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Abstract 

Background: Sponge holobionts (i.e., the host and its associated microbiota) play a key role in the cycling of dis-
solved organic matter (DOM) in marine ecosystems. On coral reefs, an ecological shift from coral-dominated to 
algal-dominated ecosystems is currently occurring. Given that benthic corals and macroalgae release different types 
of DOM, in different abundances and with different bioavailability to sponge holobionts, it is important to understand 
how the metabolic activity of the host and associated microbiota change in response to the exposure to both DOM 
sources. Here, we look at the differential gene expression of two sponge holobionts 6 hours after feeding on naturally 
sourced coral- and macroalgal-DOM using RNA sequencing and meta-transcriptomic analysis.

Results: We found a slight, but significant differential gene expression in the comparison between the coral- and 
macroalgal-DOM treatments in both the high microbial abundance sponge Plakortis angulospiculatus and the low 
microbial abundance sponge Haliclona vansoesti. In the hosts, processes that regulate immune response, signal 
transduction, and metabolic pathways related to cell proliferation were elicited. In the associated microbiota car-
bohydrate metabolism was upregulated in both treatments, but coral-DOM induced further lipid and amino acids 
biosynthesis, while macroalgal-DOM caused a stress response. These differences could be driven by the presence of 
distinct organic macronutrients in the two DOM sources and of small pathogens or bacterial virulence factors in the 
macroalgal-DOM.

Conclusions: This work provides two new sponge meta-transcriptomes and a database of putative genes and 
genetic pathways that are involved in the differential processing of coral- versus macroalgal-DOM as food source to 
sponges with high and low abundances of associated microbes. These pathways include carbohydrate metabolism, 
signaling pathways, and immune responses. However, the differences in the meta-transcriptomic responses of the 
sponge holobionts after 6 hours of feeding on the two DOM sources were small. Longer-term responses to both DOM 
sources should be assessed to evaluate how the metabolism and the ecological function of sponges will be affected 
when reefs shift from coral towards algal dominance.

Keywords: Porifera, Sponge holobiont, Microbiota, RNA sequencing, meta-transcriptomics, Dissolved organic matter 
(DOM), Coral-DOM, Macroalgal-DOM

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Sponges and their associated microbiota (holobionts) are 
key marine ecosystem drivers because of their efficient 
uptake, processing, and release of organic and inorganic 
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nutrients within their ecosystems [1–3]. An important 
food source used by sponges is dissolved organic matter 
(DOM) [4–8]. In the oceans, DOM is the main pool of 
organic matter and it is released by primary producers, 
such as phytoplankton, macroalgae, and corals [9–11]. 
In the past twenty years, considerable changes in ben-
thic communities, such as a shift from coral to algal 
dominance, have occurred on many coral reefs as a con-
sequence of climatic events in combination with direct 
anthropogenic disturbances [12–14]. Benthic algae, 
including turf algae and macroalgae, are found to release 
higher amounts of bioavailable DOM than corals [15, 16], 
which results in higher growth rates of ambient bacte-
rioplankton, including the growth of pathogenic bacte-
ria [16–19]. Recently, differential processing of naturally 
sourced coral- and macroalgal-DOM has been observed 
also in sponges, showing that macroalgal-DOM is gener-
ally more bioavailable to the sponge holobiont than coral-
DOM [20, 21].

When exposed to coral- versus algal-DOM, seawater 
bacterioplankton communities not only shift in composi-
tion, but also adopt different metabolic strategies [16, 17]. 
After exposure to coral-DOM, bacterioplankton com-
munities became dominated by Alphaproteobacteria, 
while Bacteroidetes, Gammaproteobacteria, and Cyano-
bacteria became more abundant after exposure to algal-
DOM [17]. Furthermore, a metagenomic assessment of 
these bacterial groups showed a significant enrichment 
in genes encoding for the Embden–Meyerhof–Parnas 
(EMP) pathways on coral-dominated reefs, as opposed 
to the tricarboxylic acid (TCA) cycle, Entner-Dou-
doroff (ED), and pentose phosphate (PP) pathways on 
algal-dominated reefs [17]. Whereas the EMP pathway 
enriched on coral-dominated reefs is the most efficient 
in energy production, the direct breakdown of sugars in 
the ED, PP and TCA pathways rapidly remineralize the 
available organic carbon, but at a higher energetic cost 
[22, 23]. Some bacterial lineages present in the bacterio-
plankton are also found in association with sponges, but 
it is unknown whether similar, or any, shifts in sponge 
holobionts and their metabolic pathways are found when 
exposed to coral- versus macroalgal-DOM.

Metagenomic sequence analyses has provided insight 
into the putative metabolism of the sponge microbi-
ota, revealing several microbial groups encoding genes 
for carbon, nitrogen, sulfur, and phosphate metabo-
lism along with vitamin biosynthesis, as reviewed in 
[24–26]. A metagenomic study spanning seven sponge 
species and 25 microbial phyla suggested that some 
Chloroflexi, Poribacteria, Acidobacteria, Spirochaetes, 
and Latescibacteria are enriched in glycosyl hydrolases 
(GHs) acting on arabinose and fucose sugars, which are 
components of coral mucus (i.e., part of the coral-DOM 

pool) and macroalgal-DOM [27]. However, to confirm 
putative physiological responses and metabolic path-
ways employed by both host and associated microbiota 
and transcend ‘potential functions’ of sponges derived 
from metagenomics studies, it is required that molecular 
sequence data are coupled to hypothesis- driven experi-
mental studies [28]. Recently, sponge-associated bacte-
rial taxa of the sponge Plakortis angulospiculatus were 
shown to have an active metabolism in DOM processing 
by coupling DNA sequencing and stable isotope probing 
(DNA-SIP), for the first time in a marine holobiont [29]. 
Transcriptional responses to DOM-feeding by sponge 
host and its associated microbiota are at present not yet 
described.

In this study, we performed a meta-transcriptomic 
analysis on two sponge species—the high microbial 
abundance (HMA) species Plakortis angulospiculatus 
and the low microbial abundance (LMA) species Hali-
clona vansoesti—of which we previously assessed the 
processing (organic carbon/nitrogen assimilation and 
inorganic nutrient fluxes) of naturally sourced macroal-
gal- and coral-DOM [21]. Our previous study showed 
that in both sponge species there was up to two times 
higher assimilation of organic and inorganic nitrogen 
when sponges were fed with macroalgal- compared to 
coral-DOM. Here, we analysed the differential transcript 
expression of the sponge host and of the sponge-associ-
ated microbiota 6 hours after feeding on coral- and mac-
roalgal-DOM and discuss how differential expression is 
linked with previously observed differences in coral- ver-
sus macroalgal-DOM processing.

Methods
Sample collection
As part of the study described in Campana et  al. [21], 
individuals of the sponges Plakortis angulospiculatus 
[class Homoscleromorpha; HMA, encrusting 1–4 cm 
thick lobate/ficiform] and Haliclona (Halichoclona) van-
soesti [class Demospongiae; LMA, encrusting 0.5–3 cm 
thick conulose] were collected on the fringing reef close 
to Piscadera Bay on Curaçao (12° 12′ N, 68° 96′ W), 
between 10 and 30 m water depth by SCUBA. After col-
lection, sponges were trimmed to a size between 10 
and 30  cm2 (leaving at least three functional oscula) and 
cleared of epibionts. Trimmed specimens were allowed 
to recover at the collection site for 3–4 weeks to ensure 
full recovery from collection and handling. Only visu-
ally healthy sponges (no tissue damage, open oscula as 
a measure for active pumping) were used in the experi-
ments. The two sponge species were incubated with 
either coral- or macroalgal-DOM for 6 h, or diatom-
DOM for 3 h (n = 3 per species x DOM source). Whereas 
the diatom-DOM source was artificially made in the 
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laboratory, macroalgal- and coral-DOM were naturally 
sourced to better reflect the composition of DOM exu-
dates released into the environment. All three DOM 
sources were enriched in 13C and 15N, using  NaH13CO3 
and  Na15NO3, for tracing the assimilation of organic car-
bon and nitrogen by the sponges [21]. Briefly, the coral- 
and macroalgal-DOM were obtained by collection and 
filtration (0.7 μm) of the water containing the exudates 
released by the labeled corals or macroalgae, while dia-
tom-DOM was obtained by lysis and filtration (0.2 μm) of 
the labeled diatom cells. The latter DOM source served 
as a highly labeled control to our naturally sourced mac-
roalgae- and coral-DOM and was produced using axenic 
batch cultures of the cosmopolitan marine diatom Phae-
odactylum tricornutum. For detailed description of the 
DOM sources production and labeling see Campana 
et  al. [21]. Sponge individuals were transferred, without 
air exposure, to air-tight, stirred, incubation chambers, 
which were filled with coral-, macroalgal-, or diatom 
DOM. All incubations were conducted in the dark and 
dissolved oxygen concentration was monitored continu-
ously with an optical probe (OXY-4, PreSens, Regens-
burg, Germany). Incubation chambers were placed in a 
flow-through aquarium to ensure near in  situ tempera-
ture. At the end of the incubation, the sponge individu-
als were rinsed in non-labeled fresh seawater to remove 
excess tracer isotopes and dipped in Milli-Q water to 
remove salts before sampling the tissue for RNA. The 
sponge tissue samples included both pinacoderm and 
mesohyl and were snap frozen and stored in TRIzol® 
Reagent at − 80 °C until further processing.

