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ABSTRACT 

Xestospongia muta is a large and common member of the coral reef communities all over the 
Indo-Pacific Ocean and the Caribbean Sea and it is also recognized by the large production of 
secondary metabolites. Due to its association to massive microbial communities is classified into 
the Bacteriosponges group, which has shown relative stable microbial communities across both 
distance and time. Its ecological importance makes of this specimen an ideal system for the study 
of the evolution of marine eukaryote-microbe association and the relationship between symbiotic 
communities and metabolites production. Our aim here is analyze the effect of a depth gradient 
on the composition of sponge associated communities and metabolites production. To address 
this goal, 15 X. muta individuals located at 5 different depths were sampled. To diversity analyses 
Illumina MiSeq technology to amplicons of 16S rRNA gene hypervariable region v5-v6 was applied; 
additional metabolites analyses were carried out by HPLC. Our results indicated that there are 
some predominant phyla throughout X. muta individuals and just a few groups of microorganisms 
seems to be affected by the depth of the host: Cyanobacteria, Crenarchaeota and TM7 are some 
of them. Metabolites profiles showed a consistent production of same metabolites across the 
depth gradient. 

 KEY WORDS: Xestospongia muta, symbiotic communities, depth gradient, 16s rRNA, illumine, 
metabolic fingerprinting 

 

INTRODUCTION 

Marine sponges are one of the oldest Metazoa group still extant on our Planet (Van Soest et al., 
2012). Their first fossil records are estimated to be dated as early as 600 million years ago (Taylor, 
Radax, Steger, & Wagner, 2007a).  Sponges (phylum Porifera) are exclusively aquatic animals, 
which are fixed on the substrate and filter microscopic size food particles from surrounding sea 
water (Kennedy, Marchesi, & Dobson, 2007). Currently, marine sponges represent a significant 
component of benthic communities around the world, in both biomass and in their potential to 
influence benthic or pelagic processes (Bell, 2008). 



As sessile animals, marine sponges have evolved chemical defense strategies to thrive in 
environments with potential predators or harsh environmental conditions. One of the factors 
associated with such adaptation are the production of secondary metabolites exhibiting 
bioactivities against selected organisms or cellular processes (Thoms & Schupp, 2007), thus 
pointing out its potential as biotechnological resources of antiviral, antitumor, antimicrobial and 
their general cytotoxic properties (Wang, 2006). 

This recognition had led, in recent years, to  the increase of studies applying new technical means 
in order to mine, in a more complementary fashion, the detection of new structures and the 
effects of environmental constrainst and microbiota associated to the sponges in such composite 
capabilities to synthesize rich sources of biologically active secondary metabolites, a fact that has 
been indeed recognized since many years ago (Paul, Puglisi, & Ritson-Williams, 2006). Sponges 
form close associations with a wide variety of microorganism (Hentschel, Usher, & Taylor, 2006; Li, 
He, Wu, & Jiang, 2006; Taylor et al., 2007a; Wang, 2006; Webster & Taylor, 2012a) (Figure 1). 

 
Figure 1. This figure was taken from an overview on sponge-associated microorganisms (Taylor, Radax, 

Steger, & Wagner, 2007b), represent a 16S rRNA-based phylogeny showing representatives of all bacterial 
and archaeal phyla from which sponge-derived sequences have been obtained. 

 



This sponge-microorganisms association, together with their ecological and biotechnological 
importance, makes of this holobiont an ideal system for the study of the evolution of marine 
eukaryote-microbe association and the relationship between host phylogeny and their microbial 
associated community (Schöttner et al., 2013).  

One of the first evidences of this interaction was possible by microscopic studies on which it was 
found that bacteria could constitute up to 40% of the sponge tissue volume, as determined in 
fifteen different species of Mediterranean marine sponges (Jean Vacelet, 1975). Since then, many 
studies have been developed to characterize the diversity of these associated microbial 
communities, understood as a model of early evolutionary microbiome interaction with higher 
organisms and the possible effects on the output of metabolites in the holobiont system. Today is 
generally accepted, by multiple experimental reports, that marine sponges establish a persistent 
association with specific microorganisms including Archaea, Bacteria and Protists (Ribes et al., 
2012) and these communities are fairly stable in both space and time (Simister, Deines, Botté, 
Webster, & Taylor, 2012; Taylor et al., 2007a). This type of associations contributes to the health 
and nutrition of the sponges in different ways, such as preserving the host from colonizers and 
grazers by producing antibiotics, repellent or antagonic compounds, acquiring or synthesizing 
limiting nutrients, and processing metabolic waste (Ribes et al., 2012).  

However, microbial communities can vary considerably among different sponges species, with 
respect to both microbial abundance and diversity (Giles et al., 2013). While microbial abundance 
can be still estimated by electron microscope, the application of next-generation sequencing 
technologies has revealed the great diversity of the sponge-associate microbial communities. 
Nowadays, more than 7500 sponge-derived 16s rRNA gene sequences are available in public 
databases, and these sequences are affiliated with 17 formally described phyla and several more 
candidate phyla (Simister et al., 2012). 

Based on the diversity of the microbial associated communities, marine sponges can be divided 
into two groups. Those which are associated to massive microbial communities are called 
Bacteriosponges (Reiswig, 1981) or High Microbial Abundance (HMA) sponges (Fan et al., 2012). 
This group, contents host-specific microbial populations and their microbial community exceed the 
density of the surrounding water microorganisms by two to four orders of magnitude (Weisz, 
Lindquist, & Martens, 2008). Furthermore, Low Microbial Abundance (LMA) sponges are largely 
independent of associated microorganisms and their microbial community resembles the 
surrounding sea water in both, diversity and concentration (Fan et al., 2012; Weisz et al., 2008). 
Microbial abundance might have influence on sponge morphology, physiology and chemistry. 
Patently HMA species have dense tissues and low pumping rates while LMA species have well-
irrigated tissues and high specific pumping rates (Ribes et al., 2012). 

One of the recurring phenomena in sponge microbiology that has been evident with the analysis 
of sponge-derived 16s rRNA gene sequences, is the high similarity of the bacterial communities 
among sponges. Numerous studies have compared the similarity of microbial communities among 
different sponge species and it has been found that in HMA the similarity is generally above 60% 



and often much higher (Schmitt et al., 2012a). To describe this community complex the term 
“sponge-specific” has been introduced. The term includes the community that is repeatedly 
detected in sponges around the world but that is different from microbial seawater communities 
(Hentschel et al., 2002a; Taylor et al., 2007a).   

The overall known diversity in sponge communities has increased in the last five years to 32 
different bacterial phyla and candidate phyla (Schmitt et al., 2012a; Taylor et al., 2007a). The most 
diverse phyla among those detected are Proteobacteria and Chloroflexi (Hentschel et al., 2002a; 
Schmitt et al., 2012b; Taylor et al., 2007a; Taylor, Schupp, Dahllf, Kjelleberg, & Steinberg, 2003; 
Webster & Taylor, 2012a). There are other detected phyla that are well known from sponges 
include Acidobacteria, Actinobacteria, Cyanobacteria, Gemmatimonadates and Bacteroidetes 
(Schmitt et al., 2012b; Webster & Taylor, 2012a) (Figure 2).  

