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Abstract

:

Some sponges have been shown to accumulate abundant phosphorus in the form of polyphosphate (polyP) granules even in waters where phosphorus is present at low concentrations. But the polyP accumulation occurring in sponges and their symbiotic bacteria have been little studied. The amounts of polyP exhibited significant differences in twelve sponges from marine environments with high or low dissolved inorganic phosphorus (DIP) concentrations which were quantified by spectral analysis, even though in the same sponge genus, e.g., Mycale sp. or Callyspongia sp. PolyP enrichment rates of sponges in oligotrophic environments were far higher than those in eutrophic environments. Massive polyP granules were observed under confocal microscopy in samples from very low DIP environments. The composition of sponge symbiotic microbes was analyzed by high-throughput sequencing and the corresponding polyphosphate kinase (ppk) genes were detected. Sequence analysis revealed that in the low DIP environment, those sponges with higher polyP content and enrichment rates had relatively higher abundances of cyanobacteria. Mantel tests and canonical correspondence analysis (CCA) examined that the polyP enrichment rate was most strongly correlated with the structure of microbial communities, including genera Synechococcus, Rhodopirellula, Blastopirellula, and Rubripirellula. About 50% of ppk genes obtained from the total DNA of sponge holobionts, had above 80% amino acid sequence similarities to those sequences from Synechococcus. In general, it suggested that sponges employed differentiated strategies towards the use of phosphorus in different nutrient environments and the symbiotic Synechococcus could play a key role in accumulating polyP.
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1. Introduction


Marine sponges are ubiquitous in marine environments and can filter large amounts of water and mediate nutrient transformations by virtue of respiring organic matter and facilitating the consumption and release of nutrients [1,2]. By pumping seawater, marine sponges filter bacteria and organic particles as a food source [3]. Numerous microorganisms colonize sponge tissues [4], and can comprise up to 40–60% of the sponge biomass [3,5]. These microbes are involved in many physiological functions, such as development, defense, etc. [6]. Sponge-associated microbial metabolism substantially affects the biogeochemical cycling of key nutrients like carbon, nitrogen, and phosphorus [7]. Previous studies have confirmed the presence of nitrogen and sulfur nutrient cycles mediated by the sponge-associated microbial community [8,9]. Phosphorus in open-ocean surface waters is generally present in biologically restricting concentrations [10]. A comprehensive view of the oceanic phosphorus (P) cycle is also of broad significance because of its roles, as dissolved reactive phosphate in the ocean (primarily HPO42−) in oceanic primary productivity [11]. In marine phosphorus cycles, many marine invertebrates can accumulate and store phosphorus in different forms, like yellow phosphorus [12] phospholipids [13]. Zhang et al. [14] discovered a major role for sponges with regard to the marine phosphorus cycle, in which phosphorus is sequestrated in the form of polyphosphate by the microbial symbionts of marine sponges. The ability of bacterial symbionts in sponges to concentrate phosphorus and store it in the form of polyphosphate raises the possibility that sponges may play a role as a sink of phosphorus and keep themselves thriving under the extremely low nutrient conditions in the marine reef ecosystems. Polyphosphate (polyP) production and storage by sponge endosymbionts, the P distribution in other sponge reef ecosystems, particularly those in extremely low nutrient environments, and the specific symbiotic microbial community response to polyphosphate sequestration have rarely been studied.



Polyphosphate (polyP), made up of linear polymers of tens to hundreds of phosphates, is an important form of marine inorganic phosphate. In areas rich in phosphorus, polyP is generally considered to be a result of the large uptake of phosphorus by organisms [15]. In oligotrophic environments, cells of phytoplankton can accumulate polyP in response to the resupply of phosphorus [16]. PolyP is a storage form of phosphorus in organisms and acts as an energy reserve for the phosphorylation of sugars, nucleosides and proteins, and activation of precursors of fatty acids, phospholipids, peptides, and nucleic acids. PolyP can therefore, be important for the long-term survival of organisms under adverse conditions [17]. Inorganic polyP has been confirmed as essential for the growth and survival of most microbes [17,18,19]. Moreover, there is plenty of evidence that polyP occurring in eukaryotic cells performs numerous regulatory functions [20]. Polyphosphate kinase (ppk) is the most important enzyme in prokaryotes for the synthesis of polyphosphates. The ppk enzyme polymerizes phosphate monomers onto existing polyphosphate long chains [17,21]. The finding of abundant phosphorus in the form of polyP in three sponges from the Florida Keys [14] raises the interesting possibilities that polyP abundance in sponges may be related to phosphorus concentrations in the surrounding waters and may depend on the presence of specific symbionts.



In marine reef-ecosystems, the associated microorganisms play critical roles in the decomposition of organic matter, transformation of nutrients, degradation of pollutants, maintenance of ecosystem sustainability, and regulation of marine productivity and host growth [6,22]. In marine sponges, as one important component of the reef ecosystem, the participation of phosphorus (P) cycle and the response of the associated microbial community to polyP formation are poorly understood. Here, the polyP accumulation in different sponge species from marine environments with different nutrient regimes was tested quantitatively by spectral analysis and direct observation with confocal microscopy. The corresponding sponge-associated microbiome and polyphosphate kinase (ppk) genes were investigated and analyzed with the aim of improving our understanding of the role of sponges in phosphorus sequestration and recycling in the reef environment. Our objective was to answer the following questions: (i) do all marine sponges have corresponding metabolic capabilities to accumulate inorganic phosphorus (mainly HPO42− and PO43−) to form polyP? (ii) do different nutrient environments have an effect on the accumulation of P and polyP formation in marine sponges? (iii) are the associated microbiome and characteristic microbial groups correlated with polyP transformation?




2. Materials and Methods


2.1. Sample Collection and Site Description


A total of 12 sponge species (36 species individuals) were collected from the South China Sea (Figures S1 and S2; Table 1). Three species were sampled from Dongshan Bay, Zhangzhou City, Fujian Province, China in October 2016. This was a marine aquaculture area with mass nutrient flows in which sponges were abundant but limited in species. Nine species were sampled from the coast of Changhua town, Linqiangshi Island, Qizhou Island, and Meixia Port, Hainan Province, China, in September 2017. The diversity of marine sponges was relatively higher but the abundance was low. Dominant and subdominant sponge species were collected from each site; the number of individuals from the same species in a 20 m2 area was recorded as an estimate of the relative abundance of the sponges. Three replicates of each sponge species were collected. Tissue samples were cut into small pieces (approximately 1 cm3), and each sponge piece was rinsed three times with artificial seawater. Sponge specimens were identified according to the types of spicules and the morphology of the skeleton. The status of taxa was identified based on Systema Porifera and the World Porifera Database. For DNA extraction, the samples were stored in 70% (vol/vol) ethanol and preserved at −20 °C until use. For microscopic observation, the samples were fixed with 4% (wt/vol) paraformaldehyde at room temperature for 2 h and rinsed with 20 mM Tris buffer (pH 7.0) before being stored in 70% (vol/vol) ethanol and preserved at −20 °C until use. In addition, three 50 mL samples of seawater filtered through 0.45 μM filter membranes were collected from each sample location for dissolved inorganic phosphate (DIP) measurements at the same time as sponge collection and preserved at −20 °C until use. DIP in seawater was determined by using Auto Analyzer3 (AA3, Bran+Lubbe, D-22844, Norderstedt, Germany).




