurse cells (trophocytes) laden with these bacteria in the region of brood chambers immediately adjacent to early developing embryos (Figure 6A). Trophocytes were easily distinguishable from other sponge cells by the presence of lipid inclusions and yolk granules within their cytoplasm; they housed a moderate number of bacteria, usually 10–20 cells (Figure 6A). We also observed bacteria-laden trophocytes, either intact or in the process of rupturing and releasing their bacterial contents, in the extracellular space of cleavage-stage (white) embryos (Figure 6B), but never inside embryos of later developmental stages. In blastula-stage (brown) embryos, we observed OTU 1 morphotypes that were no longer associated with nurse cells, but were now freely and randomly distributed in the extracellular space of the embryos (Figure 6C). Phagocytes, containing a visually distinct Golgi apparatus and partially-digested bacteria, were also observed between the inner and outer embryonic follicle layer of blastulas (Figure 6D). This is the earliest stage of the life cycle in which we observed evidence of sponge cells phagocytosing the bacterial symbionts.
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FIGURE 6. Transmission electron microscopy images of Amphimedon queenslandica symbionts in multiple different life cycle stages that span cleavage-stage embryos to juveniles. (A) Bacterial symbionts in large pocket vesicles are transported into cleavage-stage (white) embryos by maternal nurse cells (arrowhead). Scale bar 5 μm. (B) Upon entering cleavage-stage embryos, the nurse cells rupture and release their bacterial cargo into the extracellular space. Scale bar 2 μm. (C) In blastula stage (brown) embryos, bacterial symbionts (arrow heads) are randomly distributed at low density through the extracellular space. Scale bar 2 μm. (D) In blastula stage (brown) embryos, between the inner and outer embryonic follicle layer, sponge cells were observed phagocytosing symbiont bacteria. Scale bar 2 μm. (E) By larval stages, individual symbionts are observed in highest density in the inner cell mass. Scale bar 2 μm. (F) During metamorphosis of larvae into postlarvae (shown at 48 h post-induction of metamorphosis), bacterial symbionts are predominantly observed toward the endosome, including often intracellularly, being phagocytosed by sponge cells. (G) In postlarvae by 48 hpi, a collagen- and spongin-rich layer has been excreted to adhere the postlarva to the settlement substrate. Through this extracellular spongin- and collagen-rich basal layer (outlined by dashed white line), foreign bacteria (orange arrowheads; orange circle) enter the sponge body from the environment. The most basal edge of the postlarva, where it has been detached from the substrate, is the lower dashed line of the image. Scale bar (A–F), 2 μm; (G), 5 μm. Yolk masses (yo), nurse cells (nc), inner follicle (i-fo) and outer follicle (o-fo) membrane, cilia (ci), and intracellular bacteria (ib) in sponge vesicles.



Although active transport of symbionts by maternal cells into the sponge embryos appeared to occur only up to blastula stage, and some phagocytosis was observed from this time on, the abundance of the OTU 1 morphotype remained high through the rest of embryogenesis, with small clusters consistently found between sponge cells throughout the embryo, particularly in the inner cell mass (ICM; not shown). Embryogenesis ends with mature larvae released from the brood chamber into the water column. By this stage, symbionts were observed in low abundance along the dense columnar epithelial cell (CEC) layer, and in much higher abundance throughout the ICM, in which they occurred unevenly in spaces between collagen fibers (Figure 6E). After larvae settled onto the benthic substrate and began metamorphosis (48 hpi postlarvae), we observed these vertically-inherited core bacterial symbionts predominantly toward the endosome; at this stage, we occasionally observed these core symbionts intracellularly, which we interpret as possible phagocytosis by sponge cells (Figure 6F). Also in the 48 hpi postlarvae, we observe previously-unseen bacterial morphotypes now present in the basal layer of the young sponge (Figure 6G), and spatially separated from the vertically-inherited bacteria in the endosome. At this stage, it is apparent that the basal pinacoderm has not yet grown across to seal the young sponge from the environment, and thus bacteria are able to move freely from the environment into the extracellular space in this spongin-containing layer. Our 16S rRNA gene amplicon results (see above and Figure 3, Table S1) suggest that these new bacterial types may be horizontally acquired from the coralline algae settlement substrate itself or, more often, from the surrounding seawater. Some of these appear to persist into adulthood (Figure 3, Table S1), while others become undetectable in adults either because they were only transiently present in postlarvae or because they persist into adulthood but at undetectable abundances.