RNA extraction and sequencing
Total RNA was extracted from the sponge tissue sam-
ples using TRIzol® Reagent and the PureLink® RNA 
Mini Kit (Invitrogen) with on-column PureLink® DNase 
treatment, following the manufacturer’s protocol. The 
extracted total RNA was cleaned-up with the RNe-
asy MinElute Cleanup Kit (Qiagen), also following the 
manufacturer’s protocol. The final RNA concentrations 
were checked with the Qubit™ RNA BR Assay Kit and 
Qubit® 2.0 Fluorometer (Invitrogen, CA, USA). The RNA 
was stored at − 80 °C until further analysis. The quality 
of the extracted RNA was further assessed on a Qubit® 
3.0 Fluorometer (Invitrogen, CA, USA) with the RNA 
BR Assay Kit and the TapeStation RNA ScreenTape at 
the Competence Centre for Genomic Analysis (CCGA) 
in Kiel, Germany, where the library preparation and 
sequencing took place. Ribosomal RNA from prokaryotes 
and eukaryotes was removed using the Illumina Ribo-
Zero Plus rRNA depletion kit. Eighteen cDNA libraries 
(two species x three replicates x three DOM treatments) 
were then prepared with the TruSeq stranded total RNA 

kit according to the pre-release protocol and sequenced 
on one lane of the Illumina NovaSeq6000 S1 FlowCell, 
using a paired-end (150 bp length) sequencing strategy. 
The diatom-DOM treatment is included in our analysis 
to aid in the construction of complete reference tran-
scriptomes (see below) for both species, but not in our 
differential expression analysis because we focused on 
the differences between the coral- and macroalgal-DOM, 
which were naturally sourced to better reflect the compo-
sition of DOM exudates released into the environment.

Sequence quality control, transcriptome assembly, 
and annotation
Removal of adapter sequences and sequence quality was 
confirmed using the FastQC programme [30]. Low-qual-
ity regions of reads were trimmed using Trimmomatic v 
0.39 [31] with the following settings: ILLUMINACLIP:./
Adaptors.fa:2:30:10 LEADING:3 TRAILING:3 SLIDING-
WINDOW: 4:28 MINLEN:36 where the Adaptors.fa file 
consisted of the specific Illumina indexes (oligonucleotide 
sequences) used for preparing the libraries. The resulting 
trimmed reads were then re-analysed with FastQC. To 
determine and eliminate ribosomal contamination, we 
used SortMeRNA v 4.2.0 [32]. The clean trimmed reads 
(three replicates x three DOM treatments) were then 
pooled separately for each species for the construction of 
a reference transcriptome using Trinity v 2.9.0 [33], with 
two non-standard settings: a minimum contig length of 
200 bp and in silico read normalization.

The quality and completeness of the two reference tran-
scriptomes were assessed on gVolante web server [34] using 
the Basic Universal Single Copy Orthologue (BUSCO) 
v5 [35] pipeline, selecting the eukaryotic, metazoan and 
bacteria BUSCO gene lists. For the annotation we per-
formed two different analyses. First, we annotated the ref-
erence transcriptomes against the NCBI database nr using 
BLAST [36] and used MEGAN v 6.19.7 [37] for classify-
ing the hits by kingdom. We then used DIAMOND v 2.0.6 
[38] to refine our search using the more curated database 
of Swiss-Prot. Since taxon assignment in BLAST searches 
can sometimes be difficult for very conserved genes, we 
searched against two separate Swiss-Prot protein data-
bases: a selection of all metazoan proteins and a selection 
of all prokaryotic proteins (cutoff e-value: 0.001). We then 
cross-checked both annotation files for more confident hit 
assignment, retaining all annotations for both databases 
for comparison. Further annotation was performed with 
Blast2GOPRO [39], to retrieve the Gene Ontology (GO) 
terms. Transdecoder v 5.5.0 (https:// github. com/ Trans 
Decod er/ Trans Decod er) was used to identify putative cod-
ing regions within transcripts (ORFs ≥50 AA long). The 
KAAS-KEGG automatic annotation server v 2.1 [40] was 
used to gain an understanding of the recovery of complete 

https://github.com/TransDecoder/TransDecoder
https://github.com/TransDecoder/TransDecoder
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pathways in our transcriptome. These were generated using 
the online tool rather than as integrated into Blast2GO, 
due to the increased functionality of the standalone server. 
The bi-directional best hit method was used to identify and 
annotate our contigs, with the protein sequences generated 
earlier used as the basis for these comparisons against a 
range of eukaryotic and prokaryotic species. KEGG path-
ways were reconstructed with the KEGG Mapper Recon-
struct tool [41] based on K numbers identified from the 
KAAS-KEGG annotation. Gene mapping to KEGG path-
ways within the category ‘carbon metabolism’, ‘nitrogen 
metabolism’ and ‘ATP-binding cassette (ABC) transporters’ 
were compared in both sponge species.

Differential expression and functional enrichment analyses
We assessed the differential transcript expression 
between the coral- and macroalgal-DOM feeding treat-
ments in our two target sponges. First, alignment of the 
reads to the reference transcriptome and estimation 
of transcripts expression values were performed using 
RSEM [42] as packaged within the Trinity [33] mod-
ule and Bowtie2 [43]. Then, the differential expression 
of transcripts between the two treatments was analysed 
using the Bioconductor package edgeR [44] within the 
Trinity [33] perl wrapper script, using the pairwise model 
(an exact test for the negative binomial distribution) with 
the following parameters: false discovery rate ≤ 0.0001 
and minimum absolute (log2(a/b)) change of 2 (i.e., four-
fold change), to minimize false positives. We excluded 
any differentially expressed transcripts where tran-
scription was only detected in a single sample, prior to 
clustering and downstream analysis, to avoid spurious 
results caused by transient expression or contamination 
on single samples. Finally, the remaining differentially 
expressed transcripts were aligned with the GO terms 
and KEGG annotations tables. We performed the analy-
ses using transcripts instead of genes to capture the most 
complete transcriptional response of the holobionts, 
given that a reference genome is not available for the spe-
cies, and the patterns of alternative splicing are not yet 
known.

An additional GO enrichment analysis was conducted in 
the Blast2GOPRO platform [39]. We identified which func-
tional GO categories among the differentially expressed 
transcripts (between the coral- and macroalgal-DOM 
treatments) were enriched compared to the metazoan and 
the prokaryotic GO-annotated transcripts in the reference 
transcriptomes. The enriched metazoan and prokaryotic 
GO categories were obtained with the Fisher’s Exact Test 
(FDR < 0.05), using the metazoan and the prokaryotic anno-
tated transcripts as two separate reference sets.

Results
Transcriptome assembly and annotation
The sequencing of 18 cDNA libraries yielded a total of 
830,367,692 reads, which resulted in ~ 37 million reads 
per sample after trimming. Basic sequencing metrics, 
including raw and trimmed reads and quality of the 
transcriptomes, can be seen in Table S1. Percentage of 
GC was even through all our samples, between 53 and 
55% in P. angulospiculatus and 48–52% in H. vansoesti 
and changed marginally with read cleaning (Table S1). 
Using SortMeRNA, we observed little to moderate ribo-
somal contamination among our sequences. Eukaryotic 
ribosomal content was relatively higher in H. vansoesti 
compared to P. angulospiculatus (14–22 and 8–14%, 
respectively), while the opposite was true for bacterial 
ribosomal content (4–6 and 9-15%, respectively). The 
original reads have been uploaded to the NCBI database 
under BioProject ID PRJNA 772056.

For each sponge species separately, the reads from all 
nine samples (i.e., three replicates x three DOM treat-
ments: coral-, macroalgal-, and diatom-DOM) were 
used to construct a reference transcriptome assembly 
(see Table 1 for statistics). A total of 577,453 transcripts 
and 344,473 ‘genes’ (i.e., Trinity components or ‘assem-
bled genes’ as identified in the Trinity pipeline) were pre-
sent in P. angulospiculatus and 390,371 transcripts and 
157,695 ‘genes’ in H. vansoesti (Table 1).

To test the completeness of our transcriptomic datasets 
we used the BUSCO approach [35], which revealed our 
dataset to be more complete in P. angulospiculatus than 
in H. vansoesti for the prokaryotic (61 and 36%, respec-
tively) set of genes, while both species had similarly high 
outputs for the metazoan (87 and 90%, respectively) and 
the eukaryotic set (93 and 92%, respectively), as can be 
seen in Table 2.

To annotate our data, we used BLAST, DIAMOND, 
Blast2GOPRO and KEGG platforms. Using the nr data-
base (containing eukaryotic and prokaryotic genes), the 
hits obtained against eukaryotic genes for both sponge 
transcriptomes were very similar, but the HMA sponge 
P. angulospiculatus showed ten times more hits against 
the prokaryotic genes than the LMA sponge H. van-
soesti (Table  1). We also performed KEGG annotation 
on our de-novo transcriptomes using the KAAS-KEGG 
automatic annotation server (Additional File 1). KEGG 
pathway recovery was good in both P. angulospiculatus 
and H. vansoesti with, respectively, 39,657 and 25,883 
transcripts annotated to existing KEGG terms (metazoa 
and prokaryotes). The higher number of KEGG annota-
tions in P. angulospiculatus compared to H. vansoesti 
was reflected in the completeness (i.e., when all genes 
involved in a pathways are expressed) of the modules 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA772056
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for carbon metabolism, nitrogen metabolism and ABC 
transporters (Table S2). For example, archaeal pentose 
phosphate pathway, methane oxidation, assimilatory 
nitrate reduction, denitrification, complete nitrification 
and transporters of extracellular nitrate/nitrite (NRT) 
were fully expressed only in P. angulospiculatus (Table 
S2). However, the KEGG nitrogen fixation pathway was 
missing in both species. Among the eukaryotic-type 
ABC transporters—a ubiquitous superfamily of mem-
brane proteins that is mainly responsible for trans-
portation of substrates across membranes—, 18 were 
present in both sponge species, with an additional nine 
only in P. angulospiculatus and four only in H. vansoesti 
(Table S2). Among the prokaryotic type, some ABC 

transporters were annotated in both sponge species, but 
several others were complete only in one of the two spe-
cies: maltose and glycerol transporters were annotated 
only in H. vansoesti, while in P. angulospiculatus com-
plete annotation was retrieved for more transporters, 
including those transporting ions, monosaccharides, 
oligosaccharides, phospholipids, phosphate, amino 
acids, urea, peptides, and other substrates (Table S2).