Since 2004, a new candidate phylum abundant among microbial communities of sponges has been 
described. Because it has been barely detected outside of sponges (Fieseler, Horn, Wagner, & 
Hentschel, 2004; Schmitt et al., 2012b; Taylor et al., 2013) this phylum has been called 
“Poribacteria” (from phylum Porifera). The first approximation to this candidate phylum was made 
using electron microscopic data that suggested the presence of unusual bacteria with membrane-
bound nuclear bodies (Fieseler et al., 2004). Thus far, the only cell compartmentalization in 
bacteria had been detected in the phylum Planctomycete. The results obtained in the Fieseler’s 
study (2004) suggest that the “Poribacteria” candidate phylum represents the nucleoid-containing 
morphotypes and it is moderately related to the Planctomycetes linage.  

The increasing knowledge about the diversity of the sponge symbionts enables a better 
understanding of beneficial microbial consortia and the ecological and chemical function of these 
sponge-associated microorganisms. Recent studies have revealed that some of these communities 
could be related with nutrients assimilation and chemical defense of the host (Siegl et al., 2011; 
Webster & Taylor, 2012b).  Achieving a detailed description of the diversity of these communities 
would also permit to explore the various evolutionary scenarios for sponge-microorganisms 
associations. With the identification of a core community and a sponge-specific community it 
would be possible to analyze different scenarios such as ancient symbiosis maintained by vertical 
transmission, parental and environmental symbiont transmission or unspecific environmental 
acquisition (Taylor et al., 2007a). 

As it has been mentioned before, marine sponges are known as large producers of bioactive 
compounds with biotechnological properties and a very good potential in the pharmacological 
industry (Kobayashi & Ishibashi, 1993). They represent one of the most important sources of 
secondary metabolites with a great diversity of structures, biosynthetic pathways and biological 
activities (Ivanišević, Thomas, Lejeusne, Chevaldonné, & Pérez, 2010) which has driven different 
studies about the ecology of secondary metabolites synthesis and the role of the sponge-
associated microorganisms in the production of these compounds (Selvin & Lipton, 2004). This 
subject has been matter of debate, as it is not straight forward to correlate it together with the 
interpretation of ecologically relevant data  (Lee, Lee, & Lee, 2001).  



Since the nineties several studies have suggested that some bioactive compounds isolated from 
marine invertebrates such as sponges, mollusks and protochordates are truly originated from 
symbiotic microorganisms (Kobayashi & Ishibashi, 1993) mainly because most of these compounds 
are structurally similar to known microbial metabolites (Paul et al., 2007). Nowadays there is 
accumulating evidence that demonstrates the leading role of microbial associated community in 
the synthesis of natural products that were originally attributed to the sponge host. “The symbiont 
hypothesis” of Piel (2006) for example, says that about two thirds of the metabolites that are 
currently under clinical evaluation can be classified as complex polyketides or non-ribosomal 
peptides (Piel, 2006) and the enzymes capable of producing compounds of these families are 
exclusively known from microorganisms (Pimentel-Elardo, Grozdanov, Proksch, & Hentschel, 2012; 
Schwarzer, Finking, & Marahiel, 2003). The physical separation and cultivation of symbiotic 
bacteria from sponge tissues has provided more direct evidence for the ability of these sponge-
associated microorganisms to produce the metabolites, or to encode the activities contributing 
leading to intermediate precursors previously identified in the secondary metabolome of these 
sponge species, suggesting that the biosynthesis of some of the secondary metabolites is 
performed collectively by the symbiotic microorganisms and the host (A.C Stierle, J.H Cardenilla, 
1988; Hideyuki Shigemori, Myung-Ae Bae, Kazunaga Yazawa, Takuma Sasaki, 1992).  

Looking into the relationships between the diversity of the microbial associated community and 
the secondary metabolic profile of a specific marine sponge, it could provide some clues about 
how a stable community composition of the symbiotic bacteria is shaping the production of the 
chemical defenses of these benthic animals. Evidences of an existing relationship between them 
would be a key element to consider the integration of host, symbionts and environment as the 
result of a long co-evolutionary history, where the diversity of the associated community could be 
specific to a selection of biosynthetic genes essential to the host survival.   

An excellent candidate to explore deeply the specificity of the sponge-associated microbial 
communities and their relationship with the chemical defense of these organisms is Xestospongia 
muta. Between the “bacteriosponges” (or HMA), X. muta is the most abundant sponge in the 
Caribbean Sea and their bacterial population density has been calculated about 8x109 
microorganisms per gram of wet weight of a single individual (Hentschel et al., 2006). This species 
has been established as a rich source of diverse secondary metabolites including alkaloids, 
quinones, sterols and brominated acetylenic acids. Nowadays there are described just over 260 
metabolites from Xestospongia species, where almost 40 have been found exclusively produced by 
X. muta (Zhou et al., 2010a). There is a large body of evidence about chemical defenses of 
Caribbean sponges  showing a high intraspecific variability of secondary metabolites produced 
between numerous individuals of X. muta (Pawlik & Chanas, 1995), thus constituting an excellent 
candidate to analyze if there is a significant relationship between the microbial associated 
community and the secondary metabolic profile of the sponge.  

X. muta which is also called barrel sponges is a large and common member of the coral reef 
communities at depths greater than 10m all over the Indo-Pacific Ocean and the Caribbean Sea 
(Zhou et al., 2010a). Due to its ecological importance, their secondary metabolites are well known 



and it has been included in many studies of the diversity of the marine sponges bacterial 
associated communities. However there are no published studies analyzing in detail the 
intraspecific variability of this community and it is not clear whether within the same species, the 
diversity of this associated community are the same even for different geographical locations. To 
delve deeper into this interest directed to contribute towards our understanding of the co-
evolutionary relationships between sponges, symbiont communities and chemical defenses, the 
aim of the present study was to examine the composition of the microbial community of many 
individual specimens of the sponge X. muta, located in three different regions of the Caribbean 
Sea at five different depths (Figure 2).  

 
Figure 2. A. Individuals of Xestospongia muta, B. Location of reefs where were taken all samples. Salmedina, 

Isla Drake and Buenaventura are leasehold within the city of Portobelo, Panamá. 
 

In this thesis we report the description and interpretation of microbial community compositional 
patterns detected on a set of X. muta samples collected in colonies representing different depths 
across three proximal sampling sites at the Caribbean Sea. It is achieved by the application of 
metagenomic techniques making possible to describe microbial communities by culture-
independent methods based on 16s ribosomal RNA amplicon analyses by means of next 
generation sequencing technologies. It is allowing us to generate an unprecedented level of detail, 
by high sequence depth, of the microbial community structure on the multiple specimens 
collected (Figure 3). 



 
Figure 3. Schematic overview of the experimental rationale and workflow of this study. 

  



METHODOLOGY  

 

Sponge Collection 

Samples of Xestospongia muta (class: Demospongiae, order: Haplosclerida, family: Petrosiidae) 
were collected by SCUBA diving around three different coral reefs (Drake, Buenaventura and 
Salmedina) located throughout Portobelo, Panamá. A total of 15 samples were collected in 5 
different depths  (3 for each one: 9m, 12m, 18m, 20m and 28m). For each depth, replicate 
collections were taken from distant sites to avoid collecting asexually produced clones. All the 
samples were placed into falcon tubes with ethanol, transported on ice to the laboratory and 
stored at -80°C.  