Differential Expression Analysis of Sponge Genes Reveals Possible Candidates for Animal-Bacterial Interactions

To identify genes that may be involved in regulating microbiome assembly, we performed pairwise comparisons of normalized gene expression between successive sponge life cycle stages across the metamorphic transition that encompasses the dramatic shift in microbiome composition (i.e., larva to 48 hpi postlarva, and postlarva to adult). From this analysis, we identified 4480 genes that exhibited differential expression in one or more of these pairwise comparisons. As larvae settled and began metamorphosis into the postlarval sessile body plan, 1999 genes were significantly upregulated and 1620 were significantly downregulated (Table S3; Figure 7A). Maturation from the postlarval to the adult stage was accompanied by the significant upregulation of 978 genes and downregulation of 394 genes (Table S3; Figure 7A). To follow the expression trajectory of each gene across the three life cycle stages tested, we categorized the genes that showed a significant shift in expression into eight profiles (Cluster I–VIII; Table S3; Figure 7B). The expression of a large proportion of genes (69.4%) significantly changed during the larval to postlarval transition period but then remained constant in the adult stage (Cluster I and II). We recovered fewer differentially expressed genes (19.2%) across the transition from the postlarval to the adult stage (Cluster III and IV), while 11% genes displayed either a sustained or reversed expression profile across the successive life cycle stages tested (Cluster V–VIII; Table S3; Figure 7B). Based on Blast2GO annotations (Table S3), we identified among the differentially expressed genes (DEGs) several candidates worthy of future investigation. In particular, we discuss the 1689 Cluster I DEGs—those upregulated from free-swimming larvae to 48 hpi postlarvae—because we consider these especially likely to include genes involved in monitoring and regulating the microbiome around the time of the compositional shift. Accordingly, we focus on discussing those genes from Cluster I that have Blast2GO annotations suggesting putative functions in bacterial recognition and response. Future experimental validation of these potential candidates will require functional analyses that are beyond the scope of the current study.
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FIGURE 7. Differential gene expression across the metamorphic transition in Amphimedon queenslandica. (A) Number of genes that are differentially expressed across two major life cycle transitions (p < 0.05), whether upregulated (green) or downregulated (red). (B) Gene clusters (I–VIII) that share common expression profiles across the life cycle. The black line represents the average trend for each life cycle stage. The number in brackets indicates the number of genes recovered in each gene cluster.



The Cluster 1 gene list (Table S3) includes 14 genes containing ankyrin repeat domains (ANKs) of various types, and 24 genes containing tetratricopeptide repeats (TPRs); one of the latter (Aqu2.1.21073, a glycosyltransferase/tetratricopeptide repeat domain-containing protein) has been identified with high confidence as a gene horizontally transferred from bacteria into the A. queenslandica genome (Conaco et al., 2016). The next most abundant genes families of interest are 19 Deleted in Malignant Brain Tumor 1 (DMBT1) genes, each of which contain scavenger receptor cysteine-rich (SRCR) domains (Rosenstiel et al., 2007), followed by six each of tnf receptor-associated factor (TRAF) genes with putative roles in activation of the immune response (Wiens and Glenney, 2011), and tripartite motif-containing protein family (TRIM) genes that are hypothetically involved in pathogen recognition and host defense (Ozato et al., 2008). We also identified several single genes with putative functions of interest, including an AIG1 family protein, an anthrax toxin receptor 2 gene, a gram-negative bacteria binding protein, and a macrophage mannose receptor 1-like gene (Hibino et al., 2006). Interestingly, the Cluster 1 list also includes several genes involved in autophagy (e.g., cdgsh iron-sulfur domain-containing protein and autophagy-related proteins; Virgin and Levine, 2009), as well as several kinds of extracellular matrix proteins, such as fibropellins, genes involved in modulation of cell shape and migration, such as filamins and Rho GTPase-activating proteins, and genes encoding transmembrane receptors that bridge cell-extracellular matrix, such as integrins (Hook et al., 1990).

To search for gene families that were overrepresented in the clusters of DEGs, we performed both a GO annotation enrichment analysis (Table S4A) and a PFAM domain enrichment analysis (Table S4B) on each gene cluster. Among genes that showed a sustained upregulation between the successive stages (Cluster V), notable is a significant enrichment of scavenger receptor-type genes. Despite identifying many genes containing either ANK repeat or TPR domains among multiple clusters, we did not find a significant enrichment of either domain in any particular cluster (Table S4).