Differential expression and functional enrichment analyses 
of coral‑ versus macroalgal‑DOM feeding
To compare the differences in response to coral- versus 
macroalgal-DOM feeding in our two target sponges, 
we evaluated the differential expression of transcripts. 

Table 1 Statistics of the assembled reference transcriptomes of Plakortis angulospiculatus and Haliclona vansoesti. In brackets are given 
the percentages of the number of transcripts that received a certain annotation

Abbreviations: NR Nr database, SP Swiss-Prot database

Species P. angulospiculatus H. vansoesti

Number of transcripts 577,453 390,371

Number of Trinity ‘genes’ 344,473 157,695

Total bp in assembly 744,143,727 335,442,941

Max contig length 136,032 60,113

Mean contig length (bp) 1289 859

Median contig length (bp) 482 409

% GC 49 39

N20 contig length 8276 4602

N50 contig length 3304 1651

Number of contigs in N50 55,934 47,248

Number of transcripts over 1000 bp 165,469 79,227

Alignment rate to reference transcriptome 88.98% 88.95%

Transcripts w/blast hit (NR‑Eukaryota) 86,305 (15%) 94,220 (24%)

Transcripts w/blast hit (NR‑Prokaryota) 142,360 (25%) 13,682 (4%)

Transcripts w/blast hit (SP‑Metazoa) 170,324 (29%) 109,050 (28%)

Transcripts w/blast hit (SP‑Prokaryota) 215,940 (37%) 46,627 (12%)

Transcripts w/GO term (SP‑Metazoa) 124,471 (22%) 108,524 (28%)

Transcripts w/GO term (SP‑Prokaryota) 210,685 (36%) 43,770 (11%)

Proteins w/KEGG term 39,657 25,883

Table 2 Completeness of the transcriptomic datasets of Haliclona vansoesti and Plakortis angulospiculatus assessed with BUSCO v5

Abbreviations: C Complete, S Single copy, D Duplicate, F Fragmented, M Missing core genes

Species Reference gene set C S D F M

P. angulospiculatus Eukaryota 92.5% 8.6% 83.9% 6.3% 1.2%

Metazoa 87.1% 7.5% 79.6% 8.5% 4.4%

Prokaryota 61.3% 15.3% 46.0% 8.1% 30.6%

H. vansoesti Eukaryota 91.8% 9.4% 82.4% 6.7% 1.5%

Metazoa 89.7% 11.2% 78.5% 6.3% 4.0%

Prokaryota 36.3% 12.9% 23.4% 16.1% 47.6%
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Subsequently, a functional GO enrichment analysis 
was carried out on the differentially expressed tran-
scripts between the coral- and macroalgae-DOM treat-
ments. In both species, the transcriptional profile did 
not vary much among the DOM feeding treatments, but 
we consistently retrieved more differentially expressed 
transcripts in the coral-DOM treatment than in the 
macroalgae-DOM treatment (Figs.  1  and 2 and S1). In 
the HMA species P. angulospiculatus, 37 transcripts 

were differentially expressed between the coral- and 
macroalgal-DOM treatments, of which twenty-five were 
upregulated in the coral-DOM treatment and twelve 
in the macroalgal one (Fig.  1 and Additional  File  2). 
Twenty-nine out of 37 transcripts were annotated with 
the Swiss-Prot metazoan and twelve with the Swiss-Prot 
prokaryotic databases (Figs. 1 and S2).

In the LMA species H. vansoesti, we found a total of 20 
differentially expressed transcripts, of which fifteen were 

Fig. 1 Heatmap depicting the expression level of the differentially expressed transcripts in individuals of the high microbial abundance species 
Plakortis angulospiculatus. On the left are listed the annotations obtained with the Swiss-Prot metazoan database and on the right are listed the 
annotations obtained with the Swiss-Prot prokaryotic database. The scale for relative expression values (log2 scaled) increases from blue to red. 
The functions of the annotated transcripts are grouped in categories and depicted by the different colors. AA, amino acids; FA, fatty acids; UNKW, 
unknown.
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upregulated in the coral-DOM treatment and five upregu-
lated in the macroalgae-DOM treatment (Fig. 2 and Addi-
tional File 2). Only four out of the twenty differentially 
expressed transcripts could be annotated using the Swiss-
Prot metazoan database and four with the Swiss-Prot 
prokaryotic database (Figs.  2 and S2). The results of the 
differential gene expression and GO enrichment analysis 
are provided in full as Additional File 2. The sample cor-
relation matrix and heatmap of relative expression for dif-
ferentially expressed transcripts can be seen in Fig. S1. In 
P. angulospiculatus there was overlap in the clustering of 
the coral- and macroalgal-DOM treatments (Fig. S1A-B), 

while in H. vansoesti, the two treatments clustered sepa-
rately from each other (Fig. S1C-D).

In P. angulospiculatus, there were several GO categories 
enriched among the differentially expressed transcripts 
between coral- versus macroalgal-DOM feeding (Fig.  3). 
In the metazoan set, there were a total of 74 GO terms 
enriched (Fig. S3). Among the GO terms enriched in the 
coral-DOM treatment (i.e., as compared to macroalgal-
DOM) there was the ‘positive regulation of cellular met-
abolic processing’, including those involving nitrogen, 
phosphorus, kinase, and hexokinase activity and binding 
and transfer of proteins. At the same time, there was the 

Fig. 2 Heatmap depicting the expression level of the differentially expressed transcripts in individuals of the low microbial abundance species 
Haliclona vansoesti. On the left are listed the annotations obtained with the Swiss-Prot metazoan database and on the right are listed the 
annotations obtained with the Swiss-Prot prokaryotic database. The scale for relative expression values (log2 scaled) increases from blue to red. 
The functions of the annotated transcripts are grouped in categories and depicted by the different colors. AA, amino acids; FA, fatty acids; UNKW, 
unknown
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‘negative regulation of fermentation’, specifically of the 
‘catabolic processing of glucose to lactate via pyruvate’ and 
of ‘NAD metabolic processes’ (Figs. 3A and S3). Three out 
of the 25 differentially expressed transcripts upregulated 
in the coral-DOM treatment, namely Fructose-2,6-bis-
phosphatase (TIGAR), TNF receptor-associated factor 
3 (TRAF3), and Transcriptional enhancer factor TEF-1 
(TEAD1), were responsible for over 70% of the enriched 
GO terms (Additional File 2). In the macroalgal-DOM 
treatment (i.e., as compared to the coral-DOM treat-
ment), the GO terms enriched in the metazoan gene set 
comprised the ‘positive regulation of immune response’, 
the ‘defense to Gram-positive and -negative bacteria’, 

‘phagocytosis’, and the ‘recognition and clearance of apop-
totic cells’, along with the ‘binding to acetylated com-
pounds’, such as chitin, mannan, proteoglycan, and sialic 
acid (Figs. 3A and S3). These terms were all related to the 
upregulated transcript Fibrinogen C domain-containing 
protein 1 (FBCD1; Additional File 2). In the prokaryotic 
transcripts of P. angulospiculatus there were a total of 28 
GO terms enriched (Fig. S4). GO term expression was 
similar in both coral- and macroalgal-DOM treatments 
with enrichment in the TCA cycle metabolic processes 
through the ‘oxoglutarate dehydrogenase complex’ (i.e., 
oxoglutarate dehydrogenase, dihydrolipoyl dehydroge-
nase and succinyltransferase), and the ‘binding of lipids 

Fig. 3 Plot of the representative enriched GO terms (FDR < 0.05) identified in Plakortis angulospiculatus in the coral- and macroalgal-DOM 
treatments based on A) the metazoan and B) the prokaryotic annotated transcripts. The size of the dot indicates the significance of the enrichment 
expressed as -log10(FDR), the colors represent the different GO categories
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and fatty acids’ (Figs.  3B and S4). The GO term enrich-
ment in both treatments was driven by the upregulation 
of two transcripts of the gene Dihydrolipoyllysine-residue 
succinyltransferase component of 2-oxoglutarate dehydro-
genase complex (ODO2; Additional File 2). Because the 
majority of the differentially expressed transcripts were 
not annotated in H. vansoesti, we did not find significantly 
enriched GO categories in any of the treatments in this 
sponge species.

Discussion
We compared the transcriptomic response of two sponge 
species—the high microbial abundance sponge Plakor-
tis angulospiculatus and the low microbial abundance 
sponge Haliclona vansoesti—after feeding on coral- and 
macroalgal-DOM, the two main natural DOM sources 
available on coral reefs [45]. Our de-novo assembled ref-
erence transcriptomes showed that both sponge species 
expressed a wide metabolic repertoire, but that the higher 
abundance of associated microbes in P. angulospicula-
tus likely provided additional functions compared to H. 
vansoesti. For example, pathways related to the metabo-
lism of nitrogen, methane, and substrate transporters 
were complete in P. angulospiculatus, but not in H. van-
soesti. The gene expression varied significantly between 
the coral- and the macroalgal-DOM treatment in both 
sponge species, but the number of differentially expressed 
transcripts was relatively small, compared to other tran-
scriptomic studies in sponges [46–50]. This indicates that 
the response to short-term feeding (6 h) on the two DOM 
sources was rather moderate. Furthermore, our inter-
pretation of the functional response of H. vansoesti and 
P. angulospiculatus to DOM-feeding was limited by the 
transcriptome annotation. This is a pervasive problem in 
transcriptomic studies of non-model species like sponges 
[47, 51, 52], and is exacerbated by the absence of genomes 
for these sponge species. Especially for H. vansoesti, only 
less than 20% of the differentially expressed transcripts 
could be annotated based on public databases.