2.2. Extraction and Measurement of PolyP from Sponge Samples


The extraction and measurement of polyP generally followed the “core” protocol described by Martin and Van Mooy [23]. First, lyophilized sponge tissue (~20 mg) from three individuals of each species was finely ground and dissolved in 20 mM Tris buffer (pH 7.0) (Sangon Biotech Co., Ltd, Shanghai, China), then homogenized by vortexing. The suspension was sonicated for 1 min and immersed in boiling water for 10 min. Then, the samples were treated with 40 units/mL DNase and 400 units/mL RNase at 37 °C for 30 min to remove DNA and RNA, followed by 20 mg/mL proteinase K. Later, samples were centrifuged at 15,000 g for 2 min. Next, supernatants were collected and 200 μL of supernatant from each extraction was transferred to 96 well array plates, and DAPI was added to a final concentration of 10 μM, followed by incubation at room temperature for 5 min. Fluorescence measurements were carried out on a Tecan Infinite M200 Pro fluorometer. The excitation wavelength was set to 415 nm; emission spectra were recorded from 450–620 nm in 5-nm increments. The remaining pellets were subjected to additional successive extractions following the same protocol until the fluorescence of 535 nm (fluorescence peak of polyP in biological samples) moving to 485 nm. A polyP standard (S4379, Sigma-Aldrich, 200216, Shanghai, China) was used for quantification. Aliquots were dissolved in 20 mM Tris buffer (pH 7.0). On binding of DAPI to polyp, there is a shift in the emission wavelength to a peak of 550 nm on excitation at 405 nm. This peak fluorescence at 550 nm can be used to quantify the concentration of polyP by comparison to the polyP standard curve (Figure S3). The mass of polyP was calculated from the polyP concentration, the volume of the lysate and molecular weight of the polyP standard. To determine the polyP content, the polyP mass was divided by the sponge mass. DIP in the water from the five sampling sites was determined using a Nutrient Salt Automatic Analysis System. To evaluate the accumulation ability of sponges for polyP, the enrichment rate was defined as the ratio of polyP in sponge tissue to DIP in the surrounding water.




2.3. Visualization of PolyP Granules by Confocal Microscopy


The sponge tissue (approximately 0.3 cm3) was washed for 10 min in each of a series of solutions: 70% ethanol, 80% ethanol, 90% ethanol, 100% ethanol, 50% xylene/ethanol (vol/vol), and 100% xylene and embedded in paraffin. Next, 10 μm thick paraffin sections were cut, placed on microscope slides, dewaxed in xylene and ethanol respectively, and washed three times in MilliQ water. The sections were stained with 20 μM DAPI solution for 2 min, washed with MilliQ water three times and visualized under a Zeiss LSM780NLO (Carl Zeiss AG, 73447, Oberkochen, Germany) inverted confocal microscope equipped with a 20 × Axio Observer Z1 automatic inverted fluorescence/lens. Sample sections were visualized by excitation with a 405-nm laser light source with emission signals separated by a NFT515 filter into two channels. Emission wavelength from 420–515 nm resulting from DAPI bound to nucleotides was collected in Channel 1. The emission wavelength above 530 nm, including the peak of 550 nm resulting from DAPI bound to polyP, was collected in Channel 2. The polyP standard curve was shown in Figure S3.




2.4. DNA Extraction and 16S rDNA PCR Amplification and Sequencing


The metagenomic DNA was extracted directly from the hosts following the methods of Zhou et al. [24]. For each sample, DNA was extracted in triplicate to minimize bias, then the three extracts from each sample were pooled. DNA purity and concentration were analyzed using a spectrophotometer (Nanodrop 2000, Thermo Fisher Scientific, 02451, Waltham, MA, USA) and agarose gel electrophoresis and the DNA was stored at −20 °C until use. The primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) [25], which target the hypervariable V4 region of the 16S rRNA gene, were used for amplification under the following conditions: 94 °C for 5 min; 30 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min; and a final extension at 72 °C for 10 min. Amplicons were visualized by gel purification. Bands were excised from gels and purified by ethanol precipitation prior to Illumina HiSeq 2500 PE250 Platform sequencing.




2.5. Amplicon Sequencing Data Processing and Analysis


To get high-quality clean reads, raw reads were filtered according to the following rules: (1) reads containing more than 10% unspecified (N) nucleotides were discarded; (2) reads containing less than 80% bases with low-quality values (Q-value > 20) were discarded. The remaining paired-end reads were merged as raw tags using the program FLASH [26] (v 1.2.11). The criteria used were a minimum overlap of 10 bp and a requirement for mismatch error rates below 2%. The QIIME [27] (V1.9.1) pipeline was used as described in reference [28] to obtain high-quality clean reads. Sequences were searched against the reference database (http://drive5.com/uchime/uchime_download.html, access on 9/8/2018) to perform reference-based chimera checking which was performed by searching against a reference database (http://drive5.com/uchime/uchime_download.html, access on 9/8/2018) using UCHIME (http://www.drive5.com/usearch/manual/uchime_algo.html, access on 9/8/2018). Chimeric reads were removed and the remaining reads were used in subsequent analyses. These sequences were clustered into operational taxonomic units (OTUs) of  ≥97% similarity by using the UPARSE [29] pipeline. A single high-abundance sequence was selected as the representative sequence within each cluster. Venn analysis between groups was performed in R. The organisms from which the representative sequences were derived was deduced by a naive Bayesian model using the RDP classifier [30] (Version 2.2) based on the SILVA [31] database (https://www.arb-silva.de/, access on 12/12/2018). The abundance statistics were used to create taxonomic groups and phylogenetic trees constructed with a Perl script and visualized using SVG. Chao1, Simpson and all other alpha diversity indices were calculated in QIIME. OTU rarefaction curves and rank abundance curves were plotted in QIIME. The alpha index comparison between groups was calculated by a Welch’s t-test and a Wilcoxon rank test in R (https://www.r-project.org). Alpha index comparison among groups was computed by a Tukey’s HSD test and a Kruskal-Wallis H test in R. To examine the relationship between the microbial community structure and sponge abundance, DIP, polyP and the enrichment rate, canonical correspondence analyses (CCA) were conducted using the CANOCO software [32]. The Mantel test was performed to assess the correlations between microbial communities and environmental factors by using the R package “vegan” [33].



The sequence data were deposited in the National Center for Biotechnology Information (NCBI) GenBank Sequence Read Archive under accession numbers SAMN10713642 to SAMN10713671.