We were interested in specifically identifying genes in the A. queenslandica genome that are putatively derived from horizontal gene transfer (HGT; Conaco et al., 2016) and significantly upregulated from the larval to the postlarval stage. Among these, we recovered several associated with hydrolase activity, oxidoreductase activity, carbohydrate metabolism and glycogenesis activity (Table S3). We also note that HGTs significantly upregulated in the postlarval to adult stage included those annotated as metalloproteases (e.g., Aspzincin-like peptidase m35, extracellular protease), glycogenesis, hydrolase and sulfatase activity, while those encoding extracellular proteases and metalloproteases showed a sustained upregulation across all three of the successive stages. Several of these horizontally-transferred genes contained domains that were recovered in our GO and PFAM enrichment analyses (Table S4).

DISCUSSION

Amphimedon queenslandica Adults House a Low Complexity Microbiome Dominated by a Small Number of Proteobacterial OTUs Whose Closest Relatives Are Other Sponge Symbionts

As measured by the number of distinct OTUs identified by 16S rRNA gene amplicon sequencing, A. queenslandica supports a microbiome of low complexity. We recovered a total of 169 OTUs for the combined sponge samples, and just 72 OTUs in adults alone, which is toward the lower end of the range (50–3820) currently known from adult marine sponge microbiomes (Thomas et al., 2016). We do note, however, that our study had relatively low sequencing depth, which could have compromised the recovery of rarer OTUs. Of the OTUs associated with A. queenslandica, 56 appear to be sponge-enriched in that they are not also found in the surrounding seawater. Consistent with observations in other sponge taxa (Thomas et al., 2016 and references therein), the A. queenslandica microbiome is heavily dominated by the phylum Proteobacteria, distantly followed by Bacteroidetes and Firmicutes, and complemented by at least 9 other phyla. We found no evidence of phyla that are typical of many other sponges (Simister et al., 2012; Thomas et al., 2016), such as Chloroflexi and Acidobacteria. The proteobacterial OTUs are dominated in adult A. queenslandica by classes Beta- and Gamma-proteobacteria, as observed in several species of low microbial abundance (LMA) sponge (Hentschel et al., 2003; Giles et al., 2012), rather than the more generally observed dominance by Gamma- and Alpha-classes (Thomas et al., 2016). Together, these observations indicate that A. queenslandica is appropriately considered as a LMA sponge species, as has been reported for congeners (Gloeckner et al., 2014; Poppell et al., 2014).

Indeed, at least 75% of the adult microbiome is comprised of just three OTUs. Two of these (OTU 1, 4) phylogenetically cluster into clades formed by sponge-derived sequences, as commonly observed for core sponge symbionts (Erwin and Thacker, 2008; Simister et al., 2012; Taylor et al., 2013; Thomas et al., 2016). Based on our phylogenetic analyses, OTU 1 is a gammaproteobacterium in the order Chromatiales (Family Ectothiorhodospiraceae) and clusters with other uncultivated clones found in both LMA and HMA sponges, including a chemoautotrophic sulfur-oxidizing bacterium associated with the demosponge Haliclona cymaeformis (Tian et al., 2014). We used FISH with an OTU 1-specific probe to confirm that the very distinctive 9-armed rod-shape bacterium clearly visible in all stages of the life cycle is most likely this Chromatiales bacterium, which morphologically resembles that reported from larvae of another demosponge, Haliclona (Gellius) caerulea (Maldonado, 2007). Its unusual star-shaped morphology may provide it with an increased surface area to volume ratio, and thus a possible advantage over competitors for nutrient acquisition (Wanger et al., 2008). The OTU 1 morphotype lacks photosynthetic structures, but does contain globules inside the cell membrane, which we hypothesize to be sulfur, consistent with it belonging to the purple-sulfur bacteria. Chemoautotrophic Chromatiales are found relatively frequently in association with marine sponge species, implying that they play an important functional role in the partnership. The second most abundant symbiont, OTU 4, is a betaproteobacterium that is quite divergent from known orders within that phylum, and thus cannot be assigned to a lower taxonomic level at this time. In a companion paper (Gauthier et al., 2016), we report the draft genomes for these two OTUs, which we name therein as AqS1 (OTU 1; A. queenslandica Symbiont 1) and AqS2 (OTU 4), and discuss their potential functional contributions to extending the metabolic capabilities of the A. queenslandica holobiont. Here, we confine our discussion to the dynamic contribution of these OTUs to the microbiome in different stages of the sponge life cycle.