 

Metagenomic DNA extraction from sponges 

Total DNA was extracted from ≈0.5g of sponge tissue using a combined version of two different 
methodologies previously described for the extraction of DNA from natural environments 
(Griffiths & Whiteley, 2000) and marine sponge tissues (Simister, Schmitt, & Taylor, 2011). The 
samples were first mashed and mixed with the same volume of sterile glass beads and 600µL of 
Extraction Buffer [100mM Tris-Cl, 100mM EDTA, 1.5M NaCl]. 6 cycles of 30 seconds on vortex and 
30 seconds on ice were performed before centrifuging for 30 minutes (10 minutes at 2900rpm and 
20 minutes at 13000rpm at 4°C). This double centrifugation increased the volume of supernatant 
containing DNA. 3µL of RNAse were added to the total volume of supernatant which was placed 
apart and incubated at 37°C for 1 hour. After inactivating the enzyme for one minute (90°C), an 
equal volume of Phenol-Chloroform-Isoamyl alcohol (25:24:1, pH 8) was added. The aqueous 
phase was separated by centrifuging for 10 minutes (13000rpm at 4°C) and mixed with an equal 
volume of Chloroform-Isoamyl alcohol (24:1) following by a 10 minutes of centrifugation 
(13000rpm at 4°C). Total DNA was precipitated from the extracted aqueous layer with 0.1x 
supernatant volume of 3M sodium acetate and 0.6x supernatant volume of isopropanol. Then, it 
was incubated overnight at -20°C followed by 30 minutes of centrifugation (13000rpm at 4°C). 
Pellet DNA was then washed in ice-cold 70% (vol/vol) ethanol, air dried and re-suspended in 30µL 
of pure water.     

 

16s rRNA gene library construction and sequencing  

PCR amplicon libraries of the V5-V6 region of the 16s rRNA genes were prepared. To obtain these 
amplicons from metagenomic DNA of X. muta, the primers 807F [5´-GGATTAGATACCCBRGTAGTC- 3´] 
and 1050R [5´-AGYTGDCGACRRCCRTGCA-3´] were used (Bohorquez et al., 2012). Each 25µL reaction 
comprised 1X buffer, 0.3mM dNTPs, 0.5µM forward primer, 0.5µM reverse primer, 500µg/mL BSA, 
0.04U/µL Accuzyme polymerase from Bioline and 1ng of template DNA. The PCR cycle conditions 



comprised initial denaturation at 95°C for 2 minutes followed by 4 cycles of denaturation at 95° for 
30 seconds, primer annealing at 60°C for 30 seconds with a touchdown of 2°C per cycle and 
extension at 68°C for 30 seconds. These cycles were followed by 26 more cycles of denaturation at 
95° for 30 seconds, primer annealing at 53°C for 30 seconds and extension at 68°C for 30 seconds, 
this was finally followed by a last extension at 68°C for 7 minutes. 

Libraries were constructed based on customized Illumina paired-end library sample preparation 
protocol developed in our group (Galvez, Junca, & Riaño, 2012). To prepare the libraries two 
subsequent  overlapping PCRs were run (6X cycles each at constand 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 1/10 
of the previous PCR reaction.. A final pool with equal amounts of each sample (5ng of final purified 
PCR product of each one) was prepared and sent for sequencing to the Illumina-MiSeq platform 
(HZI, Braunschweig).  

 

Diversity analysis 

All sequences analysis were calculated using QIIME 1.7.0 (Kuczynski et al., 2011) and the Phyloseq 
R package 1.5.21 (McMurdie & Holmes, 2013). Initially, the set of Illumina reads was filtered and 
split according to the barcodes. A multi-step open-reference OTU picking workflow was performed 
within the QIIME system.  Using this methodology, OTUs were picked assigning the reads to 
species groups based on 97% sequence similarity. This workflow combined the PyNAST alignment 
(Caporaso et al., 2010) against the Greengenes core set with the RDP database project to make the 
OTUs assignment and to discard chimera sequences. In the next steps, a single representative 
sequence of each OTU was again realigned using PyNAST to build a phylogenetic tree using 
FastTree.  
   
Alpha and beta diversity analysis were performed with both platforms QIIME and Phyloseq R 
package. Based on the OTU table created by the OTU assignation, this QIIME workflow script 
computed measurements of alpha diversity and generated rarefaction plots. By the Phyloseq R 
package were created all the bar plots of abundance, diversity and distribution of all phyla 
throughout each sample. The diversity between all the communities (beta diversity) was analyzed 
by generating, in both platforms, Principal Coordinates Analysis plots (PCoA) and Unifrac 
calculations. To perform Unifrac, additional calculations made with QIIME were necessary to 
create a second rooted phylogenetic tree. The weighted version of Unifrac was measured by 
Phyloseq. This parameter, besides measuring the differences between two collections of 
sequences as the amount of evolutionary history unique to either one, accounts for differences in 
relative abundances (Lozupone, Lladser, Knights, Stombaugh, & Knight, 2011). Using Phyloseq two 
additional plots, called Heatmaps, were created. These plots also allowed comparing the 
difference and similarity between the communities of all samples.    
 



Secondary metabolites profile 

Experimental analyses of secondary metabolites were performed by Nice Institute of Chemistry 
from the University of Nice Sophia-Antipolis in France. Previous to the metabolite extraction, 0,5g 
of dried sample of each specimen were lyophilized. To carry out the metabolite extraction and 
fractionation a series of solutions of different polarities were used: water, water: methanol 
(50:50), water: methanol (25: 75) and dichloromethane: methanol (50:50). These solvents were 
removed with a rotary evaporator and the fractions with metabolites were diluted in methanol 
(10mg/mL) to perform HPLC analyses (Ivanišević et al., 2010).  

 

RESULTS AND DISCUSSION 

 

Quality filtering 

A total of 932.819 sequences of 225 nucleotides on average were obtained in the forward run, 
covering region V5-V6, by the Illumina-MiSeq platform. With the quality filtering and the 
barcoding assignment 35% of them were removed. Averages of 36000 reads per sample were kept 
to perform analysis of diversity, being the sample 2B the one with the lowest among of reads 
assigned to an OTU (25537) and the sample 3B the one with the highest quantity (45923) (Figure 
4).  

 
Figure 4. Number of reads per sample that were assignment to an OTU after the quality 
filtering, the barcoding assignment and the OTU picking. In the samples labels, numbers 

refer to different depths (1=9m, 2=12m, 3=18m, 4=20m, 5=28m) and letters (ABC) 
correspond to individuals specimens taken at the same depth)  
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OTUs and its affiliation 

As it can be seen in figure 5, all the specimens are showing a community with a similar pattern of 
diversity, evidenced in rarefaction curves trends that are equivalent to one OTU is composed on 
average by three sequences. Figure 5.B, and rank abundance shows similar pattern as well, 
indicating that each specimen have group of OTUs accumulating a higher number of sequences, 
but there is not a clear predominance of few OTUs of very high frequency.   

This is confirmed by the relatively high values on Shannon index (Figure 6A and 6C) reflecting the 
varied types of OTUs with relatively even distribution of sequence frequencies. Regarding the 
Chao1 estimator, such values are in good agreement with the Coverages obtained, all relatively 
high (between 73.5% and 88.2%) and enough to describe the majority of members of the 
community, but still needing more sequences to reach a description of the diversity of the OTUs at 
very low abundance in the sample, while Chao1 indicates that richness of the community is high 
and spread in low frequency OTUs and there are signs of reaching a saturation of the value for the 
estimator and also in Shannon index(Figure 6A, 6B and 6C). 

 

 



 
Figure 5. A) Rarefaction curves and B) Rank abundance plot of OTUs and sequence accumulation on 

each specimen observed at 97% similarity in datasets of X. muta amplicons 



 

 

 
Figure 6. Plots that represent the richness of the communities sampled. A) Alpha diversity measures 

Chao1 estimator and Shannon index. B) Chao1 rarefaction curve of all samples. C) Shannon index 
rarefaction curves for each depth sampled (m). 



