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Sponges With Microbial Symbionts Transform Dissolved Organic Matter and Take Up Organohalides
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Seawater dissolved organic matter (DOM) is a large reservoir of carbon composed of a complex and poorly characterized mixture of molecules. Sponges have long been known to consume dissolved organic carbon (DOC) from this mixture, but the role of microbial sponge symbionts in this process is complex, and the molecules involved remain largely unknown. In order to better understand how sponge processing changes seawater DOM, we used untargeted metabolomics to characterize DOM in samples of incurrent and excurrent seawater taken from sponges on the fore-reef off Carrie Bow Cay, Belize, over 2 years. We collected samples from three sponge species each with either high or low microbial abundance (HMA, LMA) to explore the relationship between symbiont abundance and DOM alterations. Analyses revealed that sponges took up metabolites and changed the composition of seawater DOM, but only for the three HMA species, and none of the LMA species, implicating microbial symbionts in this uptake. Using a new mass spectra classification tool, we found that putative compositions of features depleted in the excurrent samples of HMA sponges were similar in both years and were dominated by organic acids and derivatives (74%) and organic nitrogen compounds (19%). Interestingly, HMA sponges also took up halogenated compounds (containing chlorine or bromine), providing evidence of a previously unknown mechanism of halide cycling. The metabolites taken up by HMA sponges may be used as a food source or as building blocks of chemical defenses, selective advantages that may have guided the evolution of microbial symbioses in sponges.
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1. INTRODUCTION

Sponges are important members of most aquatic habitats, ranging from the tropics to the polar seas, and from the intertidal zone to the deep-sea (Wörheide et al., 2005). On Caribbean coral reefs, the success of these ancient animals is evident in the abundance and diversity of sponge species occupying the benthos (Loh and Pawlik, 2014). There is increasing evidence that current conditions on many Caribbean reefs are favoring the spread of sponges, as reefs that were once dominated by reef-building corals are now degraded by the ongoing effects of climate change, diseases, and overfishing (Gardner et al., 2003; Bell et al., 2013; Loh et al., 2015; Gochfeld et al., 2020). On the fore-reef of the Florida Keys reef tract, for example, populations of the giant barrel sponge Xestospongia muta more than doubled in size and increased in biomass by 39% between 2000 and 2012 (McMurray et al., 2015). Massive sponges such as X. muta are efficient filter feeders capable of overturning a 30 m water column in as little as 2.3 days (McMurray et al., 2014). As they pump seawater through their aquiferous system, sponges assimilate dietary carbon in forms ranging in size from particulate to dissolved. Some sponges acquire most of their dietary carbon from the dissolved fraction of organic carbon (DOC), including Xestospongia spp., for which DOC can comprise 60–96% of total organic carbon uptake (Yahel et al., 2003; McMurray et al., 2016; Hoer et al., 2018; Wooster et al., 2019). Efforts to quantify and isotopically trace the DOC taken up by sponges have revealed the biogeochemical importance of this group and have inspired novel hypotheses, such as the “sponge loop,” which proposes that sponges retain carbon on coral reefs by converting carbon from DOC to forms such as particulate detritus or biomass that are accessible to higher trophic levels (de Goeij et al., 2013; McMurray et al., 2018).

The DOC assimilated by sponges is part of the pool of dissolved organic matter (DOM), the largest reservoir of carbon in the ocean (~600 Gt C) that is made up of a complex mixture of molecules present at vanishingly small concentrations (Carlson and Hansell, 2015; Moran et al., 2016). An estimated 60–70% of DOM has been characterized at least to the level of functional groups (Repeta, 2015), but only about 1% of DOM can be matched to spectral libraries (Petras et al., 2017). Liquid chromatography-mass spectrometry (LC-MS)-based untargeted metabolomics analyses are commonly used for molecular characterization of DOM, and ongoing improvements in extraction methods, LC-MS instrument mass resolution, and data analysis workflows are advancing our understanding of the composition and dynamics of DOM (Dittmar et al., 2008; Kido Soule et al., 2015; Longnecker et al., 2015). There are limits to the isolation and characterization of DOM due to imperfect extraction efficiencies and chromatographic biases inherent to LC-MS, but this technique is uniquely able to resolve single metabolites across the breadth of DOM (Petras et al., 2017). One recent study used LC-MS to characterize DOM in seawater before and after processing by sponges, and it concluded that exhalant seawater had a unique composition of DOM which may act as a signature of sponge processing (Fiore et al., 2017). Studies using stable isotopes have shown that sponges prefer to take up locally-produced DOC over oceanic DOC (van Duyl et al., 2011), supporting the role of sponges as recyclers of carbon produced as DOC by benthic primary producers (Haas et al., 2011; Nelson et al., 2013; Brocke et al., 2015). Sponges may also prefer to take up algae-derived DOC over coral-derived DOC, where the former is produced in large quantities and enriched in neutral sugars, while the latter is produced mostly as colloidal mucus and enriched in proteins and lipids (Rix et al., 2017). Studies exploring sponge alteration of DOM on a molecular level (Fiore et al., 2017) and preferred DOC food sources (van Duyl et al., 2011; Rix et al., 2017) converge on the goal to know both the chemical identities and sources of DOM taken up by sponges, and these insights will be important for predicting how carbon cycles on coral reefs will respond to ongoing shifts in benthic community structure.