Together, OTUs 1 and 4 comprise the majority of the adult microbiome, proportionally at least 30% each according to our 16S rRNA gene amplicon data, although EM observations suggest that OTU 1 in particular may be even higher. In SEM of adult sponges, we see irregular distribution of two common morphotypes, either aggregating near choanocytes or distributed randomly and sparsely throughout brood chamber, mesohyl tissue, and aquiferous system. We have personally examined hundreds of A. queenslandica adults from Heron Island Reef across multiple years, and have observed these two putative OTU 1 and 4 morphotypes in every single healthy individual. We consider both to be core members of the A. queenslandica microbiome, as defined by Thomas et al. (2016) as an OTU present in at least 85% of the replicates for a single host species. A third bacterium, OTU 5, which is a gammaproteobacterium in the order Oceanospirillales, comprises another 15% of the adult microbiome as indicated by the 16S rRNA gene amplicon sequencing, but this translates to a low enough abundance that we rarely encounter it by electron microscopy. Species with such low complexity adult microbiomes dominated by just a few proteobacterial species, as reported for a handful of other sponge species (Giles et al., 2012; Blanquer et al., 2013; Croué et al., 2013), can be considered as very tractable models for studying sponge-bacteria interactions. In A. queenslandica, this value is further enhanced by the availability of draft genomes for both the sponge host (Srivastava et al., 2010) and two of the core bacterial symbionts (Gauthier et al., 2016).

Several OTUs Are Present Throughout the Life Cycle, and There is Evidence for Both Vertical Inheritance and Phagocytosis of Core Symbionts during Development of This LMA Sponge

In A. queenslandica, both our EM and 16S rRNA gene data unequivocally revealed the presence of several OTUs in all developmental stages. Together with OTUs 1, 4, and 5, three other proteobacterial OTUs had a relative abundance of 5% or greater in at least one sponge developmental sample (OTU 6, 7, 13). All six were identified in several stages of the lifecycle but were barely, or not at all, detected in the seawater. We thus consider these six OTUs to be putative vertically-inherited core bacterial symbionts. These findings contrast those of Schmitt et al. (2008), who reported the reproductive stages of LMA sponges to generally be bacteria-free, although core symbionts have been observed at least in larvae of the LMA sponge Crambe crambe (Croué et al., 2013), and certainly vertical inheritance is commonplace in HMA sponges (Schmitt:2008bm; Enticknap et al., 2006; see for example Ereskovsky et al., 2005; Maldonado, 2007; Schmitt et al., 2007, 2008; Sharp et al., 2007; Steger et al., 2008; Lee et al., 2009; Webster et al., 2010; Gloeckner et al., 2012).

OTU 1 is by far the most abundant in the A. queenslandica microbiome, alone comprising more than 60% of the total bacterial community in all embryonic and larval stages that we assessed by 16S rRNA gene amplicon sequencing. We directly observe its vertical inheritance in very early development, and its apparent phagocytosis by sponge cells in blastula stage embryos and then throughout the remainder of development in the brood chamber. Despite the phagocytosis, abundance of the OTU 1 morphotype increases substantially from embryonic to larval stages, and we continue to see evidence of phagocytosis in the free-swimming larvae. Other studies have also reported phagocytosis of symbionts during the larval stage, and the use of symbiotic bacteria as a nutrition source in the non-feeding sponge larva has been suggested to contribute to lengthening the planktonic phase or even to increasing settlement success of competent larvae (Ereskovsky and Tokina, 2004; de Caralt et al., 2007). In the context of the latter proposition, it is interesting that, in A. queenslandica, OTU 1 constitutes as much as 85% of the total microbiome of larvae that have developmentally matured such that they are competent to settle. Notably, OTU 1 is at its highest proportion of the microbiome at this competent larva stage, while proportion of the other vertically-inherited symbionts remains unchanged, or even decreases. We hypothesize that OTU 1 may have a critical functional role in facilitating larval settlement and metamorphosis, by supplying the amino acid L-arginine required for the sponge larvae to produce the gaseous signaling molecule, nitric oxide (NO), via nitric oxide synthase. We have shown that NO is required by these larvae to successfully settle and metamorphose (Ueda et al., in press), but its production requires the presence of L-arginine as a substrate. A. queenslandica itself is unable to synthesize this amino acid, but OTU 1 can do so (Gauthier et al., 2016).