Metazoan transcripts
Feeding on coral- versus macroalgal-DOM elicited in both 
sponge species the  expression of an array of transcripts 

involved in signaling pathways (Fig. 4), which can regulate 
cell growth, proliferation, differentiation, survival, apop-
tosis and immunity in metazoans [53].

Cell proliferation
The largest portion of the differentially expressed tran-
scripts after coral- versus macroalgal-DOM feeding in the 
HMA species P. angulospiculatus were related to several 
signaling pathways (Figs. 1 and 4A and Additional File 2), 
including mitogen-activated protein kinase (MAPK), Wnt/
β-catenin, serine/threonine-protein kinase (AKT), p53, and 
Hippo signaling, which are related to developmental pro-
cesses but also heavily involved in tumor development and 
metastasis in humans and mice. All these pathways have 
also been detected in the genome of the sponge Amphime-
don queenslandica [54] and transcriptomes of other 
sponges [50, 51, 55, 56]. Some sponge cells (especially those 
considered the stem cell complements: archaeocytes and 
choanocytes), share at least one characteristic with germ 
line cells and tumor cells of higher metazoan phyla; they 
contain high levels of telomerase activity, suggesting that 
they possess high proliferation and differentiation capacity 
[57–59]. Rapid cell proliferation has been widely reported 
in the filter-feeding cells (choanocytes) of sponges [60, 61] 
and as a mechanism of cell turnover and regeneration in 
sponges [62–66]. Interestingly, we also found a transcript 
involved in telomerase activity, i.e., Telomere length regu-
lation protein (TELO2), upregulated in P. angulospicula-
tus after feeding on coral-DOM (Fig. 1). We thus suspect 
that the cellular signaling pathways usually upregulated in 
tumor cells are likely related to cell proliferation and dif-
ferentiation in sponges, as previously described in other 
sponges [57]. However, experiments targeting molecular 
mechanisms of cell proliferation, such as gene knock down 
or silencing, in sponges are required to verify this.

Among the differentially expressed transcripts related 
to cell signaling in P. angulospiculatus, we found several 
that could positively regulate cell proliferation in coral- 
compared to macroalgal-DOM feeding. Transcripts such 
as Protein disulfide-isomerase (PDIA4), Ribosome biogen-
esis protein (NOP53), Golgi apparatus protein 1 (GSLG1), 
Hydroxysteroid dehydrogenase-like protein 2 (HSDL2), 
and Wiskott-Aldrich syndrome protein family member 2 

Fig. 4 Suggested reconstruction of the response of Plakortis angulospiculatus (top panel) and Haliclona vansoesti (bottom panel) after exposure to 
coral (A and C) and macroalgae (B and D) dissolved organic matter. Schematic representation based on the set of annotated differentially expressed 
transcripts between the coral- and macroalgal-DOM treatments, which are circled by a full line. Transcripts circled by a dashed line are part of the 
non-differentially expressed set, but included here because their presence could regulate specific cellular functions when associated with some 
of the differentially expressed transcripts. Transcripts upregulated in the metazoan set are depicted in the background tissue, while transcripts 
upregulated in the prokaryotic sets are depicted inside the bacterium shape. Activation is indicated by full arrows, while inhibition by dashed 
lines. Signaling pathways are written in red color. Abbreviations: NF-kB, nuclear factor kappa-B; MAPK, mitogen-activated protein kinase; AKT, 
serine/threonine-protein kinase; Arp2/3, actin related protein 2/3 complex; PPP, pentose phosphate pathway; FA, fatty acids; AA, amino acids; TCA, 
tricarboxylic acid cycle. Created with BioRe nder. com

(See figure on next page.)

http://biorender.com
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Fig. 4 (See legend on previous page.)
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(WASF2) (Fig.  1) are indeed associated with tumor cell 
proliferation, growth and metastasis [67–71]. Further-
more, in the coral-DOM treatment as opposed to the 
macroalgal one, the upregulation of the gene Membrane-
associated guanylate kinase (MAGI2) could regulate cell 
division by keeping cells from proliferating too rapidly or 
in an uncontrolled way by suppressing serine/threonine-
protein kinase (AKT) activation [72]. Another interesting 
comparison between the coral- and macroalgal-DOM 
treatments in P. angulospiculatus was the differen-
tial expression of two transcripts involved in the Hippo 
signaling pathway. Cell proliferation could be enhanced 
through this pathway after feeding on coral-DOM as 
compared to macroalgal-DOM, since the gene Transcrip-
tional enhancer factor TEF-1 (TEAD1) was upregulated 
in the coral- versus macroalgal-DOM treatment and vice 
versa for the gene Protocadherin (FAT4). In fact, when 
Hippo signaling is off, the Yes-associated protein (YAP) 
translocates to the nucleus where it can bind TEAD1 
with anti-apoptotic and pro-proliferative effects [73]. In 
contrast, when Hippo signaling is on, the gene FAT4 can 
keep YAP in the cytoplasm, thereby downregulating cell 
proliferation [74, 75].

The link to cell proliferation processes, especially 
induced after feeding on coral-DOM, was also partially 
observed in the LMA sponge H. vansoesti. In H. van-
soesti, the transcripts Mitogen-activated kinase kinase 
kinase 1 (M3K1) and Ras-related Rab-34 (RAB34) were 
upregulated in the coral-DOM treatment as compared to 
the macroalgal-DOM one (Figs. 2 and 4B and Additional 
File 2). M3K1 is one of the furthest upstream kinases 
of the abovementioned MAPK signaling cascade. The 
M3K1 module is activated by cell surface receptors, such 
as growth factors, G-protein-coupled receptors (GPCRs), 
small GTPases, and cellular stress [76]. The gene RAB34 
encodes a small GTPase involved in protein transport 
and therefore is a precursor of various MAPK pathways 
[77]. Furthermore, the gene RAB34 has been shown to be 
involved in the regulation of macropinocytosis [78, 79]. 
Evidence for macro-pinocytic activity has been found in 
freshwater [80, 81] and marine sponges [82]. We, there-
fore, hypothesize that macropinocytosis is one of the 
candidate mechanisms for DOM uptake by the filter-
feeding cells (choanocytes) of sponges [83–85] and this 
could in turn activate the MAPK pathways and stimulate 
metabolic reprogramming towards a number of cellular 
functions, including cell proliferation (Fig. 4).

Nutrient supply is an important factor regulating cell 
proliferation since it is an energetically costly process 
[86]. Starvation, for example, likely causes a reduction in 
cell proliferation in sponges [64, 87], therefore changes 
in diet composition can also play an important role in 
controlling cell growth, proliferation, and survival. For 

example, in P. angulospiculatus fed with coral-DOM 
compared to macroalgal-DOM we found upregulation 
of TIGAR , which is a modulator of glucose metabolism 
for energy production [88–90]. By suppressing glycoly-
sis, TIGAR  causes the accumulation of glucose 6-phos-
phate that is then diverted into the pentose phosphate 
(PP) pathway to generate nucleotides, NADPH, and 
antioxidants, which help repair DNA, reduce reactive 
oxygen species and support rapid cell proliferation [91, 
92]. While macroalgae release DOM composed of labile 
carbohydrates, which can be shunted directly in the PP 
pathway [17], coral-DOM is usually richer in proteins 
and fatty acids [15, 93]. Therefore, the upregulation 
of a mechanism that activates the PP pathway may be 
required to assist rapid cell proliferation in sponges feed-
ing on coral-DOM.

Immune response
Transcripts related to the immune response were upreg-
ulated in P. angulospiculatus when comparing coral- 
versus macroalgal-DOM feeding (Figs.  1 and 4 and 
Additional File 2). The innate immune response is evo-
lutionarily conserved across many different taxa and can 
be triggered by the presence of cellular compounds of 
microbial pathogens, such as chitin, peptidoglycan, and 
lipopolysaccharides [94]. Even after (0.7 μm) filtration, 
small pathogens or their cellular components are likely 
present in naturally produced DOM sources, especially in 
the macroalgal-DOM, as it has been shown to induce the 
growth of copiotrophic, pathogen-like microorganisms 
[17]. Furthermore, macroalgae possess lipopolysaccha-
rides that are mainly sulfated galactans, fucans or hetero-
glycuronans, which are known to induce inflammatory 
responses [95]. In our GO enrichment analyses we found 
that the immune response observed after macroalgal-
DOM feeding was mostly driven by the gene Fibrinogen 
C domain-containing protein 1 (FBCD1). FBCD1 binds 
to acetylated structures such as chitin, N-acetylated car-
bohydrates, and amino acids [96, 97], and it has already 
been found to contribute to the gene repertoire for 
immune recognition in invertebrates [98] and sponges 
[48]. Along with FBCD1, the upregulated gene Interleu-
kin-1 receptor-associated kinase 4 (IRAK4) after mac-
roalgal-DOM feeding could have played a critical role in 
initiating innate immune response against foreign patho-
gens, because its overexpression activates nuclear factor-
kappa B (NF-κB), which regulates the immune response 
to infections [99].