Sponge species are categorized as either high or low microbial abundance (HMA, LMA), depending on the density of symbiotic microbes inhabiting their mesohyl tissues (Gloeckner et al., 2014). HMA sponges contain more abundant (by 2–4 orders of magnitude) and more diverse microbial symbionts compared to LMA sponges, and sponge microbiomes are species-specific and stable across seasons and geographic regions (Hentschel et al., 2003; Taylor et al., 2007; Erwin et al., 2012; Pita et al., 2013; Moitinho-Silva et al., 2017). The putative metabolic functions of sponge symbionts include nitrogen cycling, CO2 fixation, and production of secondary metabolites (Taylor et al., 2007; Fan et al., 2012; de Goeij et al., 2013; Thomas et al., 2016). Sponge symbionts have also been implicated in DOC uptake since Reiswig's pioneering studies of sponge nutrition which linked DOC uptake to the presence of microbial symbionts in the HMA sponge host, in contrast to LMA sponges that primarily fed on particles (Reiswig, 1974). This early evidence that DOC uptake is exclusive to HMA species (and is therefore likely microbially-mediated) has since been contradicted by some reports of DOC uptake by LMA sponges (de Goeij et al., 2008; Mueller et al., 2014; Morganti et al., 2017; Rix et al., 2020), but corroborated by other reports of DOC uptake by HMA but not LMA species (Hoer et al., 2018; McMurray et al., 2018; Freeman et al., 2020), stimulating ongoing debate over which, between sponge host and symbiont, takes up DOC. Together, the sponge host and its associated microbes form a holobiont that functions like an ecosystem nested within and able to influence the surrounding reef system (Pita et al., 2018). This, plus the general grouping of sponge species as either HMA or LMA, makes the sponge holobiont a useful model for better understanding the relationship between microbial diversity, metabolic patterns, and biogeochemical cycles (DeLong, 2009); experiments spanning HMA and LMA species can decouple the effect of host and symbionts and reveal how microbiomes influence ecological and biogeochemical processes (e.g., DOC uptake and carbon recycling).

In this study, we used LC-MS to analyze seawater going into (incurrent, or In) and coming out of (excurrent, or Ex) individual sponges on the fore-reef off Carrie Bow Cay, Belize, to characterize and compare seawater DOM before and after processing by three HMA and three LMA sponge species. We sought to answer the following questions: Does the processing of seawater by sponges change the chemical composition of DOM? Are changes to DOM dependent on the abundance of microbial symbionts in the host sponge? Is uptake or production more important for driving changes to DOM? Of the compounds taken up by sponges, are there chemical or structural characteristics that may inform the origin of these compounds or how they are used by the sponge?



2. MATERIALS AND METHODS


2.1. Experimental Design

Seawater going into (incurrent) and coming out of (excurrent) individual tube- and vase-shaped sponges was collected and analyzed by liquid chromatography-mass spectrometry (LC-MS) to characterize changes in seawater dissolved organic matter (DOM). Samples were collected on the fore reef near the Carrie Bow Cay (CBC) field station, Belize, at 13–23 m depths, over 2 years (July 2018 and March 2019). In 2018, we sampled n = 3 individuals each of three high microbial abundance (HMA) species (Agelas tubulata, Xestospongia muta, and Verongula reiswigi) and three low microbial abundance (LMA) species (Callyspongia vaginalis, Niphates digitalis, and Mycale laxissima). In 2019, we sampled n = 7 individuals each of two HMA species (X. muta and A. tubulata; Supplementary Table 1); the choice to sample these two species with increased replication in 2019 was based on preliminary analysis of the 2018 data. All six species targeted herein are common in the Caribbean and were subjects of a recent study that calculated flux of bulk dissolved organic carbon (DOC) from incurrent and excurrent seawater samples (McMurray et al., 2018). All materials used to collect and store samples were made of glass or chemically inert plastic to minimize contamination. Glassware was combusted (500°C for 4 h) prior to each trip, and all materials were sample-rinsed between uses during each trip. Samples were prepared for LC-MS analysis using high purity (Fisher Optima) solvents and additives. Sections 2.2–2.6 summarize the workflow from sample collection to data analyses. We followed this workflow twice, analyzing 2018 and 2019 sample sets in parallel, before comparing general patterns across the years.



2.2. Seawater Collection

Samples were collected from sponge individuals >10 m apart and with an atrium (inner empty space) large enough that a diver could maneuver a sample syringe inside without touching the sponge. Before sampling, sponge pumping was confirmed by applying a small amount of fluorescein dye above the sponge atrium and checking for upwards movement indicative of excurrent flow. This dye was allowed to dissipate for at least 5 min before sampling began. Two divers then collected paired 1 L incurrent and excurrent (In/Ex) seawater samples from the sponge using 50 mL syringes (Norm-Ject Air-Tite) attached via Teflon tubing and a polycarbonate check valve to a 1 L foil sample bag (FlexFoil PLUS, SKC; Supplementary Figure 1A). The syringes contained no latex, plasticizers, PVC, rubber gaskets, or silicone oil, and the check valve allowed for continuous pumping of sample to gradually fill up the foil bag (Supplementary Figure 1B). The incurrent seawater sample was collected adjacent to the ostia lining the external sponge surface, and the excurrent sample was collected from ~5 cm below the osculum within the atrium of each sponge and at a rate lower than the excurrent water velocity to avoid mixing with ambient seawater. In/Ex samples were collected simultaneously. The In/Ex method is commonly used to measure the in situ metabolic processes of active suspension feeders, such as sponges that usually stop feeding upon being disturbed or removed from their natural habitat (Yahel et al., 2005). Samples were transported back to the lab at CBC immediately (~15 min) after collection for filtration and solid phase extraction (SPE) as described below in section 2.3. Experimental controls were also made by passing 500 mL water (Fisher Optima) through the sampling mechanism (syringe, foil bag, tubing), filtration apparatus, and SPE apparatus. These were analyzed alongside experimental samples for post-processing removal of contaminants.