 
Figure 7 Taxonomical composition at phyla level of the microbial communities present on each X. muta specimens 



There are some interesting differences in the microbial communities between the different 
specimens, looking at the classified fraction of the sequences obtained in the 16S amplicons. In 
that case, the samples taken at 9m and 28m depth showed a larger fraction of species with a 
clear classification possible and present at relative low abundance overall the corresponding 
datasets; while the samples corresponding to 18m depth have a lower fraction and less diverse 
type of sequences that can be classified, thus resulting in a greater proportion of dominant 
clusters in that specimen (Figure 7).  

This is also visible comparing the evenness of all samples; in the rank abundances curves 
(Figure 5B), the lines representing samples at 18m depth showed a shallow gradient in the 
most abundant species ranks, which confirm a high evenness for these samples.   

These OTUS were affiliated with 14 described bacteria phyla, 4 candidate phyla and 3 different 
Archaea linages (Figure 8A). All these phyla were present throughout the 15 samples, except 
for the Thaumarchaeota lineage of Archaea (genus, Nitrosopumilus) that was present only in 
the samples taken at 20m depth (Figure 9). This is an interesting finding considering the 
importance of this genus of the Crenarchaeota group detected in sediments, sponges and 
marine environments in a considered numerical dominance.  It has been reported that this 
lineage is able to fix inorganic carbon and it grows chemolithoautotrophically by aerobically 
oxidizing ammonia, which highlight its importance in carbon and nitrogen cycles (Könneke et 
al., 2005).  

 

 



 

 
Figure 8 A) Relative frequencies of all phyla, including proportion of unclassified 16S sequences. B) 

Relative frequency of phyla on a dataset of sequences that can be assigned to a clear taxonomic rank.  
 

 
Figure 9 Distribution of the kingdom Archaea throughout all samples, highlighting the presence of genus 

Nitrospumilum 



At the phylum level, Proteobacteria dominated in all individuals of Xestospongia muta, making 
up 29% to 48% of classified reads of all the samples (Figure 8B). The next most abundant 
phylum in all samples was Chloroflexi, comprising 17% to 34% of each sample derived 
sequences. Actinobacteria and the uncultured sponge symbiont linage known as PAUC34f 
were the next in abundance, barely exceeding each 10% of the identified community. 
Cyanobacteria, Poribacteria, Acidobacteria, Nitrospirae, Gemmatimonadetes and the 
candidate phylum AncK6 complete the 10 most abundant phyla even being below 10% of the 
total microbial community associated to Xestospongia muta (Figure 10).  

 

 
Figure 10 Abundance of the main eight phyla found in these communities throughout the different depths at 

which specimens of X .muta were collected. 
 

The most diverse phyla among those detected in this study was Proteobacteria with 20 
different 97% OTUs distributed across four of the five classes (Alpha, Beta, Gamma, Delta) 
(Figure 11).  
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Figure 11 Abundance and distribution of four of the five classes of Proteobacteria across the 

representative sampling scheme performed on X. muta 
 

Gammaproteobacteria was the most abundant in all samples; followed in order by Delta, 
Alpha and Betaproteobacteria. Any sequences in the samples were affiliated to the class 
Epsilonproteobacteria. The following most diverse phylum were Chloroflexi, Actinobacteria, 
Acidobacteria and Cyanobacteria (Figure 12).  

 
Figure 12 Diversity of the main eight phyla found in the microbial communities of X muta specimens 

recovered across the different depths. 
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Samples profiles of richness and abundance of these major phyla confirms the fact that the 
community associated to 18m depth individuals had apparently a greater proportion of 
dominant clusters. So despite not having the largest number of OTUs affiliated to these phyla, 
it has the highest abundance of them (Figure 10 and 12).  

The abundance of the phylum Cyanobacteria, Crenarchaeota and the candidate phyla TM7 
seems to be influenced by the depth of the individuals. Cyanobacteria (Figure 13A) and 
Crenarchaeota (Figure 13B) were much more abundant in deeper samples, while the presence 
of TM7 was significantly more represented in the shallowest samples (Figure 13C), indicating a 
possible increase in Archaeal ammonia oxidation and effects on redox potential and 
heterotrophic rate of sponges at higher depth as it could be the reason for selection of higher 
amounts of associated cyanobacteria (Arillo, Bavestrello, Burlando, & Sara, 1993) 

 

 



 
Figure 13 Abundance and distribution of the phylum Cyanobacteria (A), Crenarchaeota (B) and the 
candidate phyla TM7 (C)  throughout all depths, where 1=9m, 2=12m, 3=18m, 4=20m and 5=28m. 

 

 At the family level, seems to be a similar behavior within the phyla Bacteroidetes, where 
Rhodothermaceae, comprising genus of strains isolated form marine sponges or seawater 
(Park, Yoshizawa, Kogure, & Yokota, 2011), was the most abundant family in all the samples 
except for the shallowest one, where Bacteroidaceae is the most predominant family (Figure 
14).    

 

 
Figure 14 Abundance and distribution of Bacteroidetes families found in all samples. 

 

 
 

 



Bacterial community similarity among the 15 sponge individuals 

Values of weighted-UniFrac analysis showed a similarity between 60 and 70% for bacterial 
communities of all samples. The comparison of these values between same depth individuals 
and all individuals showed that despite the difference in depths, there was a slight variation in 
the similarity between communities. While the average similarity for samples taken at the 
same depth was 65.6%, the most distanced samples were those taken at 12m and 20m depth 
with a similarity of 56.1% (Figure 15). The results from replicates of sampling specimens at the 
same place indicated, in one hand, the importance of having independent samples given the 
observed variability, but it also confirms the extent of similarity of the profiles generated, the 
reproducibility of the method, and the possibility to reveal, with the high-depth sequencing on 
the amplicons, minor details of the unique diversity of each specimen.  

 
Figure 15 Distance matrix simultaneously performing weighted-UniFrac and Principal Coordinate Analysis 
 

 

It is also confirmed by the OTUs heat map showing the distance and the similarity of these 
communities in the kingdom Bacteria and Archaea (Figure 16).  



 
Figure 16 Heatmaps based on weighted-UniFrac distance and MDS/PCoA ordination. A) Represent all OTUs associated to Bacteria 

kingdom. B) Represent all OTUs associated to Archaea kingdom. 
 

As it can be seen in this map, it evidences clearly the results of clustering on proximity of the 
distance matrix at figure 15.  There is a significant extent of OTUs shared between the samples, 
but there is not a clear predominance of one OTU across all the samples, and in that sense, X. 
muta specimens are not showing the patterns observed in other sponges of low bacterial 
biomass, dominated by few OTUs, and having a diverse OTU representation at very low 
frequencies. X muta, thus, is composed by a larger and balanced (in frequency per type) 
amount of microbial species, with a shared group of members found in all specimens, but at 
varying frequencies. Moreover, there is not a clear similarity pattern of OTUs observed in this 
global comparison between specimens and depths, but it was indeed evidenced in a more 
clear way by PCA of Unifrac 

 

Distribution of OTUs within the sponges 

Concerning the comparison of the distribution of the most abundant OTUs throughout all 
communities, the 5 most abundant OTUs of each sample were extracted from the dataset and 
reclassified using the RDP web tool.  

Tables 1 and 2 show a summary of selected OTUs and their percentage of accumulation in 
each sample dataset.  