The Composition of the Core Microbiome is Stable through the Life Cycle, Except for a Dramatic Shift at the Time of Larval Settlement and Metamorphosis

Abundance estimates based on 16S rRNA gene amplicon sequencing at phylum, class and OTU level, as well as the richness and diversity indices, all indicate that the A. queenslandica microbiome is relatively stable throughout much of the life cycle. The six, putative vertically-inherited symbionts (OTUs 1, 4, 5, 6, 7, and 13) together dominate the sponge microbiome through embryonic and larval development in the maternal brood chamber, and on into free-swimming larvae. However, there is a substantial re-organization of the bacterial community composition within the first 48 h after larvae settle onto the benthos and initiate metamorphosis into the sessile body plan. In particular, the proportional abundance of OTUs 1 and 4, otherwise so dominant in all developmental stages, has declined dramatically in 48 h post-induction (hpi) postlarvae. At this time, OTU 1 was reduced to by far its lowest abundance (<10%) and OTUs 4, 5, 6, 7, and 13 were undetectable at the sequencing depth applied in this study. Instead, in 48 hpi larvae, we observed the emergent dominance of several other OTUs that were barely, or not at all, detectable in earlier development stages. Indeed, even the relative abundance of Proteobacteria dropped below 90% only in the 48 hpi postlarval sample, at which stage other phyla (Actinobacteria, Bacteroidetes, and Firmicutes) became more prominent than observed at any other stage of the life cycle. As a result, we saw the highest species richness and diversity in the postlarval stage of the sponge ontogeny.

We propose that two distinct factors contribute to this shift in microbiome composition. First, we continue to observe phagocytosis particularly of the OTU 1 morphotype during these transitional stages, such that its decline might be caused at least in part by its increased use as a source of nutrition by the early postlarval sponge that cannot yet filter feed. It is unclear whether the sponge preferentially ingests the OTU 1 morphotype over all others, or whether we simply are more likely to observe this morphotype being phagocytosed because it remains the single most abundant morphotype even though its proportional abundance has declined at this stage. At 48 hpi, the aquiferous system composed of canals lined by choanocytes and endopinacocytes is clearly developing, but there is no osculum and thus there is not yet a flow-through water current for filter feeding (Degnan et al., 2015). The aquiferous system required for feeding does not fully develop until 3–5 days post-settlement, and we observe the major microbiome shift through the first 48 h post-settlement. Second, at least some of the novel OTUs that appeared at this stage—having not being detected in earlier developmental stages—seem to be environmentally-derived from either the benthic settlement substrate (the coralline algae) or from the seawater, based on their presence in one or more of those samples. This raises interesting questions as to whether the exact composition of the post-larval microbiome may vary according to the specific settlement site chosen by individual larvae. We currently are investigating this question in more detail, in a higher temporal resolution analysis of the composition of both vertically- and horizontally-acquired bacterial communities, from the time of larval settlement through metamorphosis and establishment of the feeding juvenile body plan.

The influence of specific settlement substrate may be particularly important because we saw a low level retention of some horizontally-acquired bacteria into the adult stage, although generally the microbiome composition of the adult sponges again mirrored that observed in early development. Specifically, in adult sponges, all six of the vertically-inherited core symbionts were again detected, with OTUs 1, 4, and 5 together comprising 75% of the bacterial community. It is worth noting that 16S rRNA gene sequences specific to four of these symbionts were identified in seawater samples taken from the sponge habitat, albeit in very low abundance. This suggests that horizontal acquisition of microbes present in the surrounding environment as inactive dispersal stages could complement vertical transmission. These could thus act as “seed banks,” permitting juveniles and adults to recover symbionts that might have been lost during their life cycle, and thus help to ensure their persistence, as has been proposed elsewhere (Schmitt et al., 2008; Webster et al., 2010; Gloeckner et al., 2013; Taylor et al., 2013).