2.3. Solid Phase Extraction

Solid phase extraction (SPE) followed previously described methods (Dittmar et al., 2008). Briefly, samples were filtered (0.2 μm PTFE filter, Omnipore), acidified to pH 2 using HCl, and then passed at a rate <5 mL min−1 through SPE cartridges (1 g/6 cc PPL, Agilent BondElut) that had been previously conditioned with 6 mL methanol and washed with 18 mL water, 18 mL methanol, and 18 mL acidified water (pH 2). After passing the sample through the cartridges, cartridges were de-salted with 18 mL acidified water, and dried under vacuum pressure (<10 kPa) until no moisture was visible in the cartridge. Sample DOM was then eluted by passing 6 mL methanol through the cartridge and into scintillation vials (Traceclean, VWR). Extracts were stored at −20°C and transported on ice in coolers to University of North Carolina Wilmington (UNCW) for analysis.



2.4. Data Acquisition

Prior to LC-MS analysis, 2 mL aliquots of extracts from 1 L In/Ex samples and 4 mL aliquots of extracts from 500 mL experimental controls were filtered (0.2 μm PTFE syringe filter, VWR), dried using a vacuum centrifuge, and redissolved in 30 μL of 99% methanol and 1% formic acid. A solvent blank containing only the 99% methanol and 1% formic acid solution and pooled QC sample containing equal quantities of each extract were also prepared.

Triplicate injections of each sample were analyzed using an ACQUITY I-Class UPLC (Waters, USA) coupled to a Xevo G2-XS QToF mass spectrometer (Waters, UK) with an electrospray ionization (ESI) source. For chromatography, a CORTECS UPLC C18 column (2.1 × 100 mm, 1.6 μm particle size, Waters, UK) was used for the reversed phase separation. The column was maintained at 30°C and the sample chamber was maintained at 10°C. The mobile phase consisted of solvent A (water + 0.1% formic acid) and solvent B (acetonitrile + 0.01% formic acid) pumped at 0.5 mL min−1. A 15 min gradient was used with the following elution conditions: 0–0.5 min, 95% phase A, 5% phase B; 0.5–5 min, 95–50% phase A, 5–50% phase B; 5–10 min, 50–0% phase A, 50–100% phase B; 10–12 min, 0% phase A, 100% phase B; 12–12.5 min, 0–95% phase A, 100–5% phase B; 12.5–15 min, 95% phase A, 5% phase B. The injection volume was 3 μL. MS data were acquired in positive ESI mode, in profile format, and using MSE to collect information on both parent and fragment ions. Source conditions were as follows: capillary voltage, 2.5 kV; sample cone, 80 V; source temperature, 100°C; desolvation temperature, 550°C; cone gas flow rate, 100 L h−1; desolvation gas (N2) flow rate, 800 L h−1. Lockspray was injected at 10 μL min−1 for accurate mass acquisition, using lockmass Leucine–enkephalin producing a reference ion at m/z 556.2771. MSE data encompassed two scan functions spanning a mass range of 50–1,800 m/z, with 0.1 s scan time, but with varied collision energies: function 1 (low energy for parent ions) had a 6 eV collision energy, and function 2 (high energy for fragment ions) had a collision energy ramp of 15–25 eV. The raw LC-MS data from both years are available in the MetaboLights repository (https://www.ebi.ac.uk/metabolights), accession number MTBLS2199 and MTBLS2200 (Haug et al., 2020).



2.5. Data Pre-processing

Waters. raw datasets (Figure 1A) were centroided and lockmass corrected using the automatic peak detection tool in Masslynx (Waters, US; Figure 1B), and converted to .mzXML in msconvert (Chambers et al., 2012), applying the scan event filter to isolate function 1 which contained the parent ions (Figure 1C). The resulting .mzXML files were imported into R for further processing and analysis using the package xcms (Smith et al., 2006; R Core Team, 2020). The centWave algorithm (Tautenhahn et al., 2008) was used for peak picking, and the Obiwarp method (Prince and Marcotte, 2006) was used for alignment of retention times. Peaks were then matched across samples to produce mass features (i.e., correspondence), and for samples in which any feature was not detected, peaks were filled by integrating the area under the curve within the region defined from other samples (Figure 1D).
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FIGURE 1. Summary of the data analysis workflow. The process started in Masslynx, where (A). Raw LC-MS outputs were (B) centroided and subsequently (C) converted to .mzXML in MSconvert (Chambers et al., 2012), and then (D–H) processed and statistically analyzed in R using XCMS, CAMERA, and muma (Smith et al., 2006; Kuhl et al., 2012; Gaude et al., 2013). Feature lists were then (I) exported to use as targets for (J) componentization in UNIFI. This produced fragmentation peaks that were (K) converted in R to be compatible for (L) spectral analysis in SIRIUS using the CANOPUS submodule (Böcker et al., 2009; Dührkop et al., 2015, 2019, 2020; Böcker and Dührkop, 2016; Djoumbou Feunang et al., 2016), followed by (M,N) analysis of SIRIUS/CANOPUS outputs in R.


The preprocessing steps converted raw spectra into tables of features with abundances for each sample. The R package CAMERA (Kuhl et al., 2012) was then used to annotate putative isotopes and adducts, and group features according to peak shape (Figure 1E). First, features were roughly grouped according to retention time and full width at half max (fwhm). Features were then screened to annotate isotopes ([M+1], [M+2], and [M+3]) and adducts (M+H, M+Na, and M+K). Lastly, features were finely grouped into pseudospectra according to peak shape using a minimum correlation threshold of 0.75. Annotating and grouping features from the same parent compound allowed removal of all but one feature representative of that parent compound, and this was useful for reducing data complexity and redundancy for subsequent data analyses. Within each pseudospectra, features were removed if they were isotopes or lower intensity variants of adduct pairs/triads. This semi-conservative approach eliminated features that were most likely to be redundant, while minimizing the loss of novel features.

