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ABSTRACT  
Xestospongia muta is among the most emblematic sponge species inhabiting coral reefs of the 
Caribbean Sea. Besides being the largest sponge species growing in the Caribbean, it is also 
known to produce secondary metabolites. This study aimed to assess the effect of depth and 
season on the symbiotic bacterial dynamics and major metabolite profiles of specimens of X. 
muta thriving in a tropical marine biome (Portobelo Bay, Panamá), which allow us to determine 
whether variability patterns are similar to those reported for subtropical latitudes. The bacterial 
assemblages were characterized using Illumina deep-sequencing and metabolomic profiles 
using UHPLC-DAD-ELSD from 5 depths (ranging 9-28 m) across 2 seasons (Spring and 
Autumn). Diverse symbiotic communities, representing 24 phyla with a predominance of 
Proteobacteria and Chloroflexi were found. Although several thousands of OTUs were determined, 
most of them belong to the rare biosphere and only 23 to a core community. There was a 
significant difference between the structure of the microbial communities in respect to season 
(Autumn to Spring), with a further significant difference between depths only in Autumn. This 
was partially mirrored in the metabolome profile, where the overall metabolite composition did 
not differ between seasons, but a significant depth gradient was observed in Autumn. At the 
phyla level, Cyanobacteria, Firmicutes, Actinobacteria and Spirochaete showed a mild-moderate 
correlation with the metabolome profile. The metabolomic profiles were mainly characterized 
by known brominated polyunsaturated fatty acids. This work presents findings about the 
composition and dynamics of the microbial assemblages of X. muta expanding and confirming 
current knowledge about its remarkable diversity and geographic variability as observed in this 
tropical marine biome.  
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Introduction 
 
Marine sponges (phylum Porifera) are the most ancient of the extant multicellular animals 
(Metazoa) evolving some 800 million years ago [1–4]. They are sessile benthic organisms 
contributing to diversity and biomass flourishing in contrasting oceanic habitats such as shallow 
tropical, temperate, polar reefs or abyssal plains [5, 6]. Sponges are pivotal in shaping 
ecosystems, due to their potential to influence benthic or pelagic processes [7]. Firstly, they are 
involved in structuring the seafloor and stabilization of substrate, offering refuge/habitat to a 
wide range of infauna species and so they participate in complex biotic interactions with diverse 
macrobiotic taxa, influencing turbulence, spatial competition and predation [7–10]. Secondly, 
sponges are key elements of biogeochemical cycles in coral reefs [11–14], participating in 
benthic-pelagic coupling of nutrient transfer. Indeed they capture large amounts of food 
particles and other nutrients from the pelagic habitat via their capacity to pump thousands of 
liters per kilogram of sponge per day [7]. Like other animals, sponges have a well-developed 
innate immune system, with the ability to produce an arsenal of bioactive compounds including 
antimicrobials [6, 15, 16].  
Marine sponges have formed close associations with a wide variety of microorganisms [15, 17–
20], where bacteria can constitute up to 40% of the sponge tissue volume [21]. To date, 52 
different microbial phyla have been associated with marine sponges [22]. A comprehensive 
review by Taylor et al [15] suggested that approximately 15 bacterial phyla, 2 major archaeal 
lineages and associated microbial eukaryotes can be found in sponges. However in 2012 more 
than 25 bacterial phyla were reported [22] and the true number of microbial phyla actually 
associated to sponges is still not resolved.  
Interest in sponge microbiology has two main justifications: ecological and biotechnological. 
First, the diverse assemblages of sponge associated microbial communities are seen as models 
for early evolutionary microbiome interaction with higher organisms. Increasing knowledge on 
the diversity of sponge symbionts enables a better understanding of beneficial microbial 
consortia and the ecological and chemical functions of these microorganisms. Such associations 
contribute to the health and nutrition of sponges by: i) preserving the host from colonizers and 
grazers; ii) producing antibiotics, repellent or antagonism compounds; iii) acquiring or 
synthesizing limiting nutrients, and iv) processing metabolic waste [11–13, 23]. As sessile 
animals, marine sponges have evolved chemical defense strategies to thrive in competitive 
environmental conditions. One of the factors associated with adaptation is indeed the 
production of secondary metabolites [24]. Sponges continue to be the most productive sources 
of new bioactive compounds in the marine environment, accounting for approx. 50% of all 
marine natural products or secondary metabolites discovered between 1990-2009 [25]. 
Sponge holobionts are then considered a primary resource offering a wealth of novel chemical 
structures relevant for industry. While some of these natural products are of sponge origin, 
others have chemical features reminiscent of a microbial origin like polyketides or peptides [26]. 
Insights into the origin of these compounds will further aid towards the exploitation of the 
biotechnological potential of these holobionts [18, 26, 27].  
Exploring the relationships between the structure of the symbiotic communities and the 
concentration of sponge-derived natural products provides insights into the real contribution of 
the microbiont in the production of important sponge metabolites. The giant barrel sponge 
Xestospongia muta  is known for its rich source of diverse secondary metabolites (with over 40 
metabolites identified so far) [28–30]. Being also a model “bacteriosponge” with clear biological 
fitness and the biggest sponge  in the Caribbean Sea, X. muta is an excellent candidate to explore 
the sponge-associated microbial communities and their relationship with metabolite 
production [12, 31–33]. In this work, the stability of the symbiotic prokaryotic communities and 
the metabolomic profiles of X. muta were tested on different seasons and depths at Portobelo 
Bay marine biome, Tropical Western Caribbean Sea of Panamá. 
 