2.6. PCR Amplification and Cloning of Polyphosphate Kinase Genes from Sponges


Genomic DNA was extracted as mentioned above. The developed ppk primers amplified two ppk gene fragments with lengths of approximately 1000 bp and 600 bp, respectively. Two pairs of primers targeting ppk gene were designed by web-based Primer-Blast of the NCBI (National Center for Biotechnology Information) and by BIO-edit software and Primer Premier 5.0 based on main microbial phyla with sponges in this study (Table S1). PCR products purified by a universal DNA purification kit were ligated into the pMD19-T vector and transformed into DH5α chemically competent Escherichia coli cells using the pMDTM19-T Vector Cloning Kit, then selected by monoclonal colony PCR. The ppk gene libraries were constructed and 50–100 sequences were randomly selected and were sequenced by Invitrogen Corporation.



Sequences of the ppk gene obtained in this study were deposited in the GenBank database under accession numbers MK119939-MK119959, MK119965-MK119968, and MK119974-MK119978.





3. Results


3.1. Determination of PolyP Concentrations in Sponges from Different Marine Environments


Sampling sites in the South China Sea were divided into high DIP and low DIP areas based on the value in water samples and location (Table 1). Dongshan Bay was a eutrophic environment with high DIP (~4.796 μM) near which there was a large aquaculture area. Nevertheless, the amounts of polyP accumulated by sponge in Dongshan Bay were significantly different, with 0.024 ± 0.001 mg/g detected in Callyspongia sp. (DC), and 0.008 ± 0.004 mg/g detected in Mycale sp. (DM) which was the lowest in all samples detected, while as much as 3.722 ± 0.152 mg/g was detected in Tedania sp. (DT). In other marine environments (Changhua Town, Linqiangshi Island, Meixia Port, and Qizhou Island), the concentration of DIP was lower by ~2 orders of magnitude compared to Dongsan Bay. In Changhua Town, DIP in seawater was only ~0.040 μM (Table 1). However, a large amount of polyP was accumulated by Haliclona sp. (CH01, 3.729 mg/g) and Cladocroce sp. (CH02, 2.911 mg/g). CH01 contained the highest polyP concentration in all the sponges tested. PolyP accumulation within the same sponge genus from different locations showed distinct variations, for example, Mycale sp. LQ02 from the Linqiangshi Island area, in which the seawater DIP level (~0.210 μM) was far below that in Dongshan Bay (~4.796 μM), accumulated relatively more polyP (LQ02, 0.137 mg/g) than DM (0.008 mg/g). In contrast, the same species Callyspongia sp. in high or low DIP marine areas stored the similar levels of polyP, DC samples with 0.024 ± 0.001 mg/g and MX03 with 0.046 ± 0.019 mg/g.



Statistical data (p < 0.05, Pearson Test) supported that the polyP accumulation ability of each sponge could be positively related to the abundance and growth characteristics of sponge species (Table 1). At the same site, more dominant sponge individuals with flourishing growth generally were found to accumulate more polyP. In Qizhou Island, the abundance of Sigmaxinella sp. QZ01 was higher than that of Ircinia sp. QZ02, and QZ01 accumulated polyP up to 1.355 mg/g, compared to 0.977 mg/g in QZ02. The relative enrichment rates of sponge species in the low DIP environment were generally higher than those in high DIP areas. The enrichment rates of CH01, CH02, LQ01, MX01, MX02, QZ01, and QZ02 were over 105, while enrichment rates in eutrophic environments (especially DM and DC) were much lower. Sponge Mycale sp. LQ02 and Callyspongia sp. MX03 showed a relatively higher enrichment rate (31215 ± 9399, 13121 ± 5455) in the oligotrophic environment than Mycale sp. DM (53 ± 27) and Callyspongia sp. DC (157 ± 10) in the eutrophic environment, sponge genera Mycale and Callyspongia presented the least absorption and conversion of polyP compared with other sponges. Conversely, sponges (CH01, CH02) sampled near Changhua Town with the lowest seawater DIP showed the highest polyP content per gram sponge tissue and the highest relative enrichment rates.




3.2. PolyP Distribution by Confocal Microscopy


To independently confirm the presence of polyP, sections of sponge tissue were visualized by fluorescence microscopic imaging with DAPI staining. When DAPI-polyP was excited at 405 nm, it emitted a typical green-yellow fluorescence signal in cells that represented the accumulation of high levels of polyP, while lower levels of polyP were not detectable by fluorescence microscopic imaging (Figure 1). Massive polyP granules with green fluorescence were observed in samples CH01, CH02, MX01, and QZ01 which had relatively higher polyP levels and enrichment rates (Figure 1A–D). In contrast, sponges with a lower polyP accumulation ability showed few or no granules in the blue cell background (Figure 1E,F).




3.3. Sponge Microbiomes


A total of 1,724,653 sequence reads were obtained from 36 samples by 16S rRNA high-throughput sequencing. Eukaryotes-derived sequences were excluded in the subsequent analyses. 21,058 operational taxonomic units (OTUs) were assigned to 313 known genera. Rarefaction curves with OTUs at 97% similarity indicated that most samples showed great microbial diversity. There were obvious differences in the sequences coverage for observed species, ranging from 31% to 86% of the diversities predicted by estimation of expected species, but most samples were recovered at 60–79% (Table S2). Alpha-diversity indices of different samples (Table S3, Figure S4) showed that the microbial richness and diversity were significantly different in various sponge species from the same collection sites (CH01-vs.-CH02, LQ01-vs.-LQ02, and MX01-vs.-MX02-vs.-MX03), and in the same sponge genus from different collection sites (LQ02-vs.-MX01 and MX02-vs.-QZ02).



The microbial diversity was inextricably linked to momentous changes with the sponge host and the local environment ecosystem. The sample Cladocroce sp. CH02 in an oligotrophic area exhibited the most diverse bacterial community, with 43 phyla, and Mycale sp. DM from a eutrophic environment inversely harbored the fewest microbial phyla (20). In Dongshan Bay with high DIP, the percentage of Proteobacteria (53%) and Cyanobacteria (38%) associated with sponge Tedania sp. DT was more than 90%, while Proteobacteria (79%) and Actinobacteria (12%) were the main microbial groups with Mycale sp. DM from the same location. Although there were other populations with relative abundance >1% found in sponges, Cyanobacteria, Proteobacteria, and Planctomycetes were the common and dominant microbial groups in nearly all sponges inhabiting low DIP marine environments, except Ircinia dendroides MX02 and Callyspongia sp. MX03. In Meixia Port, Cyanobacteria, Thaumarchaeota, Proteobacteria, and Planctomycetes were the dominant microorganisms associated with Lissodendoryx sp. MX01 (>80%) and Callyspongia sp. MX03 (>90%), while Cyanobacteria, Chloroflexi, Nitrospinae, Acidobacteria, and PAUC34f were abundant in Ircinia dendroides MX02 (>70%). In the same sponge genera Ircinia sp. QZ02 from Qizhou Island, Cyanobacteria, Chloroflexi, Proteobacteria, Planctomycetes, and Nitrospinae were the dominant microorganisms (88%) (Figure 2). On the other hand, the principal coordinates analysis (PCoA) from 12 sponge samples showed the sponge-associated microbiome from the same sites could cluster closely, but other symbionts with the same genus sponges (DT vs. LQ02, DC vs. MX03) presented the distinct community structure (Figure S5).