Features were further filtered to remove all but the most ecologically relevant. First, any features detected in experimental controls or solvent blanks were removed, as these represented likely contaminants or impurities from solvents, glassware, or instruments. Also removed were uncommon features, defined here as those not detected in any samples (incurrent or excurrent) of one or more species. This left “common” features, or those that were detected in at least one sample (incurrent or excurrent) of at least one individual of each species (Figure 1F).

Raw data from 2018 and 2019 samples comprised a total of 12,801 and 11,878 features, respectively, reduced to 10,595 and 9,544 features after removal of adduct variants and isotopologues. Removal of contaminants and uncommon features left 2,188 and 1,875 features in 2018 and 2019 sample sets, respectively, and data analyses proceeded using these remaining features.



2.6. Data Analyses

Multivariate analyses were conducted on half-minimum imputed, normalized, and range-scaled data using the R package muma (Gaude et al., 2013) (Figure 1G). First, principle component analysis (PCA) was used as an unsupervised check for In/Ex groupings within and among species and species groups (HMA/LMA). A PCA that shows grouping is an important prerequisite for supervised analyses, such as orthogonal partial least squares-discriminant analysis (OPLS-DA), where the model uses known experimental groupings to refit sample scores and maximize experimental variation along one PC (Worley and Powers, 2016). For the PCA biplots with clear In/Ex groupings, analyses proceeded with OPLS-DA in order to determine which features had the greatest influence on In/Ex differences. Univariate analyses were also conducted on half-minimum imputed, normalized, and log2 transformed data (Figure 1H). In/Ex differences in the abundance of single features were assessed for statistical significance (p < 0.05) using the univariate function in muma, which first tests for normality using a Shapiro-Wilk test, then computes either a Welch's t-test or non-parametric Wilcoxon-Mann Whitney U test, before correcting for multiple testing using the Benjamini-Hochberg method (Gaude et al., 2013). A feature list was then exported, and this list contained unique IDs, m/z, retention times, and significance (from univariate analyses) of all features (Figure 1I).

Fragmentation spectra were generated via componentization of MSE data in UNIFI Scientific Information System (Waters, US; Figure 1J). MSE data comprised full-scan data in low and high energy ranges, and the proprietary algorithm within UNIFI resolved individual components from these scans by matching low energy peaks (precursor ions) to putative high energy fragments at the same retention time and removing interfering ions (Goshawk et al., 2015). The feature lists containing m/z and retention times were used as targets for matching with candidate components in UNIFI. UNIFI was also used to screen matched components against theoretical isotope distributions corresponding to halogenated ions (chlorine or bromine); feature components were classified as halogenated at a confidence level of 90% or greater.

Components matching significant and high intensity (detector counts >5,000) features were exported from UNIFI as .csv files of m/z and intensity values of peaks from low and high energy fragmentation spectra, for analysis in SIRIUS 4 (Dührkop et al., 2019). Within SIRIUS is the submodule CANOPUS (Class Assignment aNd Ontology Prediction Using mass Spectrometry), which can predict compound classes from fragmentation spectra even in the absence of structural reference data or MS/MS training data (Dührkop et al., 2020). For each feature, .csvs were converted to .mgfs for the three samples with the most intense peak of the parent ion (Figure 1K), imported into the SIRIUS GUI, and run using the following sub-modules and settings: SIRIUS (10 ppm deviation, C H N O P Cl Br allowed elements, 10 candidates), CSI:FingerID (all included databases), CANOPUS selected (Figure 1L). For each feature, SIRIUS scored 10 molecular formula candidates based on similarities to isotope patterns and fragmentation trees (Böcker et al., 2009; Böcker and Dührkop, 2016). For each candidate, CANOPUS scores were assigned to 1,270 chemical classes spanning 11 levels of the hierarchical ClassyFire chemontology (Djoumbou Feunang et al., 2016). CANOPUS scores are provided by a deep neural network (DNN) trained on molecular fingerprints of over a million compound structures. The input of the DNN is the molecular fingerprint predicted by CSI:FingerID, which uses a support vector machine that is trained on MS/MS spectra of over 20,000 compounds and uses the predicted fragmentation tree as input (Dührkop et al., 2015, 2020; Ludwig et al., 2018). We analyzed SIRIUS outputs and CANOPUS scores in R, with a series of simple rules that first picked the best molecular formula candidate, and then the highest scoring chemical class of that candidate (Figure 1M). For each feature, the best candidate was defined as that with the highest score in two out of the three samples. Classification then proceeded for that candidate using the CANOPUS scores from the sample with the most intense peak of the parent ion. From this set of 1,270 scores, the top subclass classification was chosen based on which scored highest for subclass, class, and superclass, to resemble how “main classes” are assigned in the CANOPUS tab on the SIRIUS GUI, and ensuring scores >0.5. We compiled these putative classifications to investigate DOM composition, and compare overall DOM to the fraction of DOM that was significantly depleted by the sponge (Figure 1N).