Methods  
 
Sponge Collection 
Samples of the marine sponge Xestospongia muta (class: Demospongiae, order: Haplosclerida, 
family: Petrosiidae) were collected from the reef-complex in the port of Portobelo (Panama) at 
5 differing depths (9, 12, 18, 20 and 28 m) over 2 seasons, which correspond to the influences of 
Autumn (September 2013, samples named as “S1”) and Spring (May 2014, samples named as 
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“S2”), periods corresponding to the annual Caribbean dry season [34]. Sampling sites are 
neotropical locations at the Northern hemisphere and with less pronounced temperature 
differences. The average water temperature in September 2013 (S1) and May 2014 (S2) was 
27 °C and 28 °C, respectively. Samples were collected from sponges estimated to be >15 years 
of age [35] and showing no apparent signs of disease. For each depth and at each season, 3 
independent sponge samples were collected via SCUBA diving at the same approximate 
location with 4 meters between independent samples to obtain different asexual sponge clones 
(denoted as A, B, C for S1 and X, Y, Z for S2). A total of 30 samples were collected from the 5 
different depths and 2 different seasons. A specimen corresponding to a volume of 
approximately 15 mL was collected from the sponge in the projecting edge of the side-wall 
osculum and placed in a 50 mL falcon tube underwater. Following the sampling, seawater was 
removed, and each specimens was placed into 30 mL of ethanol, transported in ice to the 
laboratory and stored at -80 °C until further study.  
 
Metagenomic DNA extraction  
Total DNA was extracted from ~0.5 g of sponge tissue using a combination of protocols from 
two established methods: one for the extraction of DNA from natural environments [36] and 
the other for marine sponge tissues [37]. In brief, the sponges were first ground and mixed with 
equal volume of sterile glass beads and 600 µL of Extraction Buffer (100 mM Tris-Cl, 100 mM 
EDTA, 1.5 M NaCl) were added. Six cycles of intermittent 30 s of vortexing and 30 s on ice were 
performed before centrifugation for 30 min (10 min at 2500 x g and 20 min at 10 000 x g at 4 °C). 
Three µL of 10mg/mL DNA-free RNAse was added to the total volume of supernatant and 
incubated at 37 °C for 1 h. After inactivation of the enzyme for 1 min (90 °C), an equal volume of 
Phenol-Chloroform-Isoamyl alcohol (25:24:1, pH 8) was added. The aqueous phase was 
separated by centrifugation for 10 min (13 000 rpm at 4 °C) and then mixing with an equal 
volume of Chloroform-Isoamyl alcohol (24:1) followed by another 10 min centrifugation (13 
000 rpm at 4 °C). The total DNA was precipitated from the extracted aqueous layer with 0.1x 
volume of 3 M sodium acetate and 0.6x volume of isopropanol. Subsequently, extracts were 
incubated overnight at -20 °C followed by 30 min of centrifugation (13 000 rpm at 4 °C). The 
pelleted DNA was then washed in ice-cold 70% (v/v) ethanol, air dried and re-suspended in 
30 µL of MiliQ water.  
 
16S rRNA gene library construction and sequencing  
PCR amplicon libraries of the V5-V6 region of the 16S rRNA gene were prepared using the 
primers 807F [5´-GGATTAGATACCCBRGTAGTC- 3´] and 1050R [5´-
AGYTGDCGACRRCCRTGCA-3´] [38]. Each 25 µL reaction contained 1X buffer, 0.3 mM 
dNTPs, 0.5 µM forward primer, 0.5 µM reverse primer, 500 µg mL-1 BSA, 0.04 U µL-1 Accuzyme 
polymerase from Bioline and 1 ng of template DNA. The PCR cycle conditions included initial 
denaturation at 95 °C for 2 min followed by 4 cycles of denaturation at 95 °C for 30 s, primer 
annealing at 60 °C for 30 s with a touchdown of 2 °C per cycle and extension at 68 °C for 30 s. 
These cycles were followed by 26 cycles consisting of a denaturation at 95 °C for 30 s, primer 
annealing at 53 °C for 30 s and extension at 68 °C for 30 s, this was finally followed by a last 
extension at 68 °C for 7 min. 
 
Libraries were constructed using a customized Illumina paired-end library sample preparation 
protocol [39]. Two subsequent overlapping PCRs were performed (6 cycles each at a constant 
annealing temperature of 55 °C) in fresh tubes and including all described components but 
changing the primers in order to attach the barcodes, adaptors, spacers and indexes to the 
amplicons, and using as template 10-1 of the previous PCR reaction. A final pool with equal 
amounts of each sample (5 ng of final purified PCR product of each one) was prepared and 
sequenced on an Illumina-MiSeq platform [40], using ~250 nt paired-end sequencing chemistry..  
  
Bioinformatic analyses 
All downstream sequence analyses were performed using QIIME 1.9.1 [41]. Approximately 
~1.2 million reads were generated from the 30 independent sponge samples. As a first step, 
paired sequences were filtered (Q 25) and split according to the barcodes. Chimeric sequences 
were identified, extracted and removed from the datasets using Usearch 6.1. A multi-step open-
reference OTU picking workflow was performed within the QIIME system. Using this 
methodology, Operational Taxonomic Units (OTUs) were picked assigning the reads to species 
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groups based on 97% sequence similarity. This workflow used the PyNAST alignment [42] 
against the SILVA core set to assign OTUs. In the next steps, a single representative sequence 
for each OTU was again realigned using PyNAST to build a phylogenetic tree using FastTree. In 
total, 485,466 good-quality paired-end reads derived 24,417 OTUs, where the median sample 
size was 16,297 reads (min. 7,303 reads and max. 32,682 reads) (Supplementary Figure 1a). 
Centroid sequences of core microbiome OTUs of X. muta found in this study had been deposited 
in GenBank database available under accession numbers KY274458-KY274480.  
 