Though the bacterial compositions at the class level were similar among the sponges, they showed marked differences in the richness of bacterial taxa. Cyanobacteria were the most abundant bacterial group in almost all sponge samples (16–81%), except that it was the second-most abundant group in sponge sample QZ02 (7%) and had a low abundance in DM (0.7%). In Changhua Town sponges, the abundance of cyanobacteria in Haliclona sp. CH01 (79%) was higher than that in Cladocroce sp. CH02 (50%). Especially, Synechococcus in CH01 (9%) was about 10 times higher than that in CH02 (0.9%) (Figure S5). In Linqiangshi Island, the abundance of cyanobacteria in Lissodendoryx sp. LQ01 (63%) was higher than that in Mycale sp. LQ02 (42%). In Meixia Port, the abundance of cyanobacteria in MX01 (58%) was higher than that in MX02 (16%). In Qizhou Island, sponge Sigmaxinella sp. QZ01 was rich in cyanobacteria (81%), while Ircinia sp. QZ02 was rich in Caldilineae (Chloroflexi, 47%).



Mantel tests and canonical correspondence analysis (CCA) were performed to examine the relationships between microbial community structures and various aspects, including DIP, sponge abundance, polyP content, and enrichment rates (Figure 3 and Figure 4). The Mantel test indicated that all of the four examined factors were correlated with microbial distribution (Figure 3; p < 0.05). Among all of the factors examined, the polyP enrichment rate (the longest arrow) was most strongly correlated with the structure of microbial communities (Figure 4). In particular, the abundance of Synechococcus, Blastopirellula, Rhodopirellula, and Rubripirellula, which were among the top 20 genera with sponges (Figure S6), had the strongest correlation with the polyP enrichment rate. Relative to the enrichment rate and DIP, sponge abundance (r = 0.308, p = 0.002) and polyP content (r = 0.391, p = 0.001) were secondarily correlated with microbial community structures (Figure 4).




3.4. ppk Gene Identification and Host-Specific Microbial Groups in Relationship to polyP Sequestration


Polyphosphate kinase (ppk) plays an important role in polyP synthesis in prokaryotes. The polyphosphate kinase gene encodes the enzyme that catalyzes polyP production. By constructing gene libraries, a total of 30 sequences from ppk gene libraries were identified from eight sponge holobionts (Table 2), indicating the existence of the ppk genes in the sponge samples. The results of BLASTX search showed that ppk was present in six main bacterial taxa: the Proteobacteria (α-, β-, γ-), Cyanobacteria, Actinobacteria, and Acidobacteria. Among them, one sequence was closely related to ppk from α-proteobacteria. Nine sequences were related to ppk from γ-proteobacteria, specifically Xanthomonadales, Oceanospirillales, Enterobacterales, Thiotrichales, and Acidiferrobacterales. Notably, 15 sequences presenting about 50% ppk gene libraries from DM, DT, CH01, CH02, LQ01, LQ02, and QZ01 were highly homologous to those of Synechococcus (Cyanobacteria) with above 80% amino acid similarity. In the sponge Mycale sp. DM, one of nine ppk gene sequences was assigned to Synechococcus species, while in the other six sponge samples except for Ircinia sp. QZ02, nearly 100% of the ppk sequences had the closest similarities to those from Synechococcus species.



Compositions of the microbial structure were explored through 16S rDNA amplicon sequencing. In Changhua Town, Linqiangshi Island, Qizhou Island, and Meixia Port, sponges with high polyP enrichment rates showed higher abundances of Synechococcus than other sponges from the same area (Figure 4, Figures S6 and S7), while sponges with low polyP enrichment rates from Dongshan Bay (DM and DT) had low abundances of Synechococcus genus.





4. Discussion


Consideration of the distribution of inorganic nutrients and sponge reefs in the world’s oceans suggests that reefs can be present in water with quite a wide range of nutrient levels but are generally found in oligotrophic waters [34]. In this study, sponges were flourishing in both oligotrophic and eutrophic areas with low or high inorganic phosphorus levels. Although there were no clear patterns in polyP sequestration and utilization, different sponges could employ different strategies towards phosphorus. In the high DIP environment, Tedania sp. DT seemed to use polyP but not store enough polyP granules to be observed by confocal microscopy, while Mycale sp. DM could adopt other ways to utilize phosphorus but not polyP. In contrast, sponges existing in those areas with very low DIP could maintain requisite nutrients by enhancing their abilities of polyP accumulation and forming polyP granules, such as Haliclona sp. CH01, Cladocroce sp. CH02, Sigmaxinella sp. QZ01, and Lissodendoryx sp. MX01. The high enrichment rates and the storage of phosphorus as polyP may have significance for sponges living in oligotrophic environments by protecting sponges from phosphorus limitation and enhancing survival in a marine desert. A similar phenomenon occurred in the Sargasso Sea when phytoplankton accumulated polyP in response to low phosphorus levels [16]. The fact that more abundant sponges contained more polyP within the same regions, may imply that these sponges have a selective advantage in phosphorus accumulation that enables them to become more dominant [35].



In marine ecosystems, phosphorus concentration is generally controlled through external abiotic processes, making it difficult to balance supply and demand through biological activities [36,37]. In view of the wide distribution of sponges and the diversity of their symbiotic microorganisms, polyP synthesis in sponge symbiotic microorganisms and the process of biomineralization in sponges may have a major impact on the phosphorus cycle in benthic ecosystems [14]. In this study, canonical correspondence analysis (CCA) revealed the strong correlation between the polyP enrichment rate and the microbiomes of sponges. Microbial symbionts can make crucial contributions to host metabolism. Although host phylogeny and host identify influenced symbiotic microbial taxa and their related metabolic pathways to a great extent [37], under selection for environmental pressure, the effect of host phylogeny was reduced, such as the same genera Mycale sp. (DM vs. LQ02) or Callyspongia sp. (DC vs. MX03) in high/low DIP environment (Figure S6). A group of microorganisms referred to as polyphosphate (polyP) -accumulating organisms (PAOs) are usually involved in biological phosphorus transfer [38]. If PAOs form the dominant microbial community, this may contribute to the lower diversity of the microbial community structure [39]. Combined with polyP accumulation, PAOs, mainly cyanobacteria but also Planctomycets and Proteobacteria and to a less extent, Acidobacteria, could be related to phosphorus sequestration.