This is, to the best of our knowledge, the first report of microbiome composition through multiple different stages of a sponge life cycle, including across the metamorphic transition. The singular upheaval that we observe when postlarvae take up novel OTUs from their settlement environment, followed by a recovery to a long-term stable adult state, strongly supports the existence of mechanisms for specific selection and persistence of suitable, core partners in a high-fidelity symbiosis (McFall-Ngai et al., 2013; Douglas, 2014). The identity of the selection mechanisms at both molecular and cellular levels, and the relative roles of the various partners in making the selections and maintaining the homeostasis, both remain to be determined, but we propose that the A. queenslandica holobiont can provide a valuable model system for such investigations.

Differential Expression Analysis of Sponge Genes Indicates Some Potential Players in the Molecular Crosstalk between Host and Symbionts

In particular, this naturally-occurring perturbation of the microbiome through settlement and metamorphosis can be exploited as a means to identify specific genes that might be involved in mediating animal-bacterial interactions, including both symbiont and opportunistic bacteria. Many of the genes differentially expressed across this life cycle transition will be associated with the extensive morphological, ecological, and physiological changes that constitute metamorphosis of the sponge body plan, rather than specifically with sponge-bacterial interactions. We thus used Blast2GO annotations of differentially expressed genes (DEGs) to search for candidates that, based on their demonstrated function in other organisms, could be involved in animal-bacterial crosstalk. To identify candidates particularly worthy of further investigation, we focus here on those identified in Cluster I—genes significantly upregulated from free-swimming larvae to 48 hpi postlarvae—because we consider these especially likely to include genes involved in monitoring and regulating the microbiome around the time of the compositional shift revealed by our 16S rRNA gene amplicon sequencing and EM data.

It is of particular interest that the Cluster I gene list includes multiple genes containing ankyrin repeat domains (ANKs; 14 genes) or tetratricopeptide repeats (TPRs; 24 genes), although neither showed significant GO or PFAM domain enrichment in any cluster. Both ANKs and TPRs mediate protein-protein interactions and are known as eukaryote-like proteins (ELPs), in reference to their identification first in eukaryote genomes, but more recently also in many prokaryote genomes. TPR-containing proteins are known to play critical roles as bacterial virulence factors (Cerveny et al., 2013), and their presence in the genome of a sponge Pseudovibrio sp. symbiont has been postulated to aid in attachment to the eukaryotic host and in avoidance of the host's immune response (Alex and Antunes, 2015). ANK-repeat proteins (ARPs) have been identified in abundance in the genomes of multiple sponge-associated bacteria (Liu et al., 2010; Thomas et al., 2010; Siegl et al., 2011; Fan et al., 2012; Hentschel et al., 2012; Tian et al., 2014; Alex and Antunes, 2015; Burgsdorf et al., 2015b; Britstein et al., 2016), including in the most dominant core symbiont of A. queenslandica, OTU 1, although not in OTU 4 (Gauthier et al., 2016). ARPs from bacterial symbionts have been experimentally shown to influence sponge-bacterial interactions, specifically via interfering with phagocytosis as a possible mechanism to escape digestion in a sponge host (Nguyen et al., 2014). Together, these findings lead us to suggest that the ANK- and TPR-containing proteins upregulated in Cluster 1 might well be important in mediating sponge-bacterial crosstalk through larval settlement and metamorphosis because they could directly interact with symbiont proteins containing the same domains. It is further notable that one of the Cluster I genes encoding a TPR has been putatively identified as a gene horizontally transferred from bacteria into the A. queenslandica genome (Conaco et al., 2016).

Among these genes differentially upregulated from pelagic larvae to settled 48 hpi postlarvae, and then through to maturation into a filter-feeding adult (Cluster I), we also identified several genes belonging to each of three families that include genes with demonstrated roles in innate immunity in other animals. Innate immune genes are of interest because of their hypothesized roles in invertebrates in establishing and maintaining bacterial symbiont communities (Nyholm and Graf, 2012). As discussed above, both our histological data and that of other studies report that phagocytosis of symbionts can occur at least during the larval stage in some sponge species (Ereskovsky and Tokina, 2004; de Caralt et al., 2007). It is unknown whether this occurs because larvae do not yet possess a well-developed immune system to select for or against specific types of bacteria, or because the bacteria themselves lack mechanisms to evade detection and consumption. The fact that phagocytosis of the dominant bacterial symbiont is not observed in Amphimedon adults gives some support to the former, although it could also be that the presence of ARPs in the genome of this symbiont (OTU 1; see Gauthier et al., 2016) protects it from detection. Our transcriptome data further suggests that the larvae might lack means to differentiate between generic microbes and symbionts because it is only as larvae metamorphose into the benthic, sessile body plan that we see the upregulation of several genes expected to equip postlarval and adult individuals with the means to mediate microbial recognition and removal of invaders, as discussed below.