Metabolite profiling 
Each collected sponge specimen was also analyzed for its concentration of secondary 
metabolites. In brief, pre-frozen specimens were mechanically ground, then ~0.5 g of the dried 
sample was extracted 3 times with 10 mL a mixture of CH2Cl2/MeOH (1:1, v/v) under 
ultrasonication. The organic phases were combined and concentrated in vacuum on a bulk C18 
solid phase added before evaporation (0.1 g). To focus on the secondary metabolites a solid 
phase extraction (SPE) on C18 was performed as follows: the extract supported on the C18 
phase was deposited on SPE cartridges (Strata-C18-E, Phenomenex, 500 mg) and compounds 
were eluted by a series of solutions (10 mL) of decreasing polarities: H2O (F1), H2O:MeOH 
(1:1) (F2), MeOH (F3) and CH2Cl2:MeOH(1:1) (F4). After evaporation of the solvents, 
fractions F3 were dissolved in methanol and ultra-high performance liquid chromatography-
diode array detector-evaporative light scattering detector (UHPLC-DAD-ELSD) analyses were 
performed [43].  
 
The identification of the main metabolites of X. muta was performed beforehand with one 
injection in UHPLC-high resolution mass spectrometry (UHPLC-HRMS) using the Ultra-High 
Resolution Qq-Time-Of-Flight Impact II (Bruker) in positive ion mode (Supplementary Figure 
3). Due to the difficulty in the ionization of non-polar and halogenated compounds like 
unsaturated fatty acid derivatives by electrospray, metabolite profiling using DAD and ELSD 
analyses was preferred [44]. First, DAD allowed the detection of unsaturated fatty acids due to 
the presence of characteristic chromophores, then ELSD known as a universal detector, 
revealed the presence of most types of metabolites. The resolution in the ELSD was found to be 
sufficient to relatively quantify the major specialized metabolites. Because major secondary 
metabolites from this sponge are known to be halogenated unsaturated fatty acids containing 
enyne or enediyne unsaturations, UV detection by DAD was appropriate for this study: one 

major band at around λmax 230 nm, as an indicative of enynes and λmax 240, 250, 270 and 280 
indicating enediynes [29]. UHPLC-DAD-ELSD analyses were therefore performed on an 
UltiMate 3000 UHPLC (Thermo Scientific) equipped with a DAD (Thermo Scientific) and an 
ELSD (Agilent). The column was a kinetex C18 (Phenomenex, 2.1 x 100 mm, 1.7 µm), with an 
injection volume of 5 µL and the flow rate 0.5 mL min-1. The elution was set as follows: 0-3 min of 
isocratic H2O/CH3CN (90:10) then a linear gradient between 3-10 min until H2O/CH3CN 
(0:100), isocratic at this composition for 10-12 min and equilibration to the initial conditions for 
12-15 min. 
 
Statistical analysis 
Multivariate data analysis was used to explore and test for patterns in the global microbial and 
metabolite profiles across depth and season. The experimental design was set-up as a 2-way 
crossed design with season and depths being the main factors (effects) with the possibility to 
seek for an interaction effect (depth x season). First, each sample was compared to each other 
sample (using the different data matrices comprising either the global microbial OTUs or the 
secondary metabolites) via ordination using Principal Co-ordinate Analysis (PCoA) following 
construction of sample-similarity matrix using either the weighted unifrac distance for the 
global microbial profiles [45] or the spearman rank correlation for the global metabolome 
profiles [46]. Significant differences between a priori predefined groups of samples (depth, 
season) were evaluated using the two-way Permutational Multivariate Analysis of Variance 
(PERMANOVA), allowing for; type III (partial) sums of squares, fixed effects sum to zero for 
mixed terms, and exact p-values generated using unrestricted permutation of raw data [47]. 
Groups of samples (depth, season) were considered significantly different if the p-value falls 
<0.05. These multivariate analyses were performed across a combination of software including: 
PRIMER (v.6) PRIMER-E, Plymouth Marine Laboratory, UK, [46]; QIIME and the Phyloseq R 
package 1.5.21 [48]. Then, to test which of the 17 dominant phyla were significantly different 
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across depths and seasons, a two-way ANOVA was performed using Prism v. 7.01 (Graphpad 
Software Inc.), while to test which of the 9 metabolites were significantly different across depths 
and seasons, a two-way PERMANOVA was performed using PRIMER following the use of 
Euclidean distance to measure the difference between samples. Groups of samples (depth, 
season) were considered significantly different if the p-value falls <0.05. 
To test for a correlation between global secondary metabolite profiles and microbiome 
composition, the Mantel’s test was performed in PRIMER. Independent similarity-matrices (as 
described above) were correlated using Spearman rank correlation (9999 permutations). 
While the Mantel test highlights the significance of the relationships [49], it cannot provide 
information about any specific element of the data, thus Spearman's rank correlation was 
performed to determine the strength of each OTU on the concentration of each secondary 
metabolite [50]. In this case, spearman correlation coefficient was calculated using the stats and 
lineup packages of R. The scatterplot was constructed to show the dispersion of the coefficients 
using ggplot2 in the R package.  
 
The microbial profiles were also compared using k-dominance plots and species diversity 
measures. Conventional measures of species diversity, richness and evenness were calculated 

using algorithms for total OTUs (S), Shannon diversity (H’), Simpson (1-λ) and Pielou’s 
evenness (J') [46]. Rarefaction analyses were performed to gauge for adequate sequencing 
depth per sample [40]. These univariate analyses were performed across a combination of 
software including: PRIMER (v.6) PRIMER-E, Plymouth Marine Laboratory, UK, [46]; and 
QIIME and the Phyloseq R package 1.5.21 [48].  
 