Among those, cyanobacteria-associated sponges with high polyP enrichment rates were more abundant than those with low polyP enrichment rates and low polyP contents. Traditionally, the role of symbiotic cyanobacteria in sponges has been considered to be mainly related to the nutrient supply to their hosts through their photosynthetic and nitrogen-fixing activities; carbon fixation and nitrogen fixation have been widely reported to be related to symbiotic cyanobacteria [40,41]. Cyanobacteria can provide up to 50% of the energy source and 80% of the carbon source for tropical sponges through photosynthesis [42]. In contrast, less attention has been given to the relationship between symbiotic cyanobacteria and the phosphorus cycle in the host. The finding that cyanobacteria can accumulate polyphosphate from water as a storage form of phosphorus [43,44,45] and the recent discovery of polyP granules in three coral reef sponges and their symbiotic cyanobacteria in the Caribbean [14] raise the possibility that symbiotic cyanobacteria may also have a crucial role in phosphorus cycling.



PolyP from symbiotic microorganisms accounted for 25–40% of the total phosphorus of sponges, which indicated that microorganisms could mediate the chelation of phosphorus in sponges [1]. In this study, by combining microbial community structure and CCA analysis, a possible link between Synechococcus genus (clustered in Cyanobacteria) and the polyP enrichment rate was established. The composition of polyphosphate kinase (ppk) genes from gene libraries of sponge holobionts, further implied that the microbial sources of polyP in sponges at the genetic level [14]. From the diversity and percentage, nearly half of ppk genes shared a high homology with Synechococcus; it was suggested that Synechococcus could synthesize polyphosphate as one of the energy reserves to supply the host sponge in oligotrophic environments. Previous studies on polyphosphate accumulation mostly focus on free-living cyanobacteria [46,47]. In 2009, studies on marine cyanobacteria by Bily et al. [48] showed that Synechococcus elongatus could store excess phosphate and synthesize polyphosphate particles in the cytoplasm or vacuoles to remove phosphorus in the water. Multiple groups of Synechococcales were observed with transmission electron microscopy to relate to polyP particles found in bacterial cells [49,50], confirming that Synechococcales stored polyP in response to phosphorus limitation in the environment [51].



Our previous study about Tedania sp. from embryo to adult stages showed that Synechococcus occurred in sponge species as horizontal acquisitions but not inherited symbionts, even though they were not abundant in surrounding seawater [52]. These microorganisms were specifically taken up from seawater and formed functional symbioses. Under conditions of P abundance and deficiency, these symbionts are likely to participate in the phosphorus metabolism of the host via synthesis and decomposition of polyP. In the ocean, symbiotic algae of coral [53] and symbiotic bacteria of bivalves [54] had been reported to accumulate polyP under no-stress conditions and to degrade polyP as an energy supply to maintain the metabolic activity of their hosts under environmental stress. In this study, polyP particles were observed in sponge tissues, related to polyP conversion and highly abundant cyanobacteria were detected, which supported the conjecture that symbiotic microorganisms could be positively related to the polyP accumulation of sponge hosts. In the future, cyanobacteria, particularly Synechococcus and more sponge species should be further studied by omics in regard to P synthesis, P storage, and P release mechanisms in sponges. This would be an important step in understanding the role of sponges and their symbionts in phosphorus cycling in sponge-dominated marine reefs.








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-2607/8/1/63/s1. Figure S1: Sampling sites of sponges, Figure S2: Pictures of 12 sponge species, Figure S3: polyP standard curve, Figure S4: Microbial community diversity and richness associated with 12 sponges, Figure S5: the principal coordinates analysis (PCoA) of 12 samples, Figure S6: Heatmap of the distribution of bacterial representatives (richness top 20) at the level of genus. The color code indicates relative abundance, ranging from blue (low abundance) to yellow to red (high abundance), Figure S7: The relative abundance of sponge symbiotic Synechococcus (straight-line graph) and polyP enrichment rate (histogram) in different areas, Table S1: ppk1 gene primers and the reaction conditions for PCR, Table S2: 16S rRNA gene amplicon sequence summary and estimation of richness and diversity for sponge samples, Table S3: Test of alpha-diversity indices in different samples.





Author Contributions


Conceptualization, J.Z. and R.T.H.; methodology, H.O., S.W., and M.L.; software, S.W., M.L., and L.J.; validation, S.W. and J.Z.; formal analysis, S.W.; investigation, S.W. and H.O.; resources, H.O.; writing—original draft preparation, H.O., M.L., and S.W.; writing—review and editing, J.Z. and R.T.H.; visualization, S.W. and J.Z.; supervision, J.Z.; project administration, J.Z.; funding acquisition, J.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by grants from the Scientific Research Project of the National Natural Science Foundation of China (Grant No. 41876183); Scientific Research Project of Xiamen Southern Ocean Center, China (Grant 17GYY008NF04).




Acknowledgments


We gratefully acknowledge the valuable cooperation of Weidi Yang of the College of Ocean and Earth Science of Xiamen University, China, in sampling the sponge species.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Colman, A.S. Sponge symbionts and the marine P cycle. Proc. Natl. Acad. Sci. USA 2015, 112, 4191–4192. [Google Scholar] [CrossRef] [PubMed]

	



Maldonado, M.; Ribes, M.; van Duyl, F.C. Nutrient fluxes through sponges: Biology, budgets, and ecological implications. Adv. Mar. Biol. 2012, 62, 113–182. [Google Scholar] [PubMed]

	



Radwan, M.; Hanora, A.; Zan, J.; Mohamed, N.M.; Abo-Elmatty, D.M.; Abou-El-Ela, S.H.; Hill, R.T. Bacterial community analyses of two Red Sea sponges. Mar. Biotechnol. 2010, 12, 350–360. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, T.; Moitinho-Silva, L.; Lurgi, M.; Björk, J.R.; Easson, C.; Astudillo-García, C.; Olson, J.B.; Erwin, P.M.; López-Legentil, S.; Luter, H.; et al. Diversity, structure and convergent evolution of the global sponge microbiome. Nat. Commun. 2016, 7, 11870. [Google Scholar] [CrossRef]

	



Enticknap, J.J.; Kelly, M.; Peraud, O.; Hill, R.T. Characterization of a culturable alphaproteobacterial symbiont common to many marine sponges and evidence for vertical transmission via sponge larvae. Appl. Environ. Microbiol. 2006, 72, 3724–3732. [Google Scholar] [CrossRef]

	



Taylor, M.W.; Radax, R.; Steger, D.; Wagner, M. Sponge-associated microorganisms: Evolution, ecology, and biotechnological potential. Microbiol. Mol. Biol. Rev. 2007, 71, 295–347. [Google Scholar] [CrossRef]

	



Pita, L.; Rix, L.; Slaby, B.M.; Franke, A.; Hentschel, U. The sponge holobiont in a changing ocean: From microbes to ecosystems. Microbiome 2018, 6, 46. [Google Scholar] [CrossRef]