Immune functions were also induced after coral-DOM 
feeding by the transcripts TNF receptor-associated fac-
tor 3 (TRAF3) and Dual specificity protein phosphatase 
12 (DUS12). TRAF3 plays important roles in mediating 
innate immune receptor and cytokine receptor signals 
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[100] and belongs to the tumor necrosis factor receptor-
associated factors (TRAFs), which have been found in the 
immune repertoire of sponges [48, 51, 52, 101]. DUS12 
also regulates immune responses by inhibition of vari-
ous MAPK cascades and production of proinflammatory 
cytokines and chemokines in response to toll-like recep-
tors (TLRs) activation and microbial infection [102, 103].

Among the transcript differentially expressed in H. 
vansoesti, we did not find any with an annotation related 
to the immune response. However, given the high num-
ber of transcripts with unknown functions found in H. 
vansoesti, we cannot exclude that some of these tran-
scripts could be involved in some immune related func-
tions yet to be described.

Other metabolic responses
In the comparison between the coral- and macroal-
gal-DOM treatments in P. angulospiculatus we also 
found differential expression of transcripts related to 
other metabolic functions than cell proliferation and 
immune responses. The transcripts NADH-cytochrome 
b5 reductase-like (NB5R5), involved in fatty acid elon-
gation [104], and Ribonuclease P/MRP protein subunit 
(POP5), involved in the processing of precursor-rRNA 
and -tRNA [105], were upregulated after feeding on mac-
roalgal- versus coral-DOM. On the other hand, the tran-
scripts axonemal dynein heavy chain 10 (DYH10) and 
membrane-associated transporter protein (S45A2) were 
upregulated in the coral-DOM treatment. DYH10 is a 
microtubule-associated motor protein [106] that could 
be related to the movement of flagella in choanocyte 
cells, while S45A2 elevates the pH in melanocytes and 
promotes tyrosinase activity and melanin synthesis [107]. 
Melanin has antioxidant properties and is produced by 
sponge-associated bacteria [108], but it has been also 
found deposited in sponge tissues [109], and therefore it 
is yet uncertain if the host itself is also able to produce 
melanin. Our results of upregulation of melanin synthe-
sis pathways by P. angulospiculatus could then be the 
first indication of host-driven melanin production at the 
molecular level.

Prokaryotic transcripts
A major limitation in meta-transcriptomic analysis of 
non-model organisms is the annotation of the tran-
scripts, especially of the prokaryotic ones. Given that we 
are working with de-novo assemblies without reference 
genomes, it is important to be aware of the difficulties 
in assigning certain transcripts to either the host or the 
associated microbiota, especially for certain housekeep-
ing genes. In the LMA species H. vansoesti we found 
two transcripts with similar annotation in both the 

metazoan and prokaryotic sets, an arylsulfatase (ASLA) 
and an aldehyde dehydrogenase (ALDH), upregulated in 
the coral-DOM as compared to the macroalgal-DOM 
treatment (Fig.  2). Whether these transcripts are of 
prokaryotic or eukaryotic origin is not certain, but our 
competitive annotation against the complete nr data-
base suggests that the origin of these transcripts could be 
prokaryotic. Furthermore, these transcripts have previ-
ously been found to form a cluster in a sponge associated 
microbiome [110]. The combination of arylsulfatase with 
dehydrogenase and ABC transporters may be an impor-
tant group involved in the utilization of sulphated poly-
saccharides by the sponge microbiota [110].

Annotation of prokaryotic transcripts was more suc-
cessful in the HMA species P. angulospiculatus, given 
the higher abundance of microbes found within the 
sponge tissue. Among the differentially expressed tran-
scripts with prokaryotic annotation in P. angulospicula-
tus, we found that two different transcripts of the gene 
ODO2 were upregulated in both the coral- and macroal-
gal-DOM treatment. As shown by the GO enrichment 
analysis, this gene is known for its role in the TCA cycle 
and its upregulation confirms the relevance of this meta-
bolic pathway for energy production in sponge associ-
ate microbes. The upregulation of the same gene in both 
feeding treatments could point to a different microbe 
expressing it, therefore, a community shift associated 
with the different DOM feeding treatments cannot be 
excluded. Additionally, other transcripts related to car-
bohydrate degradation pathways were upregulated in 
the coral- compared to the macroalgal-DOM treatment, 
including the gene encoding for malate dehydrogenase 
(MDH), another enzyme that takes part in the TCA cycle, 
glucose 1-dehydrogenase (DHG), which is involved in the 
PP pathway, and a phosphoglycerate mutase (GPMA) that 
contributes to glycolysis/gluconeogenesis. This corrobo-
rates our previous finding in which we identified bacte-
rial groups with a predicted genomic repertoire for TCA 
cycle, glycolysis and PP pathway to be active DOM incor-
porators in P. angulospiculatus [29]. Furthermore, in the 
coral-DOM treatment we found activation of fatty-acid 
biosynthesis through expression of acyl carrier protein 
(ACP) [111], and of aromatic amino acids biosynthesis, 
through expression of 3-phosphoshikimate 1-carboxyvi-
nyltransferase (AROA) [112].

The exposure to macroalgal-DOM instead stimulated 
two other prokaryotic transcripts, namely Flavohemopro-
tein (HMP) and Serine/threonine-protein kinase (STKP). 
The upregulation of these two transcripts suggest that the 
sponge microbiota may experience and activate mecha-
nisms to counteract higher levels of nitrosative and/or 
oxidative stress produced by the host immune system 
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when the holobiont is exposed to pathogens present in 
the macroalgal-DOM [113]. HMP is a flavohemoprotein 
that is activated to counteract nitrosative stress by oxida-
tion of NO to  NO3

− under aerobic or microaerobic con-
ditions [114], while STKP is a protein kinase involved in 
signal transduction pathways that regulate various cel-
lular processes, including positive regulation of cell wall 
metabolism, pyrimidine biosynthesis, DNA repair, iron 
uptake, oxidative stress, and negative regulation of com-
petence [115, 116].

Conclusions
We conclude that the sponge host is expressing 
molecular responses that involve immune response 
and signal reception and transduction through sev-
eral signaling cascades regardless of the nature of the 
DOM upon which the sponges were feeding (Fig.  4). 
Cell proliferation is likely an important mechanism in 
the studied sponges and it seems to be positively reg-
ulated after exposure to coral-DOM, but less so upon 
exposure to macroalgal-DOM. Sponges feeding on 
macroalgal-DOM in fact triggered a more ambiguous 
transcriptional response with regards to cell prolifera-
tion, inducing both positive and negative regulatory 
pathways, along with a stronger immune response. 
The sponge microbiota showed an active carbohydrate 
metabolism when exposed to both DOM sources, but 
it seems that whereas coral-DOM also induced lipid 
and amino acids biosynthesis, macroalgal-DOM caused 
a stress response. The differences in gene expression 
outlined in the comparison between the two DOM 
treatments may be driven by differences in organic 
macronutrients present in the two DOM sources and 
by the presence of small pathogens or bacterial viru-
lence factors in the macroalgal-DOM source, which in 
turn affected the metabolism of the host and its asso-
ciated microbiota. We are nonetheless limited in the 
interpretation of our results due to the large number 
of non-annotated transcripts in our analysis, espe-
cially for the sponge with low numbers of associated 
microbes. These transcripts could also be sponge-spe-
cific transcripts with a particular function in sponge 
metabolism yet to be discovered. Furthermore, the 
small number of differentially expressed transcripts 
between the coral- and the macroalgal-DOM treatment 
suggests that sponges could need either a shorter or a 
longer time to respond and adjust their metabolism. 
Longer-term experiments to evaluate the metabolic 
and physiological responses to both DOM sources 
should be performed in order to understand if the eco-
logical function of sponges will be affected when reefs 
shift from coral towards algal dominance.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12864- 022- 08893-y.

Additional file 1. 

Additional file 2. 

Additional file 3. 

Acknowledgements
The authors would like to thank Meggie Hudspith, Niklas Kornder, Benjamin 
Mueller, Mark Vermeij and the staff at the CARMABI Research Foundation for 
assistance in the field. We also thank Cristina Díez Vives and Berend Wijers for 
help with bioinformatic analysis and Beate Slaby for useful discussion on RNA 
extractions from sponge tissue. This work was supported by the DFG Research 
Infrastructure NGS_CC (project 407495230) as part of the Next Generation 
Sequencing Competence Network (project 423957469).

Authors’ contributions
SC and JMG conceived the study. SC performed the experiment and RNA 
extractions. JF generated the transcriptomic sequences. SC, AR and EJ 
analyzed the data. SC drafted the manuscript. All authors read, edited, and 
approved the final manuscript.

Funding
This work has received funding from the European Research Council (ERC) 
under the European Union’s Horizon 2020 research and innovation program 
(grant number 715513; personal grant to JM de Goeij). AR was funded by 
the Spanish Ministry of Science and Innovation (RYC2018-024247-I and 
PID2019-105769GB-I00). EJ and GM were funded by the Research Priority Area 
Systems Biology of the University of Amsterdam.

Availability of data and materials
The original sequence reads have been uploaded to the NCBI database under 
BioProject ID PRJNA772056. All data analysed in this study are included in this 
published article and its additional information files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Freshwater and Marine Ecology, Institute for Biodiversity 
and Ecosystem Dynamics, University of Amsterdam, Post Office Box 94240, 
1090 Amsterdam, GE, Netherlands. 2 Department of Biodiversity and Evolution-
ary Biology, Museo Nacional de Ciencias Naturales (CSIC), Calle José Gutiérrez 
Abascal 2, 28006 Madrid, Spain. 3 Institute of Clinical Molecular Biology, Kiel 
University and University Medical Center Schleswig-Holstein, 24105 Kiel, 
Germany. 4 CARMABI Foundation, Piscaderabaai z/n, P.O. Box 2090, Willemstad, 
Curaçao. 