Results 
 
Microbial diversity of Xestospongia muta and its core microbial community  
 
To explore the dynamics of the symbiotic community of marine sponge Xestospongia muta in the 
Port of Portobelo in Panama, microbial community structure and secondary metabolites were 
assessed across 30 sponge specimens collected in relation to depth and season. The microbial 
diversity was characterized by sequencing the V5-V6 region of the 16S rRNA gene using the 
Illumina platform. From a total of 485,466 good-quality paired-end sequences generated from 
the 30 sponge extracts, 24,417 microbial OTUs representing 24 microbial phyla were derived; 
14 described bacteria phyla, 6 candidate phyla, 2 unclassified phyla (herein referred as 
Unclassified Candidate 1 and 2) and 2 Archaea lineages. Between these, two highly dominant 
phyla were identified: Proteobacteria and Chloroflexi accounting for 61% of all reads (37.5% 
and 23.5% relative abundance, respectively). Other dominant phyla contributing to the global 
microbial assemblages were the uncultured sponge symbiont PAUC34f (6.6%), Actinobacteria 
(6.0%), Gemmatimonadetes (4.4%), Unclassified Candidate 1 (3.6%), Crenarchaeota (3.6), 
Cyanobacteria (3.4%), Nitrospirae (3.2%), Acidobacteria (2.2%), AncK6 (1.4%), Poribacteria 
(1.2%) and SBR1093 (1.2%) (Figure 1 and Table 1). The 4 most abundant phyla were also the 4 
richest OTU phyla, where Proteobacteria, Chloroflexi, PAUC34f and Actinobacteria were 
represented by 7935, 4517, 926 and 1395 OTUs, respectively.  In contrast, two of the lowest 
predominant phyla LCP-89 and Tenericutes both contributing to ~34 reads, are first reported as 
bacterial symbionts of X. muta [51–53]. Noteworthy, despite being described as a dominant 
sponge symbiont, the contribution of the phylum Poribacteria to the microbiome X. muta is only 
minor, accounting for 1.2% of the reads. Lastly, 119 OTUs were affiliated to an unclassified 
bacteria lineage here showed as Unclassified Candidate 1. Some authors have referred this 
taxonomic group as sponge-associated unidentified lineage (SAUL) [54, 55]. Although limited 
information is available for this lineage, it has also been reported in other marine environments, 
albeit at very low frequencies [56].  
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Table 1. Summarizing 2-way crossed ANOVA data for each of the 17 dominant phyla detected in X. muta. 
 

Phylum 
% to the whole 
dataset (n=30) 

Compared parametersa 

Season (df=1) Depth (df=4) Season x Depth (df=4) 

F p-value F p-value F p-value 

Proteobacteria 37.5 1.2270 0.2811 0.5889 0.6745 0.8279 0.523 

Chloroflexi 23.6 0.0957 0.7602 0.6838 0.6114 1.326 0.2946 

PAUC34f 6.6 0.0039 0.9506 0.6363 0.6426 4.087 0.014 

Actinobacteria 6.0 2.3480 0.1411 1.027 0.4174 7.713 0.0006 

Gemmatimonadetes 4.4 9.3610 0.0062 3.027 0.042 7.098 0.001 

Unclassified 
Candidate 1 

3.6 14.1200 0.0012 2.027 0.1292 1.83 0.1626 

Crenarchaeota 3.6 42.5700 <0.0001 12.62 <0.0001 10.42 <0.0001 

Cyanobacteria 3.4 29.7800 <0.0001 1.222 0.333 17.85 <0.0001 

Nitrospirae 3.2 4.6220 0.044 1.25 0.322 0.9789 0.4412 

Acidobacteria 2.2 0.07837 0.7824 2.853 0.0507 1.411 0.2666 

AncK6 1.4 6.243 0.0213 1.4360 0.2587 1.352 0.2856 

Poribacteria 1.2 1.204 0.2855 2.3400 0.0901 5.694 0.0032 

SBR1093 1.2 4.7510 0.0414 0.6648 0.6238 2.051 0.1257 

Spirochaetes 0.6 0.2253 0.6402 0.1601 0.956 0.2719 0.8926 

Firmicutes 0.5 3.499 0.0761 0.7595 0.5638 1.105 0.3814 

TM7 0.4 41.11 <0.0001 5.9730 0.0025 5.973 0.0025 

Bacteroidetes 0.3 2.648 0.1193 0.9322 0.4653 1.992 0.1347 
 

aValues in bold indicate statistically significant differences with alpha set to 0.05.  
 
Although thousands of OTUs were derived (using 97% sequence identity to cluster reads), only 
996 OTUs contributed to more than 30 sequence reads across all 30 samples, accounting for 
>80% of the read counts and there was a predominance of few OTUs. For example, OTU167 
belonging to the Class Gammaproteobacteria was present in all 30 samples and comprised 
16,500 reads (or 3.4% of the total reads). Seven further OTUs representing the Classes SAR202 
(3), Nitrospira (2), Deltaproteobacteria (1) and Acidimicrobiia (1) were also predominant, 
each accounting for >1% of the total reads and being present in most samples. With each of the 
30 sponge specimens comprising between 150-250 microbial OTUs (as seen in the rarefaction 
curves, Supplementary Figure 1a) which indicates a high microbial richness for X. muta, most of 
the derived OTUs only contributed few sequences reads representing a sizable rare biosphere. 
 
The core community of X. muta in the Port of Portobelo is composed of 23 OTUs (Figure 2). The 
core microbial community is usually defined as the collection of OTUs present in at least 70% of 
collected sponge specimens, however, given that sponges were collected over differing seasons 
and depths, the defined core community of X. muta in this work are those OTUs present in all 30 
sponge specimens. The cumulative relative abundance of these 23 OTUs varies between 10 to 
35% within the different samples. Most of the OTUs belong to the phyla Proteobacteria and 
Chloroflexi (43.0% and 34.8% respectively) where Gammaproteobacteria and SAR202 were 
the most common represented classes. Other phyla represented in the core community were 
PAUC34f, Actinobacteria, Nitrospirae, Spirochaetes and Poribacteria.  
 