 

 

 

 



Sample Most Abundant OTUs % Accumulation 

1A 
(28031 seqs) 

1 Crenarchaeota; Fervidicoccus 1,50 
2 Proteobacteria; Gammaproteobacteria; Methylosphaera 1,34 
3 Chloroflexi; Levilinea 1,33 
4 Proteobacteria; Deltaproteobacteria; Desulfoglaeba 1,19 
5 Nitrospira; Nitrospira 1,02 

1B 
(30616 seqs) 

1 Proteobacteria; Deltaproteobacteria; Desulfoglaeba 1,60 
2 Actinobacteria; Iamia 1,57 
3 Actinobacteria; Ferrimicrobium 0,96 
4 Firmicutes; Desulfitibacter 0,85 
5 Nitrospira; Nitrospira 0,72 

1C 
(30444 seqs) 

1 Proteobacteria; Gammaproteobacteria; Oleiphilus 1,70 
2 Proteobacteria; Gammaproteobacteria; Methylosphaera 1,23 
3 Actinobacteria; Ferrimicrobium 0,81 
4 Chloroflexi; Levilinea 0,80 
5 Proteobacteria; Deltaproteobacteria; Desulfoglaeba 0,79 

2A 
(27976 seqs) 

1 Chloroflexi; Levilinea 2,28 
2 Proteobacteria; Deltaproteobacteria; Geothermobacter 1,04 
3 Proteobacteria; Epsilonproteobacteria; Nitratiruptor 0,93 
4 Proteobacteria; Deltaproteobacteria; Desulfoglaeba 0,73 
5 Crenarchaeota; Fervidicoccus 0,72 

2B 
(33650 seqs) 

1 Proteobacteria; Deltaproteobacteria; Desulfoglaeba 1,51 
2 Synergistetes; Thermovirga 1,25 
3 Firmicutes; Desulfitibacter 1,22 
4 Chloroflexi; Levilinea 1,08 
5 Proteobacteria; Gammaproteobacteria; Oleiphilus 0,92 

2C 
(33587 seqs) 

1 Proteobacteria; Epsilonproteobacteria; Nitratiruptor 2,36 
2 Actinobacteria; Iamia 2,10 
3 Crenarchaeota; Fervidicoccus 1,83 
4 Chloroflexi; Levilinea 1,67 
5 Proteobacteria; Deltaproteobacteria; Desulfoglaeba 1,13 

3A 
(41430 seqs) 

1 Chloroflexi; Levilinea 2,47 
2 Proteobacteria; Gammaproteobacteria; Methylosphaera 1,48 
3 Proteobacteria; Gammaproteobacteria; Steroidobacter 1,46 
4 Actinobacteria; incertae sedis 1,21 
5 Firmicutes; Desulfitibacter 1,16 

3B 
(47777 seqs) 

1 Firmicutes; Thermanaeromonas 3,49 
2 Proteobacteria; Gammaproteobacteria; Methylosphaera 3,14 
3 Firmicutes; Syntrophothermus 2,92 
4 Nitrospira; Nitrospira 2,04 
5 Chloroflexi; Levilinea 1,66 

3C 
(44973 seqs) 

1 Chloroflexi; Levilinea 1,80 
2 Proteobacteria; Gammaproteobacteria; Steroidobacter 1,22 
3 Proteobacteria; Methylosphaera 1,06 
4 Firmicutes; Thermacetogenium 1,01 
5 Firmicutes; Desulfitibacter 0,96 

Table 1 Summary of more abundant OTUs throughout samples taken at depths: 9m (1), 12m (2) and 18m (3). 

 

 



Sample Most Abundant OTUs % Accumulation 

4A 
(43357 seqs) 

1 Crenarchaeota;  Thermosphaera 5,20 

2 Proteobacteria; Gammaproteobacteria; Oleiphilus 2,58 

3 Actinobacteria; Iamia 2,37 

4 Chloroflexi;  Levilinea 2,27 

5 Proteobacteria; Gammaproteobacteria; Steroidobacter 1,79 

4B 
(44184 seqs) 

1 Crenarchaeota; Sulfurisphaera 3,09 

2 Crenarchaeota; Sulfophobococcus 2,69 

3 Actinobacteria; Iamia 1,45 

4 Chloroflexi; Levilinea 1,44 

5 Firmicutes; Desulfitibacter 1,25 

4C 
(31966 seqs) 

1 Crenarchaeota; Thermosphaera 4,32 

2 Firmicutes; Thermanaeromonas 2,47 

3 Chloroflexi; Levilinea 2,41 

4 Nitrospira; Nitrospira 1,79 

5 Firmicutes; Thermanaeromonas 1,28 

5A 
(36389 seqs) 

1 Crenarchaeota; Sulfophobococcus 4,00 

2 Chloroflexi; Levilinea 1,35 

3 Proteobacteria; Gammaproteobacteria; Oleiphilus 1,27 

4 Cyanobacteria; GpIIa 1,23 

5 Firmicutes; Desulfitibacter 1,07 

5B 
(32067 seqs) 

1 Crenarchaeota; Sulfophobococcus 1,65 

2 Cyanobacteria; Family II; GpIIa 1,57 

3 Cyanobacteria; Family I 1,20 

4 Proteobacteria; Gammaproteobacteria; Oleiphilus 1,07 

5 Proteobacteria; Gammaproteobacteria; Steroidobacter 1,01 

5C 
(44363 seqs) 

1 Crenarchaeota; Sulfophobococcus 1,70 

2 Firmicutes; Desulfitibacter 1,42 

3 Proteobacteria; Gammaproteobacteria;  Oleiphilus 1,12 

4 Crenarchaeota; Caldisphaera 0,91 

5 Actinobacteria; Ferrimicrobium 0,80 
Table 2 Summary of more abundant OTUs throughout samples taken at depths: 20m (4) and 28m (5). 

 

Several interesting features of these associated communities can be drawn from these tables. 
Even being the most abundant ones, the percentage of accumulation of these OTUs do not 
exceed, in most cases, 3% of total abundance of each sample, suggesting once more the rich 
diversity that comprises the sponge microbial associated communities.  

Most of these OTUs are affiliated to phyla Proteobacteria, Chloroflexi, Crenarchaeota and 
Actinobacteria; many OTUs associated to Cyanobacteria are detected as more abundant at 
higher depths. These results also indicate that the fraction of “unclassified ribosomal 
sequences” is possibly not containing predominant members of the community, but given the 
results of OTUs rank abundance and heatmap, they are very likely distributed and summing up 
collectively in this -unclassified- rank but are actually spread over several OTUs of mid to low 
frequency. 



Although none of these OTU selected are present in all samples, there is one common to 12 of 
them (80%): the species Levilinea of Chloroflexi phylum seems to be, due to its frequency of 
occurrence, one of the core community members. The related type strains for these genus are 
isolates strictly anaerobic (Yamada et al., 2006), pointing out to the hosting of such 
microorganisms by the sponge, and its particular metabolic capabilities that may contribute to 
sponge metabolites syntheses. Next in frequency were Oleiphilus and Methylosphaera from 
the class Grammaproteobacteria, but they are common only to 40% (6 samples) and 26% (4 
samples) of samples respectively, which makes only partial its membership to core community. 
It is interesting to further investigate whether the Oleiphilus-like sequences are coming from 
microorganisms of strictly hydrocarbonoclastic behaviour as it may be expected  if belonging 
to this genus (Golyshin et al., 2002).  