	



Hoffmann, F.; Radax, R.; Woebken, D.; Holtappels, M.; Lavik, G.; Rapp, H.T.; Schläppy, M.-L.; Schleper, C.; Kuypers, M.M.M. Complex nitrogen cycling in the sponge Geodia barretti. Environ. Microbiol. 2009, 11, 2228–2243. [Google Scholar] [CrossRef]

	



Jensen, S.; Fortunato, S.A.V.; Hoffmann, F.; Hoem, S.; Rapp, H.T.; Øvreås, L.; Torsvik, V.L. The relative abundance and transcriptional activity of marine sponge-associated microorganisms emphasizing groups involved in sulfur cycle. Microb. Ecol. 2017, 73, 668–676. [Google Scholar] [CrossRef]

	



Van Mooy, B.A.S.; Fredricks, H.F.; Pedler, B.E.; Dyhrman, S.T.; Karl, D.M.; Koblížek, M.; Lomas, M.W.; Mincer, T.J.; Moore, L.R.; Moutin, T.; et al. Phytoplankton in the ocean use non-phosphorus lipids in response to phosphorus scarcity. Nature 2009, 458, 69–72. [Google Scholar] [CrossRef]

	



Delaney, M.L. Phosphorus accumulation in marine sediments and the oceanic phosphorus cycle. Glob. Biogeochem. Cycles 1998, 12, 563–572. [Google Scholar] [CrossRef]

	



Fletcher, G.L. Accumulation of yellow phosphorus by several marine invertebrates and seaweed. J. Fish. Res. Board Can. 1971, 28, 793–796. [Google Scholar] [CrossRef]

	



Suzumura, M. Phospholipids in marine environments: A review. Talanta 2005, 66, 1–434. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, F.; Blasiak, L.C.; Karolin, J.O.; Powell, R.J.; Geddes, C.D.; Hill, R.T. Phosphorus sequestration in the form of polyphosphate by microbial symbionts in marine sponges. Proc. Natl. Acad. Sci. USA 2015, 112, 4381–4386. [Google Scholar] [CrossRef]

	



Powell, N.; Shilton, A.; Chisti, Y.; Pratt, S. Towards a luxury uptake process via microalgae-defining the polyphosphate dynamics. Water Res. 2009, 43, 4207–4213. [Google Scholar] [CrossRef]

	



Martin, P.; Dyhrman, S.T.; Lomas, M.W.; Poulton, N.J.; Van Mooy, B.A.S. Accumulation and enhanced cycling of polyphosphate by Sargasso Sea plankton in response to low phosphorus. Proc. Natl. Acad. Sci. USA 2014, 111, 8089–8094. [Google Scholar] [CrossRef]

	



Rao, N.N.; Gomez-Garcia, M.R.; Kornberg, A. Inorganic polyphosphate: Essential for growth and survival. Annu. Rev. Biochem. 2009, 78, 605–647. [Google Scholar] [CrossRef]

	



Arthur, K. Inorganic polyphosphate: Toward making a forgotten polymer unforgettable. J. Bacteriol. 1995, 177, 491–496. [Google Scholar]

	



Holden, D.W. Persisters unmasked. Science 2015, 347, 30–32. [Google Scholar] [CrossRef]

	



Azevedo, C.; Saiardi, A. Functions of inorganic polyphosphates in eukaryotic cells: A coat of many colours. Biochem. Soc. Trans. 2014, 42, 98–102. [Google Scholar] [CrossRef]

	



Kulaev, I.; Vagabov, V.; Kulakovskaya, T. New aspects of inorganic polyphosphate metabolism and function. J. Biosci. Bioeng. 1999, 88, 111–129. [Google Scholar] [CrossRef]

	



Zhou, J.; Jin, H.; Cai, Z.H. A review of the role and function of microbes in coral reef ecosystem. Chin. J. Appl. Ecol. 2014, 25, 919–930. [Google Scholar]

	



Martin, P.; Van Mooy, B.A. Fluorometric quantification of polyphosphate in environmental plankton samples: Extraction protocols, matrix effects, and nucleic acid interference. Appl. Environ. Microbiol. 2013, 79, 273–281. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Bruns, M.A.; Tiedje, J.M. DNA recovery from soils of diverse composition. Appl. Environ. Microbiol. 1996, 62, 316–322. [Google Scholar]

	



Caporaso, G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Lozupone, C.A.; Turnbaugh, P.J.; Fierer, N.; Knight, R. Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. USA 2011, 108, 4516–4522. [Google Scholar] [CrossRef]

	



Magoc, T.; Salzberg, S.L. FLASH: Fast length adjustment of short reads to improve genome assemblies. Bioinformatics 2011, 27, 2957–2963. [Google Scholar] [CrossRef]

	



Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.; Goodrich, J.K.; Gordon, J.I.; et al. QIIME allows analysis of high throughput community sequencing data. Nat. Methods 2010, 7, 335–336. [Google Scholar] [CrossRef]

	



Bokulich, N.A.; Subramanian, S.; Faith, J.J.; Gevers, D.; Gordon, J.I.; Knight, R.; Mills, D.A.; Caporaso, J.G. Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing. Nat. Methods 2013, 10, 57–59. [Google Scholar] [CrossRef]

	



Edgar, R.C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 2013, 10, 996–998. [Google Scholar] [CrossRef]

	



Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261–5267. [Google Scholar] [CrossRef]

	



Pruesse, E.; Quast, C.; Knittel, K.; Fuchs, B.M.; Ludwig, W.; Peplies, J.; Glöckner, F.O. SILVA: A comprehensive online resource for quality checked and aligned ribosomal RNA sequence data compatible with ARB. Nucleic Acids. Res. 2007, 35, 7188–7196. [Google Scholar] [CrossRef] [PubMed]

	



Dang, H.; Li, J.; Chen, R.; Wang, L.; Guo, L.; Zhang, Z.; Klotz, M.G. Diversity, abundance, and spatial distribution of sediment ammonia-oxidizing Betaproteobacteria in response to environmental gradients and coastal eutrophication in Jiaozhou Bay, China. Appl. Environ. Microbiol. 2010, 76, 4691–4702. [Google Scholar] [CrossRef] [PubMed]

	



Oksanen, J.; Blanchet, F.G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minhin, P.R.; O’Hara, R.B.; Simpson, G.L.; Solymos, P.; et al. Vegan: Community Ecology Package. R-Package Version 2.0–10. 2013. Available online: http://CRAN.R-project.org/package=vegan (accessed on 24 September 2019).