Microbial community changes across depth and season 
To assess whether the global microbial assemblages change with season and depth, ordination 
of the 30 samples via PCoA following the use of the weighted unifrac distance metric was 
performed. As it was evident by the 2-way crossed ANOVA results (Table 1) the most 
significant phyla variations were influenced by seasonal factors. PCoA revealed a clear shift 
with the season on the PCO1 axis (Figure 3a) with all S1 (Autumn) samples clustering 
independently to the right of the plot and all S2 (Spring) samples to the left. Then when each 
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season was ordinated separately, we observe a clear depth gradient in Autumn (S1), with 
shallow and deeper depths separating on the PCO1 axis (Figure 3b). While 9 and 12 m samples 
clustered together, they separated out from the 18 m samples on the PCO2 axis and were all 
independent from the 20 and 28 m samples. However, this depth pattern was not observed for 
Spring (S2) (Figure 3c). This observation was confirmed by the two-way PERMANOVA, which 
combined season with depth. Then there is a highly significant difference between Autumn (S1) 
and Spring (S2) (Pseudo-F = 5.8976, p-value = 0.0001) and a highly significant interaction effect 
with season/depth (Pseudo-F = 2.1166, p-value = 0.0001) (Table 2). This confirms the pattern 
observed in the PCoA plots where there was a strong depth gradient in Autumn (S1) and a lack 
of this gradient in Spring (S2), where there was a highly significant difference between depths 
during Autumn (S1) (one-way PERMANOVA Pseudo-F = 3.1975, p-value = 0.0001), but no 
significant differences between depths during Spring (S2) (one-way PERMANOVA Pseudo-F = 
1.1536, p-value = 0.2491). Furthermore, out of the 17 dominant phyla, 8 were significantly 
different between seasons; comprising Cyanobacteria, Crenarchaeota, TM7, 
Gemmatinmonadetes, Unclassified Candidate 1, SBR1093, Nitrospirae and Acidobacteria, 
where PAUC34f, Actinobacteria and Poribacteria showed a significant interaction effect with 
season/depth (2-way ANOVA p-values <0.05, Table 1).  
 

Table 2. Two-way crossed PERMANOVA results reporting on statistically significant differences in the 
global microbial communities of X. muta across season and depth. 

 
Compared parametersa SS MS Pseudo-F p-value 

 Seasons 

Season (df=1) 0.11118 0.11118 5.8976 0.0001 

Depth (df=4) 0.11131 0.02782 1.4761 0.0228 

Season x Depth (df=4) 0.15961 0.03990 2.1166 0.0001 

 Autumn (S1) 

Depth (df=4) 0.15164 0.03791 3.1975 0.0001 

 Spring (S2) 

Depth (df=4) 0.11927 0.02981 1.1536 0.2491 

     
 

aValues in bold indicate indicated where significant differences lie with alpha set to 0.05. SS denotes sum of 
squares, MS denotes mean of squares, Pseudo-F denotes the test-statistic for the PERMANOVA. For each 
season/depth group n=3 specimens. Weighted unifrac distances on the global microbial communities was 
used to generate the resemblance matrix between each pair of samples. 
 
The difference between Spring and Autumn can also be seen at the diversity level, where OTU 
richness (S), Shannon diversity (H’), Simpson diversity (1-lambda) and Pielou’s evenness (J’) 
were all higher for Autumn (S1) (Figure 4a-d). These diversity metrics can also be inferred from 
the k-dominance plots (Supplementary Figure 1b-d), where curves for the Autumn (S1) 
samples fall below those for Spring (S2) further indicating that these samples comprised less 
dominant taxa, having more even abundance profiles between taxa and overall greater species 
richness (Figure 4d). When assessing k-dominance of the depths during Autumn (S1), there 
appears to be a depth gradient with the shallower depths being less dominated by taxa, having 
more even abundance between taxa (Supplementary Figure 1b-c). Notably, from 18m in depth, 
there was an evident decline in the mean Shannon diversity (H’) and Pielou’s eveness (J’) 
compared to the shallower depths (Figure 4). In Spring (S2), these patterns were not observed 
(Figure 4, Supplementary Figure 1d). 
 
Metabolome patterns across season and depth 
To assess changes in the secondary metabolite production with season and depth, UV/ELSD 
metabolome profiles were generated for each sponge specimen (Supplementary Figure 2). 
Comparison of UV profiles (Supplementary Figure 3) of each derived compound with those 
previously isolated from X. muta [28, 29, 57] allowed the assignment of each peak to a known 
family of metabolite. Because ELSD is known as a universal detector with areas roughly 
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proportional to the quantity of each compound, the focus here was on the major compounds of 
the profiles, corresponding to the peaks with RT 7.95 (1), 8.15 (2), and 8.35 (3) min. A strong 

and large band was observed at λmax 229 for compound 1 while four fine bands were observed at 

λmax 238, 253, 272 and 283 for 2 and 3, all these data being consistent with enyne and enediyne 
conjugated systems, respectively [29, 57]. On the basis of UV and HRMS data, the following 
identification was made: (7E,13E,15Z)-14,16-dibromohexadeca-7,13,15-triene-5-ynoic acid (1) 
(Supplementary Figure 2(b)) at m/z 420.0170, 422.0149, 424.0130 (ratio 1:2:1, [M+NH4]+) 
[29], (7E,13E,17E)-18-bromooctadeca-7,13,17-triene-5,15-diynoic acid (2) (Supplementary 
Figure 2(c)) at m/z 366.1064, 368.1045 (ratio 1:1, [M+NH4]+) [57], and a non-described dihomo 
derivative (3) of this compound at m/z 394.1378, 396.1358 (ratio 1:1, [M+NH4]+, retention time 
8.35 min). Thus, the metabolomic profile comprised two distinct brominated polyunsaturated 
fatty acids. 
 