3. RESULTS


3.1. Changes to DOM Between Incurrent and Excurrent Samples

Analyses of 2018 and 2019 samples comprised 2,188 and 1,875 mass features, respectively. Principle component analysis (PCA) biplots for 2018 samples revealed differences between HMA and LMA species (Figure 2A). Incurrent samples from all six species were relatively clustered together along the x-axis, while excurrent samples of the three HMA species showed a notable shift to the right along the x-axis. The arrows connecting incurrent and excurrent samples from each HMA individual also exhibited relatively uniform length and direction, reflecting similarly enriched or depleted abundances of the mass features underlying the detected DOM. However, there was no such separation or grouping of In/Ex samples from LMA species (Figure 2A). Results from 2018 samples were the basis for targeting two HMA species (Agelas tubulata, Xestospongia muta) for sampling in 2019.
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FIGURE 2. PCA biplots of In/Ex samples. Arrows connect incurrent and excurrent samples for an individual sponge. (A) 2018 all six species; (B) 2018 A. tubulata and X. muta samples; (C) 2019 A. tubulata and X. muta samples.


The biplots of A. tubulata and X. muta samples from 2018 and 2019 show some notable similarities in how samples were grouped along the x and y axes (Figures 2B,C). Separation between the two species along the x-axis in both 2018 and 2019 is likely due to external factors that introduced variation in the incurrent DOM. All 2018 samples were collected over 3 days (19–21 July 2018), and at least one HMA and one LMA species were sampled on each day. However, all X. muta (n = 3) were sampled on the first day, and all A. tubulata (n = 3) were sampled on the third day; sequential sampling of the two species likely introduced temporal variation to the incurrent DOM that may explain the horizontal separation in Figure 2B. All 2019 samples were also collected over 3 days (28 February–2 March 2019). Several individuals of both species (n = 4 X. muta, n = 3 A. tubulata) were sampled on the second day, but only X. muta (n = 3) were sampled on the first day, and only A. tubulata (n = 4) were sampled on the third day. Additionally, samples from all n = 7 X. muta and n = 3 A. tubulata were collected from individuals at depths of 13–16 m, while samples from n = 4 A. tubulata were collected from individuals at slightly deeper depths (18–23 m). The separation of the two species along the x-axis in Figure 2C may be explained by variability in the incurrent DOM caused by a combination of sequential sampling and sampling at different depths. Despite variable compositions of incurrent DOM due to these and other external factors, In/Ex separation is clearly defined along the y-axis for both species in both years (Figures 2B,C).



3.2. Significant and Discriminating Mass Features

Statistical analyses were conducted on 2018 and 2019 samples collected from A. tubulata and X. muta, the two HMA species targeted for sampling in both years. Of the features whose abundances differed significantly between incurrent and excurrent samples, most were significantly depleted in excurrent samples (i.e., excurrent-depleted), reflecting uptake by the two HMA species. Excurrent-depleted features outnumbered excurrent-enriched features by an order of magnitude in 2018, and by a factor of three for each species in 2019 (Supplementary Table 2). Another difference between excurrent-depleted and -enriched features was their magnitude of change in raw abundance. Excurrent-depleted features had fold-change reductions of up to 73 and 57 in 2018 and 2019, respectively, while excurrent-enriched features never exceeded an 8-fold increase in abundance. Furthermore, S-plots of OPLS-DA results showed clustering of excurrent-depleted features in the regions of minimum p[1], meaning they were among the most important drivers of In/Ex differences (Supplementary Figure 2). The abundance, fold-change differences, and discriminating influence of excurrent-depleted features underscores their importance as key metabolites whose uptake transformed seawater DOM.

We noted 15 features that were significantly excurrent-depleted by A. tubulata and X. muta and putatively identified in both 2018 and 2019 samples, based on similar m/z and retention times (Supplementary Table 3). These features were also depleted by the third HMA sponge, V. reiswigi, but they were notably not depleted by any of the three LMA species, as shown by plots of In/Ex abundances of two of the 15 features in Figure 3 and plots of the remaining features in Supplementary Figure 3.
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FIGURE 3. Relative abundances of two of the 15 features that were significantly excurrent-depleted by HMA species and present in samples from both 2018 (n = 3 species−1) and 2019 (n = 7 species−1). Box-plots show the median ± 95% CI for incurrent and excurrent samples of each species, with lines connecting the incurrent and excurrent samples from the same individual. Shown are abundances of feature IDs (A) 12 and (B) 5, and IDs correspond to the rows in Supplementary Table 2. For box-plots of all 15 features, see Supplementary Figure 3.




3.3. Feature Classification and Halogen Screening

Feature classifications revealed interesting year-to-year similarities in the excurrent-depleted DOM, in contrast to year-to-year differences in overall DOM. A total of n = 293 features from 2018 samples and n = 359 features from 2019 samples were analyzed and classified using the CANOPUS tool in SIRIUS (Dührkop et al., 2019, 2020). The putative composition of this overall DOM showed high variability between 2018 and 2019. Classifications spanned 10 chemical classes, dominated by organic acids and derivatives (66 and 80% in 2018 and 2019, respectively), organic nitrogen compounds (17 and 7%, respectively), and lipids and lipid-like molecules (5 and 8%, respectively; Supplementary Figures 4, 5). Interestingly, compared to overall DOM, the subset of features that were depleted in the excurrent samples of HMA sponges showed much less variability between 2018 and 2019. The putative composition of this excurrent-depleted DOM (n = 108 features in 2018; n = 65 features in 2019) was dominated (85–90%) by organic acids and derivatives and organic nitrogen compounds, including an almost identical percentage of features putatively classified as amines, (18–19%) despite a 10% reduction of organic nitrogen compounds in the overall DOM from 2018 to 2019. Excurrent-depleted features were also represented by fewer chemical classes, with an absence of compounds putatively classified as hydrocarbons and lipids and lipid-like molecules, classes that comprised 5–8% of the overall DOM from either year (Figure 4, Supplementary Figures 4C, 5C).
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FIGURE 4. Putative compositions of combined 2018 and 2019 excurrent-depleted features (n = 108 and 65 features, respectively). Classifications are from CANOPUS (Dührkop et al., 2020) and based on the ClassyFire nomenclature (Djoumbou Feunang et al., 2016). The top-level groupings labeled and outlined in white represent superclasses, and the filled color of each superclass is subdivided into shades that correspond to the subclasses listed in Supplementary Figure 4A.