First, we found 19 genes containing Scavenger Receptor Cysteine-Rich (SRCR) domains, which constitute a group of conserved receptors whose function is associated with non-self-recognition (Buckley and Rast, 2015). Scavenger receptor type genes also were enriched in our GO and PFAM domain analyses in Cluster V, which comprises genes that show sustained upregulation from larvae to postlarvae to adults. Significant expansions of multi-domain SRCR gene families have occurred in sea urchins, some of which were upregulated in response to immune challenge (Pancer, 2000, 2001; Hibino et al., 2006; Rast et al., 2006). An expanded repertoire of SRCR domain-containing proteins is also encoded by the A. queenslandica genome (Srivastava et al., 2010), and these include conserved pattern recognition receptors that could interact directly with bacterial-derived signals (Hentschel et al., 2012). Evidence for the involvement of SRCR domain-containing proteins in immunity in poriferans includes the expression of membrane-associated SRCR proteins on spherule cells that appear to be involved in cell aggregation in Geodia cydonium (Blumbach et al., 1998). Perhaps even more compelling, an SRCR domain-containing protein is highly upregulated when the sponge Petrosia ficiformis is colonized by symbiotic cyanobacteria (Steindler et al., 2007), and the LMA sponge S. carteri very interestingly has an expanded complement of SRCR-like domains compared to the HMA sponge X. testudinaria (Ryu et al., 2016). Notably, the SRCR factors upregulated in A. queenslandica postlarvae are composed of SRCR repeats that show structural similarity to those of vertebrate DMBT1, which binds directly to bacterial proteins and is linked with immune-related NLR and TLR signaling (Rosenstiel et al., 2007). These multiple lines of evidence from divergent phyla suggest that SRCR proteins could play critical roles in host-microbiome interactions.

Two further immune gene families for which we identify multiple DEG Cluster I genes are the Tnf Receptor-Associated Factor (TRAF) family (6 DEGs), with putative roles in cytokine signaling and activation of the immune response to stress (Arch et al., 1998), and tripartite motif-containing protein family (TRIM) genes (6 DEGs) that are hypothetically involved in pathogen recognition and host defense (Ozato et al., 2008). We also identified several single genes with putative functions of interest, including an AIG1 family protein, orthologs of which confer resistance to bacteria in plants, an anthrax toxin receptor 2 gene, a gram-negative bacteria binding protein that is hypothesized to function as a pattern recognition receptor for LPS from gram-negative bacteria, and a macrophage mannose receptor 1-like that may act as a phagocytic receptor for bacteria (Christophides et al., 2002). Interestingly, the Cluster 1 list also includes several genes involved in autophagy (e.g., cdgsh iron-sulfur domain-containing protein and autophagy-related proteins), which is often upscaled during times of cellular stress (Kroemer et al., 2010).

Not surprisingly, given the major cellular-level body plan reorganization occurring at this time in the sponge life cycle (Degnan et al., 2015), we also see in Cluster 1 the upregulation of: (i) several kinds of extracellular matrix proteins, such as fibropellins; (ii) genes involved in modulation of cell shape and migration, such as filamins and Rho GTPase-activating proteins; and (iii) genes encoding transmembrane receptors that bridge cell-extracellular matrix, such as integrins. These are of interest because a stable symbiosis relies at least in part on the hosts' ability to maintain a suitable abundance and distribution of chosen partners throughout its life cycle (Bright and Bulgheresi, 2010; Douglas, 2014). One way in which animal hosts appear to control their symbiont abundance is by restricting the habitat available to them (Davy et al., 2012; Douglas, 2014), and the substantial cell-level reorganization in postlarvae could provide a means to achieve this.