The global metabolome profile comprising the 9 metabolite bands was then compared across all 
30 samples using spearman rank correlation. A two-way PERMANOVA, crossed season with 
depth and showed that there were no significant differences between the main factors; Spring 
and Autumn, or depths. However, there was a significant interaction effect with season/depth 
(Pseudo-F = 3.3703, p-value = 0.0078) (Table 3). This lack of separation of points denoting 
Autumn and Spring is evident on the PCoA ordination (Figure 3d). Furthermore, there was a 
significant difference in the metabolome profiles between depths during Autumn (S1) (one-
way PERMANOVA, Pseudo-F = 2.9812, p-value = 0.0097), but not between depths during 
Spring (S2) (one-way PERMANOVA, Pseudo-F = 2.3519, p-value = 0.0749) (Table 3). 
However, this depth gradient is not as evident in the metabolome profile as it was in the 
microbiome profile (comparing Figure 3c to 3e). Out of the 9 measured metabolites, only 
RT_7.46 was significantly different between Spring and Autumn (Table 4), while RT_7.72, 
RT_7.95 and RT_8.15 showed a significant interaction effect with season/depth (2-way 
PERMANOVA p-values <0.05, Table 3).   
 

Table 3. Two-way crossed PERMANOVA results reporting on statistically significant differences in the 
global metabolome profiles of X. muta across season and depth. 

 
Compared parametersa SS MS Pseudo-F p-value 

 Seasons 

Season (df=1) 0.41141 0.41141 1.9969 0.1591 

Depth (df=4) 1.5333 0.38333 1.8606 0.0972 

Season x Depth (df=4) 2.7774 0.69435 3.3703 0.0078 

 Autumn (S1) 

Depth (df=4) 2.0578 0.51446 2.9812 0.0097 

 Spring (S2) 

Depth (df=4) 2.2529 0.56322 2.3519 0.0749 
 

aValues in bold indicate indicate where significant differences lie with alpha set to 0.05. SS denotes sum of 
squares, MS denotes mean of squares, Pseudo-F denotes the test-statistic for the PERMANOVA. For each 
season/depth group n=3 specimens. Spearman rank correlation on the global metabolome profile was 
used to generate the resemblance matrix between each pair of samples. 
 

Table 4. Summarizing the results of the 2-way crossed PERMANOVA for each of the metabolites. 
 

Metabolite 
Season (df=1) Depth (df=4) Season x Depth (df=4) 

Pseudo F p-value Pseudo F p-value Pseudo F p-value 

RT_7.46 10.186 0.002 1.155 0.336 1.155 0.352 

RT_7.63 0.039 0.954 0.835 0.556 1.317 0.220 

RT_7.72 0.763 0.396 1.605 0.209 7.319 0.002 

RT_7.88 0.006 0.939 1.196 0.332 1.817 0.159 
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RT_7.95 0.054 0.813 0.807 0.527 3.548 0.027 

RT_8.05 0.248 0.696 0.642 0.619 1.488 0.210 

RT_8.15 0.163 0.691 1.231 0.323 5.196 0.006 

RT_8.27 1.106 0.334 0.367 0.837 1.099 0.369 

RT_8.35 0.013 0.910 0.498 0.740 2.089 0.126 

 
Bolded values indicate where significant differences lie with alpha set to 0.05. Euclidean distance was used 
to measure the distance between each metabolite across each pair of samples. 
 
Relationship between global metabolome profile and microbial community composition 
 
Because shifts in the microbial community were observed with season and depth, and a 
corresponding interaction effect was also deduced for the metabolome profile, a global 
relationship between the two variables was assessed. Using the Mantel’s test, the pattern 
generated between the 30 samples derived from the global microbial community data was 
matched with the one generated by the metabolomic analysis. There is no clear correlation 
between both global datasets (Mantel’s Rho = 0.03874 p-value <0.05). However, when testing 
each of the phyla abundances independently, 4 phyla have a significant relationship with the 
global metabolome pattern; Cyanobacteria (Mantel’s Rho = 0.376 p-value 0.0028), Firmicutes 
(Mantel’s Rho = 0.395 p-value 0.026), Actinobacteria (Mantel’s Rho = 0.198 p-value 0.020) and 
Spirochaete (Mantel’s Rho = 0.222 p-value 0.039), all showing a moderate correlation with 
changes to the metabolome profile. Further tests were performed at each OTU-metabolite 
level, where most of the spearman rank correlation coefficients fell between -0.2 and 0.2 (Figure 
5). This suggests a lack of direct relationships between any particular OTU and metabolite 
combination in the conditions assayed and from the techniques used.  
 
Discussion 
 
Marine sponges are one of the most dominant sessile groups of the coral reefs and there are 
some evidences that in the mesophotic zone their biomass and diversity increases with depth. 
This change occurs due in part to the increasing particulate organic carbon and differences in 
predation [58]. Despite these evidences, only few studies have analyzed whether their 
microbiome presents also depth-dependent changes [58, 59]. The giant barrel sponge 
Xestospongia muta is a good model for investigating these questions as it is i) one of the most 
abundant sponge species in the Caribbean Sea ii) a High Microbial Abundance (HMA) 
bacteriosponge with a diverse symbiotic microbial community iii) and it is recognized as a rich 
source of secondary metabolites. Clarifying the shifts and stability of microbiome and 
metabolomic profile of marine sponges across a depth gradient and through different season is 
of importance for understanding the holobiont interaction and the involvement of symbionts in 
the secondary metabolites biosynthesis.    
 