Halogenation was another similarity among excurrent-depleted features. Overall, 6% of mass features from both years were classified as halogenated in UNIFI (n = 93 chlorinated and 40 brominated in 2018; n = 100 chlorinated and 13 brominated in 2019). When visualized on volcano plots, halogenated features clustered disproportionately with excurrent-depleted features and approached a minimum among excurrent-enriched features (Figure 5). Halogenation was indicated for 10–20% of significantly excurrent-depleted features (n = 22 out of 115 in 2018; n = 7 out of 73 in 2019), including six of the 15 features that were excurrent-depleted by HMA sponges and present in samples from both years (Figure 3A, Supplementary Figure 3, Supplementary Table 3). Screening of excurrent-depleted and excurrent-enriched features in SIRIUS and UNIFI did not return any reliable matches to specific metabolites.
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FIGURE 5. Histograms and volcano plots showing the dispersion of halogenated features in combined A. tubulata and X. muta samples for each year. Panels show samples from (A) 2018 and (B) 2019. Excurrent-depleted features are shown on the left (x <0) and excurrent-enriched features on the right (x >0) of each plot. Dashed gray lines on the volcano plot signify p = 0.05, above which all features were significantly more abundant in incurrent or excurrent samples. Colors denote halogenation, with orange representing chlorines and green representing bromines. Histograms above volcano plots show the percentage of total features determined to be chlorinated (orange dashed line), brominated (green dashed line) and total (solid black line).





4. DISCUSSION


4.1. HMA Sponges Take Up and Transform DOM

Seawater dissolved organic matter (DOM) is a complex mixture of molecules that is constantly modified by biotic and abiotic processes (Carlson and Hansell, 2015; Moran et al., 2016). By pumping large volumes of seawater and taking up dissolved organic carbon-containing compounds (DOC), sponges can also change the composition of seawater DOM (Fiore et al., 2017; Pawlik and McMurray, 2020). The application herein of In/Ex sampling across six common Caribbean sponge species revealed distinct differences in how DOM was altered by sponges with high and low microbial abundances (HMA, LMA). While LMA sponges made negligible changes to seawater DOM, the DOM profile of In/Ex samples from HMA sponges revealed considerable and uniform In/Ex differences driven by mass features that were depleted by the sponge (i.e., excurrent-depleted features). Differences between HMA and LMA sponges and the observation of organohalide uptake by HMA sponges offers new insights into the possible evolutionary origin of complex sponge-microbe symbioses and consequences of sponge DOM uptake on Caribbean coral reefs.



4.2. The Role of Symbiotic Microbes

The abundance of excurrent-depleted features suggests that changes to DOM were driven by its removal from seawater, and differences between HMA and LMA sponges implicate symbiotic microbes in this removal. Microbial involvement has been cited to explain differences in carbon and nitrogen metabolism between HMA and LMA sponges. For example, lower δ15N in the tissues of HMA species was attributed to HMA sponges deriving more nitrogen from microbial symbionts than LMA species that rely on external nitrogen (Weisz et al., 2007). Symbiotic microbes have also been linked to DOC uptake, including in similar In/Ex sampling experiments on the same six species as used herein that reported DOC uptake only by HMA and not LMA sponges (Hoer et al., 2018; McMurray et al., 2018). There are conflicting reports of DOC uptake by LMA sponges (de Goeij et al., 2008; Mueller et al., 2014; Morganti et al., 2017), and this could be possible if DOC can be taken up and utilized by sponge cells. Direct assimilation of DOC by host sponge cells has been observed in a number of recent studies that used innovative mass spectral imaging techniques to visualize DOC uptake on a cellular level (Achlatis et al., 2019; Rix et al., 2020; Hudspith et al., 2021). The traditional understanding favors prokaryotes as the main agents of DOC uptake; while it is a rare food source for eukaryotes, DOC processing by free-living prokaryotic microbes is globally ubiquitous (de Goeij et al., 2008; Kujawinski, 2011; Jiao et al., 2014). Like their free-living counterparts, prokaryotic sponge symbionts may be able to process DOC and pass nutritional products to their host. Transcriptomic analysis of the holobiont of X. muta demonstrated that amino acids and vitamins could be anabolized by the microbiome but only catabolized by the sponge host, suggesting that sponge symbionts biosynthesize materials needed by their host (Fiore et al., 2015). An abundance of membrane transporters found throughout the microbiome genome may help move resources between symbiont and host (Fan et al., 2012).