In order to compare the communities composition of the 15 sponges and be able to relate 
them with other microbial sponge associated communities already described, these 
communities were divided into the following  five categories: (i) core community, represented 
by OTUs that were present in all samples, (ii) variable community, represented by OTUs that 
were present in 2 or more sponge individuals but not in all samples, (iii) depth-specific 
community, represented by OTUs that were present only in the individuals’ samples taken at 
the same depth, (iv) depth-dependent community, where are located OTUs that varied their 
abundance profile consistently across the depth gradient and (v) individual-specific 
community, where were grouped OTUs that were present in only one sample.   

In general, the core community consisted in 35,6%  of all identified OTUs and included 13 
different phyla (2 of them candidate phyla). Most of these OTUs were affiliated to 
Proteobacteria followed by Chloroflexi and Actinobacteria. Only one OTU of this community 
was an Archaea linage and only in this community were found representatives of the phylum 
Poribacteria, PAUC34f and the candidate phyla Anck6. The most abundant OTU common to all 
samples was the Chloroflexi’s species Levilinea (Table 1 and 2). 

The variable community was the biggest one with 39,1% of all OTUs representing 12 of the 
total 14 describe phyla found in this study. The frequency of occurrence of the most abundant 
OTUs in each sample (Table 2 and 3) could suggest that most of them would actually conform 
this community, but is uncertain the relative abundance of each one in the rest of the samples.  

The depth-specific community contained 9,2% of all OTUs distributed as the following way: 
only in the samples taken at the shallowest place was present the specie Bdellovibrio sp. (of 
the class Deltaproteobacteria); Bifidobacterium (affiliate to the Actinobacteria phyla) and the 
Chloroflexi’s class TK17 were exclusively present in the 12m depth samples. In the samples 
taken at 18m depth was exclusively found the order BPC102 from Acidobacteria phylum, and 
finally one OUT affiliated to the Archaea order Thaumarchaeota was present only in the 
samples taken at 20m depth.  

Additional observations related with depth and OTUs distribution between communities, make 
up the depth-dependent community. Beside some OTUs affiliated to the phyla Cyanobacteria, 
Crenarcheota and the candidate TM7 that were mentioned above, is included the OTU 
Desulfoglaeba from the class Deltaproteobacteria, which is consistently current among the 
most abundant OTUs only in the shallower samples taken at 9 and 12m depth.   

The individual-specific community consisted in 16,6% of all OTUs and represented 10 different 
phyla, all these OTUs where distributed throughout all depth’s samples  (Table 3).  



 

Core Community Variable Community Depth-Specific 
Community 

Individual-Specific 
Community  

35.6% 39.1% 9.2% 16.1% 

Phylum #OTUs Phylum #OTUs Phylum #OTUs Phylum #OTUs 

Crenarcheota 1 Crenarcheota 1 Crenarcheota 1 Crenarcheota 1 
Acidobacteria 1 Acidobacteria 1 Acidobacteria 1 Acidobacteria 1 
Actinobacteria 3 Actinobacteria 1 Actinobacteria 1 Actinobacteria 4 

Anck6 1 Bacteroidetes 2 Chloroflexi 1 Bacteroidetes 1 
Chloroflexi 6 Chloroflexi 3 Proteobacteria 1 Chloroflexi 1 

Cyanobacteria 1 Cyanobacteria 3     Firmicutes 1 
Gemmatimonadetes 1 Firmicutes 2     Nitrospirae 1 

Nitrospirae 1 Gemmatimonadetes 2     Proteobacteria 1 
PAUC34f 1 Nitrospirae 1     SBR1093 1 

Poribacteria 1 OD1 1     Spirochaetes 1 
Proteobacteria 12 Proteobacteria 9         

SBR1093 1             
Spirochaetes 1             
 
Table 3 Number of OTUs that comprise individual-specific, depth-specific, variable and core community 
defined as presence of OTUs in one sponge, in the three samples corresponding to the same depth, in 

more than 2 sponges but not in all samples and in all samples, respectively. 

 

FINAL REMARKS AND OUTLOOK 

Last five years have been quite enriching for knowledge about the composition of sponge 
microbial associated communities. Through the development of NGS technologies, to date 
there are more than 7500 sponge-derived 16s rRNA gene sequences available in public 
databases (Simister et al., 2012). With the evidence of the diversity of these symbiotic 
communities, there have appeared multiple studies about the differences and similarities of 
these communities’ compositions throughout different situations, most of them evaluating the 
variation of associated communities to different individuals of the same sponge species 
(Webster et al., 2010), of different sponge species (Schmitt, Hentschel, & Taylor, 2011) and 
from different environments (Hentschel et al., 2002b). 

Despite being one of most abundant sponge species in the oceans, only two studies about 
Xestospongia muta and their microbial associated community have been published and one of 
them was available very recently (Fiore, Jarett, & Lesser, 2013; Montalvo & Hill, 2011a). The 
results of this study provide not only an excellent complement to what is known about spatial 
stability of the symbiotic community of Xestospongia muta, but also give additional 
information about how stable or variable can be a sampling scheme of sponge species in 
microhabitat transitions. It would be very interesting to compare secondary metabolic profiles 
of marine sponges with the composition and diversity of their microbial associated 
communities. These studies are currently underway, but here is showed a first approximation 
that complements our ecological results and opens up to the study whether there are similar 
or contrasting views of these analyses. There are also recent studies comparing 16SrRNA- and 
16S rRNA gene-derived sequences from two sponges that revealed that the majority of these 



microorganisms are metabolically active within their respective hosts (Kamke, Taylor, & 
Schmitt, 2010). This genetic microbial community information together with polyphasic and 
commmplementry approaches such as metabolomics, would help us to improve our 
understanding about the role of the symbiotic communities in the biosynthesis of secondary 
metabolites.   

With this purpose in mind, metabolic fingerprinting profiles had been produced from the 
same specimens analysed for microbiome content (Table 4 and Figure 17) in collaboration 
with Nice Institute of Chemistry – PCRE, Nice, France. It is complementary information as the 
sponge metabolome patterns could evidence stronger developmental or symbiotic changes 
taking place in the specimens under study that can be associated with certain microbial 
compositions. 
 
As it can be observed in Table 4, some conclusions can be drawn,  as there are some patterns 
of metabolites specific for groups or some very common 

9m Depth 
1A   1B   1C 

Ret.Time Area 
 

Ret.Time Area 
 

Ret.Time Area 
min mAU*sec 

 
min mAU*sec 

 
min mAU*sec 

8,037 15262,2889  7,89 854,5113  8,147 11370,8407 
8,137 6650,9542 

 
7,983 744,8663 

 
8,403 8172,8919 

8,293 5692,0107 
 

8,413 522,3184 
 

7,71 5166,138 
  

  
7,73 369,0659 

 
8,04 4833,0676 

  
  

8,167 342,2928 
 

7,97 2709,6692 
  

  
8,233 126,9565 

 
8,293 2073,9204 

  
  

8,313 60,43 
 

7,847 839,5763 
  

     
7,463 117,2097 

12m Depth 
2A   2B   2C 

min mAU*sec 
 

min mAU*sec 
 

min mAU*sec 
7,937 2285,6566  8,147 3687,5942  8,153 4732,609 

8,15 1676,0008 
 

8,403 2057,9816 
 

8,403 2676,7885 
8,407 1396,0476 

 
7,923 1949,743 

 
7,683 2167,9912 

7,81 1142,644 
 

7,803 949,4472 
 

7,953 1732,1287 
7,643 693,0598 

 
7,64 846,1327 

 
7,843 1052,4711 

7,467 116,7353 
 

7,467 124,8322 
 

7,463 212,244 
8,21 100,374 

 
7,717 107,8261 

 
8,3 93,8113 

8,3 94,5364 
 

8,273 61,5894 
 

8,057 21,3671 
7,747 83,045 

 
8,05 25,3917 

  
  