Received: 24 February 2022   Accepted: 12 September 2022

References
 1. Maldonado M, Ribes M, van Duyl FC. Nutrient fluxes through sponges: 

biology, budgets, and ecological implications. In: Becerro MA, Uriz 
MJ, Maldonado M, Turon X, editors. Advances in sponge science: 

https://doi.org/10.1186/s12864-022-08893-y
https://doi.org/10.1186/s12864-022-08893-y


Page 14 of 16Campana et al. BMC Genomics          (2022) 23:674 

physiology, chemical and microbial diversity, biotechnology. London: 
Academic Press; 2012. p. 113–82.

 2. de Goeij JM, van Oevelen D, Vermeij MJA, Osinga R, Middelburg JJ, de 
Goeij AFPM, et al. Surviving in a marine desert: the sponge loop retains 
resources within coral reefs. Science. 2013;342(6154):108–10.

 3. Zhang F, Jonas L, Lin H, Hill RT. Microbially mediated nutrient cycles in 
marine sponges. FEMS Microbiol Ecol. 2019;95(11):fiz155.

 4. de Goeij JM, Lesser MP, Pawlik JR. Nutrient fluxes and ecological func-
tions of coral reef sponges in a changing ocean. In: Carballo JL, Bell JJ, 
editors. Climate change. Ocean Acidification and Sponges: Impacts 
Across Multiple Levels of Organization Cham: Springer International 
Publishing; 2017. p. 373–410.

 5. Bart MC, Mueller B, Rombouts T, van de Ven C, Tompkins GJ, Osinga R, 
et al. Dissolved organic carbon (DOC) is essential to balance the meta-
bolic demands of four dominant North-Atlantic deep-sea sponges. 
Limnol Oceanogr. 2020;9999:1–14.

 6. Hoer DR, Gibson PJ, Tommerdahl JP, Lindquist NL, Martens CS. Con-
sumption of dissolved organic carbon by Caribbean reef sponges. 
Limnol Oceanogr. 2018;63:337–51.

 7. Morganti T, Coma R, Yahel G, Ribes M. Trophic niche separation that 
facilitates co-existence of high and low microbial abundance sponges 
is revealed by in situ study of carbon and nitrogen fluxes. Limnol 
Oceanogr. 2017;62(5):1963–83.

 8. Wooster MK, McMurray SE, Pawlik JR, Morán XAG, Berumen ML. Feed-
ing and respiration by giant barrel sponges across a gradient of food 
abundance in the Red Sea. Limnol Oceanogr. 2019;9999:1–12.

 9. Tanaka Y, Miyajima T, Watanabe A, Nadaoka K, Yamamoto T, Ogawa H. 
Distribution of dissolved organic carbon and nitrogen in a coral reef. 
Coral Reefs. 2011;30(2):533–41.

 10. Thornton DCO. Dissolved organic matter (DOM) release by phy-
toplankton in the contemporary and future ocean. Eur J Phycol. 
2014;49(1):20–46.

 11. Hansell DA, Carlson CA, editors. Biogeochemistry of marine dissolved 
organic matter. 2nd edn ed. Amsterdam: Academic Press; 2015.

 12. McManus JW, Polsenberg JF. Coral–algal phase shifts on coral 
reefs: ecological and environmental aspects. Prog Oceanogr. 
2004;60(2-4):263–79.

 13. Hoegh-Guldberg O, Mumby PJ, Hooten AJ, Steneck RS, Greenfield 
P, Gomez E, et al. Coral reefs under rapid climate change and ocean 
acidification. Science. 2007;318(5857):1737.

 14. Mumby P, Steneck R. Coral reef management and conservation in 
light of rapidly evolving ecological paradigms. Trends Ecol Evol. 
2008;23(10):555–63.

 15. Wegley Kelly L, Nelson CE, Petras D, Koester I, Quinlan ZA, Arts MGI, 
et al. Distinguishing the molecular diversity, nutrient content, and 
energetic potential of exometabolomes produced by macroalgae and 
reef-building corals. Proc Natl Acad Sci USA. 2022;119(5):e2110283119.

 16. Nelson CE, Goldberg SJ, Wegley Kelly L, Haas AF, Smith JE, Rohwer F, 
et al. Coral and macroalgal exudates vary in neutral sugar composi-
tion and differentially enrich reef bacterioplankton lineages. ISME J. 
2013;7:962.

 17. Haas AF, Fairoz MFM, Kelly LW, Nelson CE, Dinsdale EA, Edwards RA, 
et al. Global microbialization of coral reefs. Nat Microbiol. 2016;1:16042.

 18. Haas AF, Nelson CE, Wegley Kelly L, Carlson CA, Rohwer F, Leichter 
JJ, et al. Effects of coral reef benthic primary producers on dissolved 
organic carbon and microbial activity. PLoS One. 2011;6(11):e27973.

 19. Morrow KM, Liles MR, Paul VJ, Moss A, Chadwick NE. Bacterial shifts 
associated with coral-macroalgal competition in the Caribbean Sea. 
Mar Ecol Prog Ser. 2013;488:103–17.

 20. Rix L, de Goeij JM, van Oevelen D, Struck U, Al-Horani FA, Wild C, et al. 
Differential recycling of coral and algal dissolved organic matter via the 
sponge loop. Funct Ecol. 2017;31(3):778–89.

 21. Campana S, Hudspith M, Lankes D, de Kluijver A, Demey C, Schoorl J, 
et al. Processing of naturally sourced macroalgal- and coral-dissolved 
organic matter (DOM) by high and low microbial abundance encrust-
ing sponges. Front Mar Sci. 2021;8:452.

 22. Flamholz A, Noor E, Bar-Even A, Liebermeister W, Milo R. Glycolytic 
strategy as a tradeoff between energy yield and protein cost. Proc Natl 
Acad Sci USA. 2013;110(24):10039–44.

 23. Stettner AI, Segre D. The cost of efficiency in energy metabolism. Proc 
Natl Acad Sci USA. 2013;110(24):9629–30.

 24. Hentschel U, Piel J, Degnan SM, Taylor MW. Genomic insights into the 
marine sponge microbiome. Natl Rev. 2012;10(9):641–54.

 25. Pita L, Rix L, Slaby BM, Franke A, Hentschel U. The sponge holobiont 
in a changing ocean: from microbes to ecosystems. Microbiome. 
2018;6(1):46.

 26. Feng G, Li Z. Carbon and nitrogen metabolism of sponge microbi-
ome. In: Li Z, editor. Symbiotic microbiomes of coral reefs sponges 
and corals Dordrecht. Netherlands: Springer; 2019. p. 145–69.

 27. Robbins SJ, Song W, Engelberts JP, Glasl B, Slaby BM, Boyd J, et al. A 
genomic view of the microbiome of coral reef demosponges. ISME J. 
2021;1(1).

 28. Webster NS. Thomas T. The Sponge Hologenome mBio. 
2016;7(2):e00135–16.

 29. Campana S, Busch K, Hentschel U, Muyzer G, de Goeij J. DNA-stable 
isotope probing (DNA-SIP) identifies marine sponge-associated 
bacteria actively utilizing dissolved organic matter (DOM). Environ 
Microbiol. 2021;23(8):4489–504.

 30. Andrews S. FastQC: A quality control tool for high throughput 
sequence data. 2010; available at: http:// www. bioin forma tics. babra 
ham. ac. uk/ proje cts/ fastqc/, 2021.

 31. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for 
Illumina sequence data. Bioinformatics. 2014;30(15):2114–20.

 32. Kopylova E, Noe L, Touzet H. SortMeRNA: fast and accurate filtering 
of ribosomal RNAs in metatranscriptomic data. Bioinformatics. 
2012;28(24):3211–7.

 33. Grabherr MG, Yassour M, Haas BJ, Levin JZ, Thompson DA, Amit I, 
et al. Full-length transcriptome assembly from RNA-Seq data without 
a reference genome. Nat Biotechnol. 2011;29(7):644.

 34. Nishimura O, Hara Y, Kuraku S. gVolante for standardizing complete-
ness assessment of genome and transcriptome assemblies. Bioinfor-
matics. 2017;33(22):3635–7.

 35. Simao FA, Waterhouse RM, Ioannidis P, Kriventseva EV, Zdobnov EM. 
BUSCO: assessing genome assembly and annotation completeness 
with single-copy orthologs. Bioinformatics. 2015;31(19):3210–2.

 36. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local align-
ment search tool. J Mol Biol. 1990;215(3):403–10.

 37. Huson DH, Auch AF, Qi J, Schuster SC. MEGAN analysis of metagen-
omic data. Genome Res. 2007;17(3):377–86.

 38. Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment 
using DIAMOND. Nat Methods. 2015;12(1):59–60.

 39. Conesa A, Götz S, Garcia-Gomez J, Terol J, Talon M, Robles M. 
Blast2GO : a universal tool for annotation, visualization and analysis in 
functional genomics research. Bioinformatics. 2005;21(18):3674–6.

 40. Moriya Y, Itoh M, Okuda S, Yoshizawa AC, Kanehisa M. KAAS: an 
automatic genome annotation and pathway reconstruction server. 
Nucleic Acids Res. 2007;35:W182–5.

 41. Kanehisa M, Sato Y. KEGG mapper for inferring cellular functions from 
protein sequences. Protein Sci. 2020;29(1):28–35.