The HMA/LMA differences observed herein may be due to greater influence by HMA sponge symbionts, which are more abundant and diverse than LMA sponge symbionts (Hentschel et al., 2003; Moitinho-Silva et al., 2017). Using a combination of in situ sampling and manipulative experiments, Rix et al. (2020) quantified the contribution of microbial symbionts to sponge heterotrophy, and found that the microbial symbionts of HMA sponge Aplysina aerophoba were responsible for 65–89% of DOM uptake, while the microbial symbionts of LMA sponge Dysidea alvara contributed <5% to DOM uptake; this variability in microbial contribution paralleled the order of magnitude differences in microbial abundance between the HMA and LMA species. Another recent study found no relationship between DOC uptake and overall microbial community structure (Gantt et al., 2019). This relationship may not be apparent if sponges have flexible carbon metabolisms and opportunistically feed on DOC (Pawlik et al., 2018), or if certain symbiont subgroups contribute disproportionately to the carbon metabolism of their host. Some subgroups of sponge symbionts can have an outsized influence on host sponge carbon uptake. For example, on deep-sea methane seeps, methane oxidizing (MOX) bacteria found in two distantly-related sponges suggested convergent acquisition of these methanotrophs that gave their host access to an otherwise inaccessible carbon source (Rubin-Blum et al., 2019). Unlike methane, DOM is a complex mixture, but studies of free-living microbes have shown that processing of a diversity of compounds in DOM does not require diverse microbial assemblages, and even single strains can take up as much labile DOM as a natural assemblage (Pedler et al., 2014). Disproportionate contribution to uptake of DOM compounds by symbiont subgroups could explain the HMA/LMA differences observed herein and elsewhere (Hoer et al., 2018; McMurray et al., 2018), despite no apparent link to microbial community structure on the whole (Gantt et al., 2019).

The differences that we report between HMA and LMA sponges may be due to factors other than microbially-mediated uptake. In general, HMA sponges pump more slowly than LMA sponges, which may allow more of the DOM to be processed during the extra time spent passing through the sponge aquiferous system (McMurray et al., 2014; Hoer et al., 2018). However, if pumping rates were the main drivers of In/Ex differences, we would expect to see In/Ex differences and DOM uptake by LMA Mycale laxissima, which is an exceptionally slow-pumping species (Gantt et al., 2019), yet our data for M. laxissima samples resembled that of the other LMA species. Inconsistencies may also arise when DOC is defined by seawater filtration methods that use filters with different pore sizes. In the present study, DOM was operationally defined as what passed through the 0.2 μm filter, but apparent DOC uptake by LMA sponges may be observed when using filters with larger pore sizes (0.7 μm) that allow the passage of more filtrate that is not truly dissolved (e.g., picoplankton, colloids) and that may be amenable to uptake by particle-feeding sponges (de Goeij et al., 2008). For example, a recent study that reported direct DOM consumption by sponge cells cautioned that this organic matter may have been a part of the colloidal fraction of the 0.7 μm DOM (Rix et al., 2020). Future work is needed to determine what types of DOM are taken up by host sponge cells compared to their microbial symbionts; mass spectrometric based approaches offer much promise to this end, especially the spatial information provided by mass spectral imaging (e.g., NanoSIMS; Rix et al., 2020) and molecular-level resolution of untargeted metabolomics and data analysis techniques used herein.

The present study used a sampling technique that was similar to Fiore et al. (2017), which also concluded that sponges changed the composition of seawater DOM. Our findings that only HMA species changed seawater DOM is at odds with Fiore et al. (2017) which reported a similar signature of sponge processing in samples from both of the two species analyzed in their study: HMA Ircinia campana and LMA Spheciospongia vesparium. These conflicting results may be due in part to the complicated status of S. vesparium; this species has been recognized as an exception to the traditional HMA/LMA dichotomy owing to low pumping rates characteristic of HMA sponges (Weisz et al., 2008) and low symbiont abundance characteristic of LMA sponges (Poppell et al., 2014). Although not an ideal representative of the LMA group, the novelty of S. vesparium could be useful for future studies on interspecific differences across the HMA/LMA spectrum, for example in order to decouple the effect of symbiont abundance and pumping rates, or to narrow down the symbiont subgroups that may be responsible for DOM alterations observed by Fiore et al. (2017).



4.3. Organohalide Uptake

Halogenated organic compounds are abundant in marine ecosystems and derived from several sources: as natural products made by many types of organisms (e.g., bacteria, cyanobacteria, macroalgae, sponges, cnidarians, polychaetes), as environmental contaminants, and as products of abiotic reactions (e.g., volcanic activity, photolysis) (Ahn et al., 2009; Wiseman et al., 2011; Leri et al., 2015; Liu et al., 2020). The abundance of organohalides that were excurrent-depleted in this study was unexpected. We did not directly test whether DOM alterations, including depletion of organohalides, were due to direct metabolism either by sponge microbial symbionts or host cells. However, if organohalide depletion was due to direct metabolism and not some other process (e.g., adsorption), this further implicates sponge symbionts in DOM uptake because sponge cells lack the necessary dehalogenase and halogenase enzymes that have been described for sponge-associated microbes. For example, metagenomics-based analysis of the Dysidea spp. holobiont revealed gene clusters for biosynthesis of polybrominated diphenyl ethers (PBDEs) that were present in cyanobacterial symbionts but distinctly missing from the sponge host (Agarwal et al., 2017). Metaproteomics-based analysis of the Aplysina aerophoba holobiont also revealed transport and degradation of halogenated compounds to be common active processes of the microbiome of the sponge (Chaib De Mares et al., 2018). There are many strategies used by microbes to remove halogens from organic compounds for respiratory and metabolic purposes, including oxidation, substitution, hydration, and reduction. Reductive dehalogenation is the most prevalent and well-studied of these mechanisms, and it is used by many organohalide respiring bacteria (OHRB) to liberate a halogen and use it as an electron acceptor in respiration (Häggblom and Bossert, 2004; Atashgahi et al., 2018). Sponge-associated OHRB were first reported in A. aerophoba (Ahn et al., 2003, 2009), and have since been found in a number of sponge species, including from the Caribbean (Horna-Gray, 2015). The microbiome of six species of Aplysina from the Caribbean and Mediterranean were also recently shown to contain a variety of halogenases and dehalogenases, and the diversity of these enzymes was positively correlated with sponge microbial diversity (Gutleben et al., 2019).