In the present study, besides the significant interactions of some taxonomic groups with 
depth/season, a core set of 23 OTUs was present in all 30 sampled X. muta specimens, 
suggesting that these taxa could be used to “ecotype” this sponge species in this ecoregion. 
HMA sponges, such as X. muta are characterized by maintaining their complex microbial 
communities by a combination of mechanisms of vertical and horizontal transmission [60], 
however it has been found that only a few members of the specific adult microbial community 
are vertically transferred and only a small portion of them are maintained after the uptake of  
symbionts during filter-feeding periods of the host [60]; OTUs from the core set community 
found in this study could represent those vertically transferred symbiotic association of X. muta 
with more biological fitness.  
Nevertheless, when assessing their taxonomic relatedness and their relative proportions of the 
global microbial assemblages (comprising thousands of OTUs per sponge specimen) some 
differences were noticed between the seasons Spring (May 2014) and Autumn (September 
2013) which borders the mean annual Caribbean dry season. This difference was evident when 
assessing changes with depths: in Autumn there was a clear depth gradient with shallow 
sponges’ microbiome being more similar and then being different to the deeper sponge 
specimens. This was not evident in Spring some months later. Interestingly, such a trend was 
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also observed in the global metabolome profile, although not as strong between the seasons. 
There are several possible explanations for such a loss of a depth gradient as for example a 
variability and/or mixing in abiotic factors as the temperature gradient, turbidity, light intensity 
or nutrient availability. 
 
As it has been previously reported, Proteobacteria and Chloroflexi were the predominant phyla 
in the X. muta’s microbiome [51, 61]. Other phyla such as PAUC34f, Actinobacteria, 
Gemmatimonadetes, Crenarchaeota, Cyanobacteria, Nitrospirae, Acidobacteria, AncK6, 
Poribacteria and SBR1093 were also found associated with this species [53]. Eight of the 
dominating phyla were significantly different between seasons; comprising Cyanobacteria, 
Crenarchaeota, TM7, Gemmatimonadetes, Unclassified Candidate 1, SBR1093, Nitrospirae 
and Anck6. Phyla PAUC34f, Actinobacteria, Gemmatimonadetes, Crenarchaeota, 
Cyanobacteria, TM7 and Poribacteria showed a significant interaction effect with 
season/depth (Table 1). Some of these taxa have been associated to functions of health and 
nutrition for sponges. For example, the ecological role of Cyanobacteria is well known, and it has 
been demonstrated that photosynthesized glycerol and organic phosphates are transferred 
from bacteria to the sponge host supplying up to 50% of its energy and 80% of its carbon budget 
[62]. Despite a low taxonomic resolution of the cyanobacterial sequences, it is likely that the 
cyanobacterial representatives encountered in X. muta in this work are the symbiont “Candidatus 
Synechococcus spongiarum”, which represents an independent cyanobacterial lineage that has 
become a sponge symbiont from past times and it is phylogenetically equidistant from the 
marine and freshwater strains of Synechococcus/Prochlorococcus subclade (CitamBio-2015). 
“Candidatus Synechococcus spongiarum” is  the most widespread cyanobacterial symbiont found in 
marine sponges [63]and it has an extremely flexible photosynthetic apparatus that allows them 
to grow in a wide range of irradiances [64]. This may explain why, in Autumn (S1), the 
proportion of cyanobacterial population increased in deeper communities.  
 
Genomics studies focused on “Ca. Synechococcus spongiarum” have revealed a variety of clades 
that with high 16S rRNA sequence identity (~99%) may differ widely in genomic databases, due 
to physiological and functional variations [63]. As it has been identified in four different clades of 
this candidate symbiont, one of the detected modifications is the deletion of the psbP gene. This 
modification could lead to a less efficient photosynthetic system affecting their productivity and 
ability to assimilate carbon and transfer it to the host sponge [65], and potentially decreasing 
also the competitiveness under low light exposures [63]. This variety of clades that may differ in 
genomic repertoire and in physiology and biological function as symbionts, may be the 
explanation for the differences observed in the patterns of this cyanobacterial class between 
the two seasons, where the decreasing number of Cyanobacteria during Spring (S2) through 
the depth gradient was also statistically significant. 
 
In the same way as in Cyanobacteria, Crenarchaeota and Gemmatimonadetes showed a 
significant interaction between the variables depth and season. Crenarchaeota, as the most 
abundant lineage of Archaea was first reported as sponge-associated microorganisms in 1996 
[66] and they are now recognized as important components of the natural microbiota of many 
bacteriosponges [67]. Its ecological role has been related to ammonia- oxidizing activity which 
is one of the first reactions carried out to achieve nitrification [67]. This is an important biological 
process since sponges release ammonia as a metabolic waste product and its accumulation may 
have adverse effects on sponge health [67]. In the same way, the role of Gemmatimonadetes 
has been also associated to nutrition processes. The culturable representatives of this phylum 
have shown the ability to accumulate intracellular polyphosphates [68], a property absolutely 
beneficial for the sponges, as phosphorous (P) is one of the limiting elements in the marine 
ecosystems. Its accumulation by the symbionts could then enhance the recycling of P in the local 
environment of the marine sponge [13]. Trend in S2 to the increasing accumulation of these 
phyla in deeper areas could be related with the increasing production of metabolic wastes by the 
sponge. In both seasons, the samples collected in shallow waters were less diverse, showing a 
greater proportion of dominant clusters in their microbial communities. This may be related to 
the increasing availability of particulate food in deeper zones. The increased availability of 
particulate matter with depth has been considered as one of the reason explaining why deep 
sponges grow significantly faster than their shallow congeners [69]. Therefore, mesophotic 
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sponges may be less dependent of their associated bacterial communities for nutrition and 
digestion [59]. 
 