 42. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-
Seq data with or without a reference genome. BMC Bioinformatics. 
2011;12(1):323.

 43. Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. 
Nat Methods. 2012;9(4):357–9.

 44. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor pack-
age for differential expression analysis of digital gene expression 
data. Bioinformatics. 2010;26(1):139–40.

 45. Tanaka Y, Nakajima R. Dissolved organic matter in coral reefs: distribu-
tion, production, and bacterial consumption. In: Iguchi A, Hongo C, 
editors. Coral Reef Studies of Japan Singapore. Singapore: Springer; 
2018. p. 7–27.

 46. Koutsouveli V, Manousaki T, Riesgo A, Lagnel J, Kollias S, Tsigenopou-
los CS, et al. Gearing up for warmer times: transcriptomic response 
of Spongia officinalis to elevated temperatures reveals recruited 
mechanisms and potential for resilience. Front Mar Sci. 2020;6:786.

 47. Koutsouveli V, Cardenas P, Santodomingo N, Marina A, Morato E, 
Rapp HT, et al. The molecular machinery of gametogenesis in Geodia 
demosponges (Porifera): evolutionary origins of a conserved toolkit 
across a nimals. Mol Biol Evol. 2020;37(12):3485–506.

 48. Pita L, Hoeppner MP, Ribes M, Hentschel U. Differential expression 
of immune receptors in two marine sponges upon exposure to 
microbial-associated molecular patterns. Sci Rep. 2018;8(1):16081.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/


Page 15 of 16Campana et al. BMC Genomics          (2022) 23:674  

 49. González-Aravena M, Kenny NJ, Osorio M, Font A, Riesgo A, Cárdenas 
C. Warm temperatures, cool sponges: the effect of increased tem-
peratures on the Antarctic sponge Isodictya sp. PeerJ. 2019;7:e8088.

 50. Wu Y, Franzenburg S, Ribes M, Pita L. Wounding response in Porifera 
(sponges) activates ancestral signaling cascades involved in animal 
healing, regeneration, and cancer. Sci Rep. 2022;12(1):1307.

 51. Riesgo A, Farrar N, Windsor PJ, Giribet G, Leys SP. The analysis of eight 
transcriptomes from all poriferan classes reveals surprising genetic 
complexity in sponges. Mol Biol Evol. 2014;31(5):1102–20.

 52. Schmittmann L, Franzenburg S, Pita L. Individuality in the immune 
repertoire and induced response of the sponge Halichondria panicea. 
Front Immunol. 2021;12:689051.

 53. Reece JB, Urry LA, Cain ML, Wasserman SA, Minorsky PV, Jackson RB. Cell 
communication. Campbell biology. 10th edition ed. San Francisco, CA: 
Pearson; 2011.

 54. Srivastava M, Simakov O, Chapman J, Fahey B, Gauthier ME, Mitros T, 
et al. The Amphimedon queenslandica genome and the evolution of 
animal complexity. Nature. 2010;466(7307):720–6.

 55. Kenny NJ, de Goeij JM, de Bakker DM, Whalen CG, Berezikov E, Riesgo 
A. Towards the identification of ancestrally shared regenerative 
mechanisms across the Metazoa: a transcriptomic case study in the 
demosponge Halisarca caerulea. Mar Genomics. 2018;37:135–47.

 56. Soubigou A, Ross EG, Touhami Y, Chrismas N, Modepalli V. Regeneration 
in the sponge Sycon ciliatum partly mimics postlarval development. 
Development. 2020;147(22):dev193714.

 57. Koziol C, Borojevic R, Steffen R, Müller WEG. Sponges (Porifera) model 
systems to study the shift from immortal to senescent somatic 
cells: the telomerase activity in somatic cells. Mech Ageing Dev. 
1998;100(2):107–20.

 58. Wiens M, Seack J, Koziol C, Hassanein HMA, Steffen R, Korzhev M, et al. 
17β-estradiol-dependent regulation of chaperone expression and 
telomerase activity in the marine sponge Geodia cydonium. Mar Biol. 
1999;133(1):1–10.

 59. Schröder HC, Brümmer F, Fattorusso E, Aiello A, Menna M, de Rosa S, 
et al. Sustainable production of bioactive compounds from sponges: 
Primmorphs as bioreactors. In: Müller WEG, editor. Sponges (Porifera) 
Berlin. Heidelberg: Heidelberg: Springer Berlin; 2003. p. 163–97.

 60. Lavrov AI, Bolshakov FV, Tokina DB, Ereskovsky AV. Sewing up the wounds 
: the epithelial morphogenesis as a central mechanism of calcaronean 
sponge regeneration. J Exp Zool (Mol Dev Evol). 2018;330(6-7):351–71.

 61. Ereskovsky AV, Tokina DB, Saidov DM, Baghdiguian S, Le Goff E, Lavrov 
AI. Transdifferentiation and mesenchymal-to-epithelial transition during 
regeneration in Demospongiae (Porifera). J Exp Zool (Mol Dev Evol). 
2020;334(1):37–58.

 62. Custodio MR, Prokic I, Steffen R, Koziol C, Borojevic R, Brümmer F, et al. 
Primmorphs generated from dissociated cells of the sponge Suberites 
domuncula: a model system for studies of cell proliferation and cell 
death. Mech Ageing Dev. 1998;105(1):45–59.

 63. de Goeij JM, De Kluijver A, Van Duyl FC, Vacelet J, Wijffels RH, De Goeij 
AFPM, et al. Cell kinetics of the marine sponge Halisarca caerulea reveal 
rapid cell turnover and shedding. J Exp Biol. 2009;212(23):3892.

 64. Alexander BE, Achlatis M, Osinga R, dG v, JPM C, Schutte B, et al. Cell 
kinetics during regeneration in the sponge Halisarca caerulea: how 
local is the response to tissue damage? PeerJ. 2015;3:e820.

 65. Alexander BE, Liebrand K, Osinga R, dG v, Admiraal W, JPM C, et al. Cell 
turnover and detritus production in marine sponges from tropical and 
temperate benthic ecosystems. PLoS One. 2014;9(10):e109486.

 66. Zhang X, Cao X, Zhang W, Yu X, Jin M. Primmorphs from archaeocytes-
dominant cell population of the sponge Hymeniacidon perleve: 
improved cell proliferation and spiculogenesis. Biotechnol Bioeng. 
2003;84(5):583–90.

 67. Kuo T, Chen T, Jiang S, Chen K, Chiang Y, Hsu Y, et al. Protein disulfide 
isomerase a4 acts as a novel regulator of cancer growth through the 
procaspase pathway. Oncogene. 2017;36(39):5484–96.

 68. Orois A, Gara SK, Mora M, Halperin I, Martínez S, Alfayate R, et al. NOP53 
as a candidate modifier locus for familial non-medullary thyroid Cancer. 
Genes. 2019;10(11):899.

 69. Yasmin-Karim S, King MR, Messing EM, Lee Y. E-selectin ligand-1 con-
trols circulating prostate cancer cell rolling/adhesion and metastasis. 
Oncotarget. 2014;5(23):12097–110.

 70. Yang Y, Han A, Wang X, Yin X, Cui M, Lin Z. Lipid metabolism regulator 
human hydroxysteroid dehydrogenase-like 2 (HSDL2) modulates 
cervical cancer cell proliferation and metastasis. J Cell Mol Med. 
2021;25(10):4846–59.

 71. Ngoenkam J, Paensuwan P, Wipa P, Schamel WWA, Pongcharoen S. 
Wiskott-Aldrich syndrome protein: roles in signal transduction in T 
cells. Front Cell Dev Biol. 2021;9:1483.

 72. Wu X, Hepner K, Castelino-Prabhu S, Do D, Kaye MB, Yuan XJ, 
et al. Evidence for regulation of the PTEN tumor suppressor by a 
membrane-localized multi-PDZ domain containing scaffold protein 
MAGI-2. Proc Natl Acad Sci USA. 2000;97(8):4233–8.

 73. Zhao B, Ye X, Yu J, Li L, Li W, Li S, et al. TEAD mediates YAP-
dependent gene induction and growth control. Genes Dev. 
2008;22(14):1962–71.

 74. Ma L, Cui J, Xi H, Bian S, Wei B, Chen L. Fat4 suppression induces yap 
translocation accounting for the promoted proliferation and migra-
tion of gastric cancer cells. Cancer Biol Ther. 2016;17(1):36–47.

 75. Wang W, Huang Q, Chen Y, Huang Z, Huang Y, Wang Y, et al. The novel 
FAT4 activator jujuboside a suppresses NSCLC tumorigenesis by 
activating HIPPO signaling and inhibiting YAP nuclear translocation. 
Pharmacol Res. 2021;01(170):105723.

 76. Morrison DK. MAP kinase pathways. Cold Spring Harb Perspect Biol. 
2012;4(11):a011254.

 77. Zhang G, Wang S. Proteomic approach to substrates related to MAPK 
pathway in 293T cells. Cell Biol Int. 2007;31(1):1–10.

 78. Sun P, Yamamoto H, Suetsugu S, Miki H, Takenawa T, Endo T. Small 
GTPase rah/Rab34 is associated with membrane ruffles and Macro-
pinosomes and promotes Macropinosome formation. J Biol Chem. 
2003;278(6):4063–71.

 79. Lim JP, Gleeson PA. Macropinocytosis: an endocytic pathway for 
internalising large gulps. Immunol Cell Biol. 2011;89(8):836–43.

 80. Hahn-Keser B, Stockem W. Detection of distinct endocytotic 
and phagocytotic activities in epithelial cells (pinacocytes) of 
freshwater sponges (Porifera, Spongillidae). Zoomorphology. 
1997;117(2):121–34.