8,04 12,7586 
     

  
18m Depth 

3A   3B   3C 
min mAU*sec 

 
min mAU*sec 

 
min mAU*sec 

7,947 1688,1419  8,16 3430,2039  8,157 12031,9638 
8,403 1519,7821 

 
8,41 1565,1762 

 
7,743 9013,6322 

8,15 1515,2192 
 

7,883 1514,0895 
 

8,403 7867,4676 
7,707 1134,0058 

 
7,977 1503,9862 

 
7,973 4276,6378 



7,827 1108,3309 
 

7,717 1057,2012 
 

7,883 1753,0972 
8,217 205,1242 

 
7,623 162,912 

 
7,467 654,5151 

7,463 196,7559 
 

7,463 141,2226 
 

8,297 232,9313 
8,277 81,3597 

 
8,3 133,6812 

 
8,057 195,4082 

8,03 22,3789 
    

7,623 57,3718 
20m Depth 

4A   4B   4C 
min mAU*sec 

 
min mAU*sec 

 
min mAU*sec 

8,153 9261,2094  8,157 8094,9766  8,153 9844,2374 
7,723 7087,1347 

 
8,407 3376,6032 

 
7,73 6767,9644 

8,4 6250,3717 
 

7,973 2403,9606 
 

8,403 5251,3741 
7,97 2869,0158 

 
7,71 2080,9168 

 
7,883 3278,2169 

7,877 1268,2496 
 

7,883 1275,7714 
 

7,973 3105,3855 
7,463 499,352 

 
7,46 316,8036 

 
7,467 983,2583 

8,297 202,6784 
 

8,3 230,4831 
 

7,62 197,9954 
8,06 112,0434 

 
8,057 167,9126 

 
8,277 127,4198 

  
  

7,62 77,2274 
 

8,05 46,2686 

28m Depth 
5A   5B   5C 

min mAU*sec 
 

min mAU*sec 
 

min mAU*sec 
8,15 10979,3048  8,153 6503,8327  8,157 8401,9806 

8,403 6310,4527 
 

7,87 2506,0028 
 

7,74 5825,6887 
7,71 5316,846 

 
7,703 2308,0515 

 
8,403 5185,8339 

7,963 2532,7643 
 

7,967 2249,7378 
 

7,973 2535,6083 
7,857 1938,1339 

 
8,403 1689,6736 

 
7,883 1758,2291 

8,037 659,281 
 

7,457 547,1685 
 

7,467 497,1863 
7,473 558,3099 

 
7,617 308,0772 

 
8,057 240,3933 

8,293 392,329 
 

7,173 65,5773 
 

8,297 236,19 
  

     
7,617 93,8318 

Table 4.  Patterns of metabolites (area and retention time) extracted from X. muta specimens.  A 
frozen specimen previously collected and analysed by molecular microbial ecology methods was used 
for metabolites extraction an detection of compositional patterns were calculated on HPLC runs . The 

peaks are organized in major to minor integrated areas and the corresponding minutes at which a signal 
is detected. Same colour in the columns of the different assays means it is possible that those are having 

similar chemical composition. 

 

 
Figure 17. Patterns produced with one specimen representing one of the 5 depths selected 

 



As it can be observed in samples 4 and 5 (higher depths) are having larger peaks compared to 
those found in the other representatives of 3 depths. There are some metabolites around 7,7 
that increases considerably at higher depths, some other at 7,1unique to one of the deepest 
samples. Metabolite at approximately 8,293 is considerably higher at shallowest samples (9 
and 12m). The metabolite consistently found with peak around 8,1 was the most abundant in 
all samples. Further studies will analyse the precise chemical structures composing these 
patterns to advance our understanding of its possible influence or relation in microbial 
structure presence and stability. 

 

Microbial communities associated to X. muta: stability and shifts across a depth gradient  

In 2007, it was published an overview of sponges microbial diversity based on all currently 
available Porifera-derived 16rRNA gene sequences in the GeneBank database (Taylor, Radax, 
Steger, & Wagner, 2007c). The dominant phyla recovered from X. muta, based on relative 
abundance were similar to those described as common Porifera symbionts representatives, 
which includes OTUs throughout the phyla Proteobacteria, Chloroflexi, Actinobacteria, 
Firmicures, Cyanobacteria,  Bacteroidetes and Acidobacteria (Webster & Taylor, 2012c). The 
presence of less common phyla that are not considered in this review like the candidates 
Anck6 and SBR1093 and other described phyla as Spirochaetes, PAUC34f, Thermi and the 
Archaea linage Crenarchaeota were attributed to the diversity of the symbiotic community 
composition in X. muta.  

The composition of this community has been described over the last two years by three 
different studies in which a total of 21 individuals from different geographical locations were 
analyzed (Fiore et al., 2013; Montalvo & Hill, 2011b; Olson & Gao, 2013).  Even though all the 
results (ours included) about X. muta microbial communities indicate that all the individuals of 
this species host many of the same species of bacteria, it is clear that the bacteria they are 
hosting are not identical and we do not see strongly dominant groups, suggesting that the host 
physiological (i.e. growth, stress) status, and environmental factors, can be additional factors 
shaping and refining, the specific kind of assemblage of the symbiotic communities 
composition. We already have perfomed a new sampling campaign collecting the material of 
X. muta specimens at a different seasonal period (contrasting temperature waters) on exactly 
the same sites, and it is foreseen to perform the comparison of the microbial communities 
determined by the sam technical means. 

Before making a comparison between symbiotic communities already described in X. muta and 
diversity profiles obtained from our sampled individuals, it is important to bring up the 
proportion of sequences that could not be classified through the RDP database on our dataset.  
Other studies based on X. muta’s microbial communities reported to be found more than 400 
different OTUs per sampled community, while we are reporting approximately 10000 per 
sampled community. The differences were in both, sequencing technology and 16 rRNA-gene 
regions analyzed. Most of them used 454 pyrosequencing throughout the V2 and V6 region or 
even across the entire length of 16 rRNA-gene (Fiore et al., 2013; Montalvo & Hill, 2011c). 
Better results might not require a change in strategy, but it would be very helpful to look for a 
better pair-end sequencing to be able to concatenate forward and reverse runs. This would 
allow analyzing longer reads including complete V5 and V6 16 rRNA-gene regions.  



Comparing the results of this study to the formers highlights some differences throughout the 
communities composition. At the phylum level Montalvo & Hills (2011) reported the presence 
of three more phyla beyond those here described: Deferribacteretes, Verrucomicrobia and the 
candidate phyla TM6; while Fiore at al. (2013) reported all the same phyla found in this study 
plus Planctomycetes, Fusobacteria and the candidates SAR406 and GN02. 

At the class level the most visible difference was the relative abundance of 
Gammaproteobacteria; whereas this was the most abundant class in our specimens, in the 
other analysis, they reported Deltaproteobacteria as the most abundant one.   