The A. queenslandica genome encodes other genes whose transcriptional upregulation is expected to help the host recognize and/or respond to diverse bacteria that themselves may have genome-encoded means to shape a host immune system and thus its microbiota (Comstock and Kasper, 2006). In particular, the expression of various catabolic enzymes increases either at the larva to 48 hpi postlarva, or postlarva to adult, transition. These include sulfuric ester hydrolases (e.g., iduronate 2-sulfatase, arylsulfatase) and fucosidases (e.g., alpha-L-fucosidase) that play a role in the break down of glycoproteins, glycolipids, and sulfated molecules, all recognized components of at least some bacteria, as well as cysteine-type endopeptidases (e.g., cathepsins) that degrade proteins. Another upregulated catabolytic enzyme, which is associated with hydrolase activity, is a gram-negative bacteria binding protein that shows most similarity to a protein that displayed (1,3)-beta-d-glucan recognition in Suberites domuncula (Perovic-Ottstadt et al., 2004). Together with other upregulated polysaccharide binding molecules (e.g., jacalin lectin family protein, novel protein vertebrate galectin, macrophage mannose receptor 1-like), these could equip the postlarval sponge with means to recognize both wanted and unwanted microbes, and act accordingly.

Among putatively horizontally-transferred genes in the A. queenslandica (Conaco et al., 2016) that show significant upregulation from larvae to postlarvae, we identified several associated with hydrolase activity, oxidoreductase activity, carbohydrate metabolism and glycogenesis activity; some of these have putative functions in breaking down cellulose, which is interesting given their upregulation at the time that non-feeding larvae, and subsequently postlarvae, are settling and reorganizing their body plan on coralline algae substrates. We also note that HGTs significantly upregulated later, from the 48 hpi postlarval to adult stage, included those annotated as metalloproteases (e.g., Aspzincin-like peptidase m35, extracellular protease), glycogenesis, hydrolase and sulfatase activity, while those encoding extracellular proteases and metalloproteases showed a sustained upregulation across all three of the successive stages. This presence of these HGTs among our potential candidates for animal-bacterial crosstalk raises the possibility that host-bacterial associations in the evolutionary past may help to regulate host-bacterial associations in the ecological present (Degnan, 2014) and calls for molecular biological and experimental approaches to help determine the specific functions of these genes in the A. queenslandica holobiont.

CONCLUSIONS AND FUTURE DIRECTIONS

Vertically-inherited symbionts have the potential to affect their hosts during all developmental stages, and their contributions to the ecology and fitness of the host may vary across the life cycle (Yule et al., 2013). The discovery in A. queenslandica of distinct life cycle stages with distinct microbiome compositions provides a framework for a demographic approach that quantifies the effects of symbionts on growth, survival, and even stage-specific behaviors, to characterize the ecological dynamics of symbioses across the host ontogeny. Despite the fidelity and stability that is expected to accompany vertical transmission of core symbionts, we observe an influx of potentially opportunistic bacteria at larval settlement, followed by a return to a more stable state that is accompanied by increased activity of genes encoding immune recognition and response proteins and lysosomal enzymes. Animal hosts may regulate their symbionts via this kind of genome-encoded molecular crosstalk, by restricting habitat space available to symbionts, and perhaps also by restricting rates of symbiont proliferation to match host demand for symbiotic services (Davy et al., 2012; Douglas, 2014). The perturbation of the microbiome that we observe immediately following larval settlement provides a natural experimental system, without need for artificial manipulation, to investigate host-symbiont interactions in regulating microbiome composition and stability. It also provides a means to address whether the specific nature of a larval settlement sites influences microbiome composition, and, if so, are there consequences of this for local adaptation of the holobiont.
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hpi, hours post-industion; SW, seawater. % OTUs recovered, the proportion of OTUs
Sontifod in the non-rarified dataset that were recovered in the ranfied datasef.
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White embryo 1467 61
Brown embryo 2014 57
Spot embryo 1281 39
Ring embryo 1068 40
Pre-competent larvae 804 36
Competent larvae 5896 70
Postlarvae 48 hpi 1030 70
Adut 1013 72
Sponge microbiota total 14,573 169
SW Jan 6194 258
SW May 3994 248
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SW microbiota total 15,852 364
cA 220 31
Grand total 30,520 422
Sponge-speciic micrabiota 1975 56
SW-specific microbiota 4141 251
Microbiota shared between SW and sponge 24,309 13

Total values in bold refer to the summed reads and unique OTUs. Values are reported only
for OTUs for wihich atleast § readis were recovered across samples. We combined the 16
rRA gene sequence reads derived from the separate non-arefied normaiized sponge
developmental datasets and seawater seasonal datases, respectively, to estimate OTU
overlap between these sources. SW, seawater; CA, coraline algae Mesophyllum sp.
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