The metabolome profiles of X. muta revealed the dominant presence of brominated compounds 
[30]. The patterns and statistical analysis of the metabolomic data indicate that there is not a 
considerable influence of season or depth in the relative contribution of the metabolites to the 
global metabolome. However, the compounds (1) and (2) characterized here as the main 
compounds of the X. muta metabolome, presented a significant interaction effect of the two 
variables, suggesting that these two compounds have a pattern influenced by depth in Spring 
and Autumn. Because the symbiotic community taxonomical composition shifts are not directly 
linked to the concentrations of these two main metabolites, the differential production 
detected is modulated either by changes in gene expression of activities encoded in the marine 
sponge genome or in the associated microbiome and/or due to environmental conditions i.e. 
those enriching particulate matters available, captured and filtered with metabolite precursors. 
 
To study in detail the involvement of symbiotic bacteria in the biosynthesis of secondary 
metabolites of marine sponges, it is necessary to go deeper into functional analyses such as 
(meta)genomics and (meta)transcriptomics of the holobiont. Although previous evidences 
suggest that the biosynthesis occurs in a collaborative process between the sponges and its 
microbial associate community [26], there are several bacterial phylotypes that could be 
involved as functional units of biosynthesis together with sponge cells, and this may be the 
explanation of the lack of direct correlation between any pair of OTU/metabolite in our results.  
 
Notwithstanding, we found a moderate correlation between the phyla Cyanobacteria and 
Firmicutes with the global metabolome profile. Cyanobacteria isolated from marine sponges 
had been found able to produce brominated metabolites [70], a chemical feature of the main 
secondary metabolites found in the specimens of X. muta. Our results and the evidence from 
previous studies suggest that Cyanobacteria may be involved not only in the nutrition of the 
host, but also in the development of its chemical defense system. On the other hand, members 
of the phylum Firmicutes have been considered important for the health of the sponges, 
because they have been found to have the ability to produce substances with antimicrobial and 
antifungal properties [71]. These metabolic features suggest that members of these phyla might 
be involved in the chemical defense system of their host protecting them from both predators 
and microbial pathogens. In a recent transcriptomic holobiont profiling survey of X .muta 
specimens thriving in the northern Caribbean sea [72] it was detected the correspondence in 
actively transcribed genes ascribed to central metabolite production and degradation thus 
evidencing examples of interplay between host and microbiome functions, but the homology 
based automatic annotation of genes involved in peripheral metabolism or in specialized 
secondary metabolite production or modification remains a challenging issue, as it is to define 
the origin and shared contribution of the sponge and the hosted microbiome in key abundant 
metabolites for a given sponge species. 
 
The diversity of microbial symbionts may confer benefits in health and nutrition to their host, 
but they can also contribute to a larger metabolic repertoire. However, the mechanisms 
responsible for the emergence and maintenance of this diversity are still open questions 
including how related species from geographically isolated regions can acquire shared bacterial 
symbionts when they were apparently absent (below the detection limit of the technologies 
applied) from the seawater. These fundamental questions in sponge evolutionary biology may 
find some first clues on the shared OTUs between individuals of X. muta sampled at different 
depths and season (this study), and in different regions [51], together with future continuous 
spatio-temporal sequential tracking, which support the idea of coevolution of some of the 
sponge-associated bacteria in the course of the holobiont consolidation. Our results provide 
additional evidence to the hypothesis considering that there is not only horizontal transfer of 
symbiotic microorganisms from the surrounding aquatic environment, but also vertical 
transmission [6, 19, 56]. 
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Figure 1. Relative frequencies of 17 dominant phyla that accounted for a total of 99.77% of the 
reads. 

 
Figure 2. Relative abundance of the set of 23 OTUs that comprise the core community in 
relation to the total relative abundance of all OTUs. Maximum relative abundance is set to 50%.   
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Figure 3. Ordination of the global microbial assemblages and global metabolome profiles using 
Principal Co-ordinate Analysis (PCoA). Plots on the left ordinate samples assessing the global 
microbial assemblages following the use of the weighted unifrac distance algorithm, while plots 
on the right ordinate the global metabolome profiles following the use of Euclidean distance 
algorithm. Plots represent X. muta samples in respect to season (A and D) and depth (B, C, E and F) 
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Figure 4. Measures of X. muta microbial species richness, diversity and evenness. Plots depict 
species richness (A), Shannon and Simpson diversity (B and C), Pielou’s evenness (D). Mean 
values and standard deviation are plotted 

 
 
Figure 5. Scatterplot showing the Spearman rank coefficient between all pairs of 
OTUs/Metabolites. OTUs from the core community are highlighted 
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Supplementary Figure 1. Evaluation of sample sequencing depth and OTU dominance. (a) 
Rarefaction curves were used to gauge sequencing depth by plotting the number of resolved 
OTUs for each of the 30 sponge samples. (B-D) Dominance of microbial OTUs within samples, 
where k-dominance plots present cumulative ranked abundances plotted against species rank 
and depict the diversity and dominance of OTUs within each sample, (B) comparing both 
seasons, and comparing the 5 different depths during Autumn (C) and Spring (D) 

 
 
Supplementary Figure 2. (A) UHPLC-DAD Metabolic profiles at 254 nm of samples collected 
in S1 and S2 at 5 different depths. Identification of compounds (B) 1 (RT 7.95 min) [green 
asterisk] and (C) 2 (RT 8.15 min) [blue asterisk] 
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Supplementary Figure 3. UHPLC-DAD (+) HRMS profiles of the fraction MeOH showing the 
presence of the three major compounds associated with their characteristic UV HRMS spectra  
 

 