These results are a confirmation of what was defined in 2012 as the core community of 
porifera (Schmitt et al., 2012c) and show an finer and powerful technical approach by Illumina 
MiSeq application redefining those OTUs that before have been classified as variable 
community (defined by Schmitt in 2012 as presence in <70% of sponges but in at least two 
species) are common to all individuals of X. muta, allowing to identify an specific core 
community of this sponge species. Considering that X. muta is one of the most abundant 
species and conforms the two biggest sponge barriers of the oceans,  these insights will also 
contribute to addressing two of this decade grand challenges in microbial ecology: to predict 
the impact of global change on biogeochemical cycling and analyze the health of ecosystems 
by measuring the stability of core community (Shade & Handelsman, 2012). 

The sponge microbiology has introduced a new concept for the cluster of those OTUs that 
have been only reported in poriferas’s microbioms called sponge-specific community (Schmitt 
et al., 2012c; Taylor et al., 2007c). Some of the most common sponge-specific clusters found in 
X. muta are representatives of Chloroflexi, Aciobacteria, Actinobacteria, Gemmatimonaetes 
and Cyanobacteria (Fiore et al., 2013), nevertheless a recent study managed to recover many 
of these clusters from different environmental samples, suggesting the existence of other 
potential reservoirs of sponge-associated bacteria (Taylor et al., 2013).  

None of the most abundant OTUs of each sample seems to be part of this sponge-specific 
community, since all of them have been already reported to be found in the environment. 
Interesting metabolic properties have been described for these OTUs, mostly related to 
sulphure-reduction, iron-oxidization, nitrate-reduction and alkane-degradation  (Davidova, 
Duncan, Choi, & Suflita, 2006; Johnson, Bacelar-Nicolau, Okibe, Thomas, & Hallberg, 2009; 
Nakagawa, Takai, Inagaki, Horikoshi, & Sako, 2005), all metabolic pathways that may be 
beneficial to the nutrition of the marine sponge host.  

At first sights, looks like X. muta can maintain a consistent core community across space and 
time, and considering that this species is an integral component of both shallow and deep 
coral reefs systems (Zhou et al., 2010b), examining the stability of these symbiotic associations 
across a depth gradient, contributes to the understanding of the connectivity between shallow 
and deep reefs. 

Weighted-UniFrac analysis showed a higher percentage of variation between communities of 
individuals located in different depths, but this variation was not consistent across the depth 
gradient, which means that not necessarily the samples located at further depths were the 
most different, but there was in fact a higher percentage of similarity between those that were 
taken at the same depth.   



Among these differences, some potential explications were in three different phyla and one 
species of Deltaproteobacteria, which actually did showed consistent changes across depth 
gradient. To analyze them easily they were included in the depth–dependent community, as 
those that showed changes in the relative abundance throughout the different depth. 

The most interesting change in that depth-specific community was the relative abundance of 
Cyanobacteria. Nowadays, it is known that due to the phototrophic nature of this 
microorganisms, its presence in the water column decreases as depth is higher and light gets 
weaker (Tanaka & Rassoulzadegan, 2002). But in contrast, its proportion in the microbial 
community associated to X. muta increased meaningfully in the higher depths. 
 
The ecological role of Cyanobacteria as sponge symbionts is well known, it has been 
demonstrated that photosynthates as glycerol and organic phosphates are transferred from 
them to sponge host, supplying up to 50% of the sponge’s energy budget and 80% of its 
carbon budget (Wilkinson, 1978). The maintenance of consistent cyanobacterial associated 
across a depth gradient, suggest that X. muta may be living heterotrophically through this 
microorganisms. An analysis at the class level enables to see Synechococcophycideae as the 
most abundant, which may explain the increasing proportion in the deeper communities. 
Species of this class have adapted to low light exposures due to the presence of a 
photosynthetic apparatus extremely flexible, adaptable to both quantity and quality of light, 
which allows them to grow in a wide range of irradiances, including ocean depth receiving only 
1% of surface irradiance (Usher, 2008).   
 
Candidate phylum TM7 presented also a depth-dependent profile in its distribution, 
decreasing consistently its relative abundant in samples taken at higher depths. This phylum 
has been previously reported to be present in soils and sponges (Thiel, Leininger, 
Schmaljohann, Brümmer, & Imhoff, 2007) being closely related with the formally described 
phylum Chloroflexi (Olson & Gao, 2013), which is second in abundance in the symbiotic 
communities of X. muta. In the field of biotechnology has been recognized as an excellent 
toluene-degrader (Luo, Xie, Sun, Li, & Cupples, 2009) but its specifically function as a sponge 
symbiont is still unknown. Their decreasing distribution over a depth gradient may indicate 
that they are living phototrophically and not as the mixotrophic growth that has been 
previously proposed for their related members of Chloroflexi.  
 
Sponge-associated Archaea were first discovered in 1996 (Preston, Wu, Molinskit, & Delong, 
1996) and it is now apparent that they form part of the natural microbiota of many 
bacteriosponges, being Crenarchaeota the most abundant Archaea linage within these 
communities (Steger et al., 2008). In the case of X. muta, the relative abundance of this linage 
seems to increase as depth gets higher. Its ecological role has been related to ammonia-
oxidizing activity which is one of the first reactions carried out to achieve nitrification. This is 
an important biological process since the sponges release ammonia as a metabolic waste 
product and the accumulation of these products may have adverse effects on sponge health. 
The increasing abundance of this phylum across depth gradient may be related to the 
increasing availability of particulate food in higher depths, which cause a bigger production of 
metabolic waste in sponges.   
 
Due to this phenomenon of increased availability of particulate food with depth, several 
studies showed that sponges at higher depths grow significantly faster than their shallow 



conspecifics (Lesser, 2006); suggesting that mesophotic sponges may exhibit less reliance on 
their associated bacterial communities for nutrition and digestion (Olson & Gao, 2013). This 
would be an excellent explanation of why samples taken at 18m depth were less diverse, 
showing in their microbial communities a greater proportion of dominant clusters. 
 
So if all the diversity of microbial symbionts may confer to their host potential to exploit an 
impressive metabolic repertoire, what mechanisms are responsible for the emergence and 
maintenance of this diversity? And how related species from geographically isolated regions 
could acquire shared bacterial symbionts when were apparently absent from the seawater?  
These are fundamental questions in sponge evolutionary biology and that is why it has been 
very usable to widespread studies like this. The evidence of shared OTUs between individuals 
of X. muta sampled at different depths (this study), regions (Fiore et al., 2013) and time, 
suggest coevolution of some of the sponge-associated bacteria in the course of the formation 
of their species. This confirms also the assumption that there is not only horizontal transfer of 
the symbiotic microorganisms from the surrounding aquatic environment, but also vertical 
transmission (Hentschel, Piel, Degnan, & Taylor, 2012; Webster & Taylor, 2012c).  
 
While this study is one of the first to analyze microbial communities associated to individuals 
of the same sponge species across a depth gradient, further studies could improve our 
knowledge on microbiome-sponge interaction and stability. For instance, our results, 
consisting of microbial ecological insights, could be combined and interpreted with other 
coupled datasets such as those resulting from tracking temperature changes and its possible 
effect son microbial communities of the same X. muta colonies, or if secondary metabolic 
profiles are generated from the same specimens in order to be analyzed and correlated with 
microbiome content. 
 
Thus, this work opens up an arrange of further possibilities to investigate in the topic marine 
sponge-microbiome as model holobiont. For instance, expanding the approach applied in this 
work to assess, in more specimens or species, the extent of shared or unique members across 
microbial populations associated, its stability, diversity, and encoded functions contributing to 
metabolite production or modification, as well as shifts in production due to environmental 
factors or complex biotic interactions. 
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