The prevalence of OHRB and other sponge symbionts capable of halogenation and dehalogenation suggests some benefit to the sponge host. These symbionts are likely involved in the production of halogenated secondary metabolites that can be concentrated in the tissues of sponges (Turon et al., 2000). Sacristán-Soriano et al. (2011) reported that concentrations of brominated alkaloids increased with increasing abundance of Chloroflexi symbionts, and proposed that the sponge host and microbe may work together to produce the metabolites, with the former producing the inactive precursor, and the latter activating it through enzymatic halogenation. The sponge holobiont may also benefit from the product that remains after dehalogenation; removal of halogens can eliminate the toxicity of metabolites and make them available as a food source (Hug et al., 2013). In marine environments where free-living microbes rapidly consume the most labile of DOC compounds (Moran et al., 2016), dehalogenation could provide a reliable backup food source. This food source may either be used by the dehalogenating symbiont itself, or by a mutualistic associate of the dehalogenating symbiont. The former is possible if sponge symbionts perform catabolic reductive dehalogenation for use of the carbon byproduct and not the halogen (Chen et al., 2013). The latter is possible if the dehalogenating sponge symbiont is an OHRB that uses the halogen for respiration and exchanges the carbon byproduct for growth factors as part of a mutualism (Shelton and Tiedje, 1984; Atashgahi et al., 2018). Sponges may take up a range of natural and synthetic organohalides if uptake is mediated by OHRB, a group known for its ability to act on a diversity of compounds using a variety of dehalogenase enzymes (Atashgahi et al., 2018). Many industrial compounds containing halogens (e.g., insecticide DDT, industrial coolant PCB, and flame retardant PBDEs) are harmful to and persistent in the environment, prompting efforts to reduce or eliminate these organic pollutants (Häggblom and Bossert, 2004). OHRB have shown some promise for bioremediation (Wang et al., 2019), and sponges may also represent an all-in-one solution owing to their ability to pump seawater while removing organohalides from it.

A growing concern on Caribbean reefs is the rise of benthic cyanobacterial mats (BCM) made of a consortia of species including Moorea producens (formerly Lyngbya majuscula) and Oscillatoria spp., and known to produce large quantities of DOC (Brocke et al., 2015). Decadal surveys of coral reefs of Curaçao and Bonaire between 1973 and 2013 revealed BCM benthic cover had increased from 0.1 to 22% and corresponded to a smaller but significant increase in sponge benthic cover from 0.5 to 2.3% (de Bakker et al., 2017). Species, such as M. producens are known to synthesize several polychlorinated defensive metabolites, such as barbamide, nordysidenin, and dysidenamide, and these compounds have structures and uncommon trichloromethyl functionalities that closely resemble defensive peptides from the sponge Dysidea herbacea, including dysidenin and the diketopiperazine dihydrodysamide C (König et al., 2006). Herbamide B has even been isolated from both M. producens and D. herbacea (Flatt et al., 2005). Similarities between cyanobacterial and sponge defensive metabolites have been cited as evidence that cyanobacterial symbionts are involved in the biosynthesis of sponge chemical defenses (Flatt et al., 2005; König et al., 2006). Sponge chemical defenses may also resemble cyanobacterial chemical defenses if they come from the same source, for example if sponge symbionts take up metabolites released by nearby BCM and modify and store them in the tissues of their host as a defense against predation. This theory that sponges recycle cyanobacterial metabolites is consistent with our findings that sponges took up organohalides. Additionally, this theory offers a parsimonious explanation for the occurrence of such similar halogenated defensive metabolites in neighboring sponges and cyanobacteria. Exchanges of these halogenated defenses may also explain tandem increases in benthic cover of BCM and sponges (de Bakker et al., 2017), consistent with the hypothesized “vicious circle” in which sponges and benthic autotrophs benefit from the DOC and nitrogenous wastes produced by one another, to the detriment of reef building corals (Pawlik et al., 2016).



4.4. Conclusion

Sponge uptake of DOC has been the recent focus of several research groups and the basis for new hypotheses regarding coral reef ecosystem function, such as the sponge loop and the vicious circle (de Goeij et al., 2013; Pawlik et al., 2016). However, whether DOC uptake is common across HMA and LMA sponge species has been the subject of conflicting studies. By sampling 3 each of HMA and LMA species, we found that sponge processing of seawater and uptake of metabolites altered the composition of seawater DOM, but only for HMA, and not LMA, species, suggesting that sponge symbionts were involved in this uptake. LC-MS-based untargeted metabolomics analyses resolved single mass features across a range of polarities and sizes, and associated mass spectral isotope and fragmentation peaks enabled metabolite annotation in UNIFI and SIRIUS and a closer look into the types of DOM being taken up by sponges. Grouping of DOM metabolites based on CANOPUS classifications revealed that compositions of excurrent-depleted DOM were similar across the 2 years that samples were collected. Annotation of halogenated mass features in the DOM revealed that sponges took up organohalides. Moreover, organohalides were over-represented in excurrent-depleted DOM, and the extent of this uptake could be consequential to halide cycling on coral reefs. The uptake of compounds such as organohalides implicate microbial symbionts that have the enzymes needed to process them, and these compounds may eventually be transformed into food or chemical defenses that benefit the sponge host. The uptake and use of this complex chemical mixture may be evidence of the selective forces that led to complex sponge-microbe symbioses, for example if the divergence of HMA and LMA species was facilitated by acquisition of specialized microbial communities that helped early HMA sponges improve competitiveness or overcome food-limitation (Freeman et al., 2020). This specialized strategy may have consequences on present-day reefs, as reef-building corals are replaced by growing populations of sponges whose rapid processing of seawater and complex microbiomes allow them to alter seawater chemistry in ways that may further drive the demise of the corals that build the reefs.
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