	



de Goeij, J.M.; van Oevelen, D.; Vermeij, M.J.A.; Osinga, R.; Middelburg, J.J.; de Goeij, A.F.P.M.; Admiraal1, W. Surviving in a marine desert: The sponge loop retains resources within coral reefs. Science 2013, 342, 108–110. [Google Scholar] [CrossRef] [PubMed]

	



Brown, M.R.; Kornberg, A. Inorganic polyphosphate in the origin and survival of species. Proc. Natl. Acad. Sci. USA 2004, 101, 16085–16087. [Google Scholar] [CrossRef]

	



Benitez-Nelson, C.R. The biogeochemical cycling of phosphorus in marine systems. Earth Sci. Rev. 2000, 51, 109–135. [Google Scholar] [CrossRef]

	



Easson, C.G.; Thanker, R.W. Phylogenetic signal in the community structure of host-specific microbiomes of tropical marine sponge. Front. Microbiolgy 2014, 5, 532–542. [Google Scholar] [CrossRef]

	



Paytan, A.; McLaughlin, K. The oceanic phosphorus cycle. Chem. Rev. 2007, 107, 563–576. [Google Scholar] [CrossRef]

	



Corno, G.; Modenutti, B.E.; Callieri, C.; Balseiro, E.G.; Bertoni, R.; Caravatia, E. Bacterial diversity and morphology in deep ultraoligotrophic Andean lakes: Role of UVR on vertical distribution. Limnol. Oceanogr. 2009, 54, 1098–1112. [Google Scholar] [CrossRef]

	



Lee, Y.K.; Lee, J.H.; Lee, H.K. Microbial symbiosis in marine sponges. J. Microbiol. 2001, 39, 254–264. [Google Scholar]

	



Grozdanov, L.; Hentschel, U. An environmental genomics perspective on the diversity and function of marine sponge-associated microbiota. Curr. Opin. Microbiol. 2007, 10, 215–220. [Google Scholar] [CrossRef]

	



Wilkinson, C.R. Net Primary Productivity in Coral Reef Sponges. Science 1983, 219, 410–412. [Google Scholar] [CrossRef] [PubMed]

	



Mukherjee, C.; Chowdhury, R.; Ray, K. Phosphorus recycling from an unexplored source by polyphosphate accumulating microalgae and cyanobacteria-A step to phosphorus security in agriculture. Front. Microbiol. 2015, 6, 1421. [Google Scholar] [CrossRef] [PubMed]

	



Kromkamp, J. Formation and functional significance of storage products in cyanobacteria. N. Z. J. Mar. Freshw. Res. 1987, 21, 457–465. [Google Scholar] [CrossRef]

	



Seki, Y.; Nitta, K.; Kaneko, Y. Observation of polyphosphate bodies and DNA during the cell division cycle of Synechococcus elongatus PCC 7942. Plant Biol. 2014, 16, 258–263. [Google Scholar] [CrossRef] [PubMed]

	



Mateo, P.; Douterelo, I.; Berrendero, E.; Perona, E. Physiological differences between two species of Cyanobacteria in relation to phosphorus limitation. J. Phycol. 2006, 42, 61–66. [Google Scholar] [CrossRef]

	



Schulz, H.N.; Schulz, H.D. Large sulfur bacteria and the formation of phosphorite. Science 2005, 307, 416–418. [Google Scholar] [CrossRef]

	



Aguilar-May, B.; Pilar Sánchez-Saavedra, M. Growth and removal of nitrogen and phosphorus by free-living and chitosan-immobilized cells of the marine cyanobacterium Synechococcus elongatus. J. Appl. Phycol. 2008, 21, 353–360. [Google Scholar] [CrossRef]

	



Dvořák, P.; Hindák, F.; Hašler, P.; Hindáková, A.; Poulíčková, A. Morphological and molecular studies of Neosynechococcus sphagnicola, gen. et sp. nov. (Cyanobacteria, Synechococcales). Phytotaxa 2014, 170, 24–34. [Google Scholar]

	



Li, X.; Li, R. Limnolyngbya circumcreta gen. & comb. nov. (Synechococcales, Cyanobacteria) with three geographical (provincial) genotypes in China. Phycologia 2016, 55, 478–491. [Google Scholar]

	



Mazard, S.; Wilson, W.H.; Scanlan, D.J. Dissecting the physiological response to phosphorus stress in marine Synechococcus isolates (Cyanophyceae). J. Phycol. 2012, 48, 94–105. [Google Scholar] [CrossRef]

	



Wu, S.; Ou, H.; Liu, T.; Wang, D.; Zhao, J. Structure and dynamics of microbiomes associated with the marine sponge Tedania sp. during its life cycle. Fems. Microbiol. Ecol. 2018, 94, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Yellowlees, D.; Rees, T.A.; Leggat, W. Metabolic interactions between algal symbionts and invertebrate hosts. Plant Cell Environ. 2008, 31, 679–694. [Google Scholar] [CrossRef] [PubMed]

	



Arndt-Sullivan, C.; Lechaire, J.P.; Felbeck, H. Extreme tolerance to anoxia in the Lucinoma aequizonata symbiosis. J. Shellfish Res. 2008, 27, 119–127. [Google Scholar] [CrossRef]








[image: Microorganisms 08 00063 g001 550] 





Figure 1. Visualization of polyP in sponge tissues by DAPI-staining under fluorescence microscopic imaging. PolyP granules indicated by arrows. (A). CH01, (B). CH02, (C). MX01, (D). QZ01, (E). DT, (F). DM. Samples in (A–D): from the oligotrophic environment; Samples in (E,F): from the eutrophic environment. Scale bar: 20 μm. 
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Figure 2. The microbial community composition and abundance patterns in the level of phyla of different taxonomic groups from 36 sponge samples. CH01: Haliclona sp., CH02: Cladocroce sp., LQ01: Lissodendoryx sp., LQ02: Mycale sp., MX01: Lissodendoryx sp., MX02: Ircinia dendroides, MX03: Callyspongia sp., QZ01: Sigmaxinella sp., QZ02: Ircinia sp., DT: Tedania sp., DM: Mycale sp., DC: Callyspongia sp. 
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Figure 3. Mantel Test on the relationship between bacterial diversity at the level of genus and environmental factors. The X-axis presented a distance metric of taxonomic composition. (A) sponge abundance; (B) Dissolved inorganic phosphorus; (C) enrichment rate of polyphosphate; (D) polyphosphate content of sponge. 
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Figure 4. Canonical correspondence analysis (CCA) between the microbial community structure and four environment factors. 
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Table 1. Phosphorus sequestration in the form of polyphosphate by sponges in oligotrophic and eutrophic marine environments (n = 3 for each sample).
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Sample Sources

	
DIP 1 in Surrounding Sea Water (μM)

	
ID

	
Sponge Taxonomy

	
Abundance

(Individuals/20 m2) 3

	
polyP/Sponge Dry Weight (mg/g)

	
Enrichment Rate 2






	
Dongshan bay (E) 23.80° N, 117.59° E

	
~4.796

	
DM

	
Mycale sp.

	
5

	
0.008 ± 0.004

	
53 ± 27




	
DT

	
Tedania sp.

	
16

	
3.722 ± 0.152

	
24813 ± 1807




	
DC

	
Callyspongia sp.