 81. Musser Jacob M, Schippers Klaske J, Michael N, Giulia M, Kohn 
Andrea B, Constantin P, et al. Profiling cellular diversity in sponges 
informs animal cell type and nervous system evolution. Science. 
2021;374(6568):717–23.

 82. Laundon D, Larson BT, McDonald K, King N, Burkhardt P. The 
architecture of cell differentiation in choanoflagellates and sponge 
choanocytes. PLoS Biol. 2019;17(4):e3000226.

 83. Achlatis M, Pernice M, Green K, de Goeij JM, Guagliardo P, Kil-
burn MR, et al. Single-cell visualization indicates direct role of 
sponge host in uptake of dissolved organic matter. Proc R Soc B. 
1916;2019(286):2019–153.

 84. Hudspith M, Rix L, Achlatis M, Bougoure J, Guagliardo P, Clode PL, 
et al. Subcellular view of host–microbiome nutrient exchange in 
sponges: insights into the ecological success of an early metazoan–
microbe symbiosis. Microbiome. 2021;9(1):44.

 85. Hudspith M, van der Sprong J, Rix L, Víg D, Schoorl J, de Goeij JM. 
Quantifying sponge host and microbial symbiont contribution to dis-
solved organic matter uptake through cell separation. Mar Ecol Prog 
Ser. 2021;670:1–13.

 86. Heiden MGV, Cantley LC, Thompson CB. Understanding the Warburg 
effect: the metabolic requirements of cell proliferation. Science. 
2009;324(5930):1029–33.

 87. Alexander BE, Mueller B, MJA V, dG v, de Goeij JM. Biofouling of inlet 
pipes affects water quality in running seawater aquaria and compro-
mises sponge cell proliferation. PeerJ. 2015;3:e1430.

 88. Gerin I, Noël G, Bolsée J, Haumont O, Van Schaftingen E, Bommer GT. 
Identification of TP53-induced glycolysis and apoptosis regulator 
(TIGAR) as the phosphoglycolate-independent 2,3-bisphosphoglyc-
erate phosphatase. Biochem J. 2014;458(3):439–48.

 89. Tang Y, Kwon H, Neel BA, Kasher-Meron M, Pessin JB, Yamada E, et al. 
The fructose-2,6-bisphosphatase TIGAR suppresses NF-κB signaling 
by directly inhibiting the linear ubiquitin assembly complex LUBAC. J 
Biol Chem. 2018;293(20):7578–91.

 90. Tang J, Chen L, Qin Z, Sheng R. Structure, regulation, and biological 
functions of TIGAR and its role in diseases. Acta Pharmacol Sin. 2021.



Page 16 of 16Campana et al. BMC Genomics          (2022) 23:674 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 91. Bensaad K, Tsuruta A, Selak MA, Vidal MN, Nakano K, Bartrons R, et al. 
TIGAR, a p53-inducible regulator of glycolysis and apoptosis. Cell. 
2006;126(1):107–20.

 92. Cheung EC, Athineos D, Lee P, Ridgway RA, Lambie W, Nixon C, et al. 
TIGAR is required for efficient intestinal regeneration and tumorigen-
esis. Dev Cell. 2013;25(5):463–77.

 93. Quinlan ZA, Remple K, Fox MD, Silbiger NJ, Oliver TA, Putnam HM, et al. 
Fluorescent organic exudates of corals and algae in tropical reefs are 
compositionally distinct and increase with nutrient enrichment. Limnol 
Oceanogr. 2018;3(4):331–40.

 94. Punt J, Stranford S, Jones P, Owen JA. Kuby immunology. 8th ed. New 
York: W. H. Freeman and Company; 2019.

 95. Jaswir I, Monsur HA. Anti-inflammatory compounds of macro algae 
origin: a review. J Med Plant Res. 2011;5(33):7146–54.

 96. Schlosser A, Thomsen T, Moeller JB, Nielsen O, Tornøe I, Mollenhauer J, 
et al. Characterization of FIBCD1 as an acetyl group-binding receptor 
that binds chitin. J Immunol. 2009;183(6):3800.

 97. Thomsen T, Moeller JB, Schlosser A, Sorensen GL, Moestrup SK, 
Palaniyar N, et al. The recognition unit of FIBCD1 organizes into a non-
covalently linked tetrameric structure and uses a hydrophobic funnel 
(S1) for acetyl group recognition. J Biol Chem. 2010;285(2):1229–38.

 98. Hanington PC, Zhang S. The primary role of fibrinogen-related 
proteins in invertebrates is defense. Not Coagulation J Innate Immun. 
2010;3(1):17–27.

 99. Li S, Strelow A, Fontana EJ, Wesche H. IRAK-4: a novel member of the 
IRAK family with the properties of an IRAK-kinase. Proc Natl Acad Sci 
USA. 2002;99(8):5567.

 100. Hildebrand JM, Yi Z, Buchta CM, Poovassery J, Stunz LL, Bishop GA. 
Roles of tumor necrosis factor receptor associated factor 3 (TRAF3) and 
TRAF5 in immune cell functions. Immunol Rev. 2011;244(1):55–74.

 101. Ryu T, Seridi L, Moitinho-Silva L, Oates M, Liew YJ, Mavromatis C, et al. 
Hologenome analysis of two marine sponges with different microbi-
omes. BMC Genomics. 2016;29(17):158–016.

 102. Plattner F, Bibb JA. Chapter 25 - serine and threonine phosphorylation. 
In: Brady ST, Siegel GJ, Albers RW, Price DL, editors. Basic neurochemis-
try. 8th ed. New York: Academic Press; 2012. p. 467–92.

 103. Cho SSL, Han J, James SJ, Png CW, Weerasooriya M, Alonso S, et al. 
Dual-specificity phosphatase 12 targets p38 MAP kinase to regulate 
macrophage response to intracellular bacterial infection. Front Immu-
nol. 2017;8:1259.

 104. Keyes SR, Alfano JA, Jansson I, Cinti DL. Rat liver microsomal elongation 
of fatty acids. Possible involvement of cytochrome b5. J Biol Chem. 
1979;254(16):7778–84.

 105. van Eenennaam H, Lugtenberg D, Vogelzangs JHP, van Venrooij WJ, 
Pruijn GJM. hPop5, a protein subunit of the human RNase MRP and 
RNase P endoribonucleases. J Biol Chem. 2001;276(34):31635–41.

 106. Lodish H, Berk A, Zipursky SL, Matsudaira P, Baltimore D, Darnell J. 
Section 19.4 cilia and flagella: structure and movement. Molecular cell 
biology. 4th ed. New York: W. H. Freeman and Company; 2000.

 107. Bin B, Bhin J, Yang SH, Shin M, Nam Y, Choi D, et al. Membrane-
associated transporter protein (MATP) regulates Melanosomal pH and 
influences Tyrosinase activity. PLoS One. 2015;10(6):e0129273.

 108. Vijayan V, Jasmin C, Anas A, Parakkaparambil Kuttan S, Vinothkumar S, 
Perunninakulath Subrayan P, et al. Sponge-associated Bacteria produce 
non-cytotoxic melanin which protects animal cells from photo-toxicity. 
Appl Biochem Biotechnol. 2017;183(1):396–411.

 109. Araujo M, Xavier JR, Nunes CD, Vaz PD, Humanes M. Marine 
sponge melanin: a new source of an old biopolymer. Struct Chem. 
2012;23(1):115–22.

 110. Slaby BM, Hackl T, Horn H, Bayer K, Hentschel U. Metagenomic binning 
of a marine sponge microbiome reveals unity in defense but metabolic 
specialization. ISME J. 2017;11(11):2465–78.

 111. Chan DI, Vogel HJ. Current understanding of fatty acid biosynthesis and 
the acyl carrier protein. Biochem J. 2010;430(1):1–19.

 112. Panina EM, Vitreschak AG, Mironov AA, Gelfand MS. Regulation of 
biosynthesis and transport of aromatic amino acids in low-GC gram-
positive bacteria. FEMS Microbiol Lett. 2003;222(2):211–20.

 113. Nathan C, Shiloh MU. Reactive oxygen and nitrogen intermediates in 
the relationship between mammalian hosts and microbial pathogens. 
Proc Natl Acad Sci USA. 2000;97(16):8841.

 114. Poole RK. Nitric oxide and nitrosative stress tolerance in bacteria. Bio-
chem Soc Trans. 2005;33(1):176–80.

 115. Beilharz K, Nováková L, Fadda D, Branny P, Massidda O, Veening J. Con-
trol of cell division in Streptococcus pneumoniae by the conserved Ser/
Thr protein kinase StkP. Proc Natl Acad Sci USA. 2012;109(15):E905.

 116. Lenka S, Linda N, Marek B, Pavel B. Eukaryotic-Type Serine/Threonine 
Protein Kinase StkP Is a Global Regulator of Gene Expression in Strepto-
coccus pneumoniae. J Bacteriol. 2007;189(11):4168–79.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Meta-transcriptomic comparison of two sponge holobionts feeding on coral- and macroalgal-dissolved organic matter
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Sample collection
	RNA extraction and sequencing
	Sequence quality control, transcriptome assembly, and annotation
	Differential expression and functional enrichment analyses

	Results
	Transcriptome assembly and annotation
	Differential expression and functional enrichment analyses of coral- versus macroalgal-DOM feeding

	Discussion
	Metazoan transcripts
	Cell proliferation
	Immune response
	Other metabolic responses

	Prokaryotic transcripts

	Conclusions
	Acknowledgements
	References