	
10

	
0.024 ± 0.001

	
157 ± 10




	
Changhua Town (O) 19.25° N, 109.03° E

	
~0.040

	
CH01

	
Haliclona sp.

	
12

	
3.729 ± 1.711

	
3107893 ± 247702




	
CH02

	
Cladocroce sp.

	
7

	
2.911 ± 0.133

	
2425581 ± 111206




	
Linqiangshi lsland (O) 19.53° N, 109.26° E

	
~0.210

	
LQ01

	
Lissodendoryx sp.

	
4

	
0.484 ± 0.079

	
110015 ± 17986




	
LQ02

	
Mycale sp.

	
2

	
0.137 ± 0.041

	
31215 ± 9399




	
Qizhou Island (O) 19.55° N, 111.11° E

	
~0.081

	
QZ01

	
Sigmaxinella sp.

	
3

	
1.355 ± 0.161

	
541971 ± 64371




	
QZ02

	
Ircinia sp.

	
1

	
0.977 ± 0.619

	
390672 ± 247702




	
Meixia Port (O) 20.00° N, 109.35° E

	
~0.114

	
MX01

	
Lissodendoryx sp.

	
4

	
1.159 ± 0.443

	
331027 ± 126645




	
MX02

	
Ircinia dendroides

	
2

	
0.492 ± 0.194

	
140559 ± 55423




	
MX03

	
Callyspongia sp.

	
3

	
0.046 ± 0.019

	
13121 ± 5455








1 DIP means dissolved inorganic phosphorus; 2 Enrichment rate was defined as the ratio of polyP in per gram sponge tissue to DIP in surrounding sea environment; (E) means eutrophic sites, (O) means oligotrophic sites; 3 The correlation analysis of polyP and sponge species abundance with Pearson test: p < 0.041.
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Table 2. The BLASTX results of ppk1 gene.
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	ID
	Closest ppk Relative and Its Accession Number
	Bacteria Group
	AA Identities
	Taxonomy





	DM.1
	polyphosphate kinase 1 WP_045783506.1
	Klebsiella michiganensis
	97%
	Gammaproteobacteria; Enterobacterales



	DM.2
	polyphosphate kinase KRO79340.1
	OM182 bacterium BACL3 MAG-120920-bin41
	96%
	Gammaproteobacteria; OMG group



	DM.3
	polyphosphate kinase 1 WP_049475655.1
	Stenotrophomonas maltophilia
	99%
	Gammaproteobacteria; Xanthomonadales



	DM.4
	polyphosphate kinase 1 WP_071965591.1
	Streptomyces cinnamoneus
	73%
	Actinobacteria; Streptomycetales



	DM.5
	polyphosphate kinase KPK47330.1
	Thiotrichales bacterium SG8_50
	72%
	Gammaproteobacteria; Thiotrichales



	DM.6
	polyphosphate kinase 1 OYV98205.1
	Acidobacteria bacterium 21-70-11
	72%
	Acidobacteria



	DM.7
	polyphosphate kinase 1 WP_019874751.1
	Sporichthya polymorpha
	77%
	Actinobacteria; Frankiales



	DM.8
	polyphosphate kinase KRO79340.1
	OM182 bacterium BACL3 MAG-120920-bin41
	96%
	Gammaproteobacteria; OMG group



	DM.9
	polyphosphate kinase 1 PWL23716.1
	Synechococcus sp. XM-24
	86%
	Cyanobacteria; Synechococcales



	DT.1
	polyphosphate kinase 1 WP_045783506.1
	Klebsiella michiganensis
	98%
	Gammaproteobacteria; Enterobacterales



	DT.2
	polyphosphate kinase 1 WP_010309567.1
	Synechococcus sp. CB0101
	84%
	Cyanobacteria; Synechococcales



	DT.3
	polyphosphate kinase 1 WP_049475655.1
	Stenotrophomonas maltophilia
	98%
	Gammaproteobacteria; Xanthomonadales



	DT.4
	polyphosphate kinase 1 PWL23716.1
	Synechococcus sp. XM-24
	89%
	Cyanobacteria; Synechococcales



	DT.5
	polyphosphate kinase 1 OYV98205.1
	Acidobacteria bacterium 21-70-11
	71%
	Acidobacteria.



	DT.6
	polyphosphate kinase 1 WP_094558932.1
	Synechococcus sp. 8F6
	86%
	Cyanobacteria; Synechococcales



	CH01.1
	polyphosphate kinase 1 WP_010309567.1
	Synechococcus sp. CB0101
	86%
	Cyanobacteria; Synechococcales



	CH01.2
	polyphosphate kinase 1 WP_007099397.1
	Synechococcus sp. RS9916
	97%
	Cyanobacteria; Synechococcales



	CH01.3
	polyphosphate kinase 1 WP_010317776.1
	Synechococcus sp. CB0205
	85%
	Cyanobacteria; Synechococcales



	CH01.4
	polyphosphate kinase 1 PWL23716.1
	Synechococcus sp. XM-24
	84%
	Cyanobacteria; Synechococcales



	CH02.1
	polyphosphate kinase 1 WP_007099397.1
	Synechococcus sp. RS9916
	97%
	Cyanobacteria; Synechococcales



	CH02.2
	polyphosphate kinase 1 WP_041025907.1
	Alcanivorax pacificus
	84%
	Gammaproteobacteria; Oceanospirillales



	LQ01.1
	polyphosphate kinase 1 WP_010309567.1
	Synechococcus sp. CB0101
	87%
	Cyanobacteria; Synechococcales



	LQ01.2
	polyphosphate kinase 1 PWL23716.1
	Synechococcus sp. XM-24
	88%
	Cyanobacteria; Synechococcales



	LQ01.3
	polyphosphate kinase 1 WP_010309567.1
	Synechococcus sp. CB0101
	89%
	Cyanobacteria; Synechococcales



	LQ02.1
	polyphosphate kinase 1 WP_010309567.1
	Synechococcus sp. CB0101
	89%
	Cyanobacteria; Synechococcales



	QZ01.1
	polyphosphate kinase 1 WP_007099397.1
	Synechococcus sp. RS9916
	97%
	Cyanobacteria; Synechococcales



	QZ01.2
	polyphosphate kinase 1 PWL23716.1
	Synechococcus sp. XM-24
	87%
	Cyanobacteria; Synechococcales



	QZ02.1
	polyphosphate kinase PPR24019.1
	Alphaproteobacteria bacterium MarineAlpha10_Bin2
	74%
	Alphaproteobacteria



	QZ02.2
	polyphosphate kinase 1 WP_090634088.1
	Nitrosomonas marina
	74%
	Betaproteobacteria; Nitrosomonadales



	QZ02.3
	polyphosphate kinase 1 WP_096458022.1
	Sulfurifustis variabilis
	65%
	Gammaproteobacteria; Acidiferrobacterales











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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