
Zoology 158 (2023) 126091

Available online 22 March 2023
0944-2006/© 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

The prokaryotic community of Chondrosia reniformis Nardo, 1847: from 
diversity to mercury detection 

Camilla Roveta a,*, Barbara Calcinai a, Federico Girolametti b, Joana Fernandes Couceiro c,d, 
Stefania Puce a,1, Anna Annibaldi a,1, Rodrigo Costa c,d,e,1 
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A B S T R A C T   

Microbial communities inhabiting sponges are known to take part in many metabolic pathways, including 
nutrient cycles, and possibly also in the bioaccumulation of trace elements (TEs). Here, we used high-throughput, 
Illumina sequencing of 16S rRNA genes to characterize the prokaryotic communities present in the cortex and 
choanosome, respectively the external and internal body region of Chondrosia reniformis, and in the surrounding 
seawater. Furthermore, we estimated the total mercury content (THg) in these body regions of the sponge and in 
the corresponding microbial cell pellets. Fifteen prokaryotic phyla were detected in association with 
C. reniformis, 13 belonging to the domain Bacteria and two to the Archaea. No significant differences between the 
prokaryotic community composition of the two regions were found. Three lineages of ammonium-oxidizing 
organisms (Cenarchaeum symbiosum, Nitrosopumilus maritimus, and Nitrosococcus sp.) co-dominated the pro
karyotic community, suggesting ammonium oxidation/nitrification as a key metabolic pathway within the 
microbiome of C. reniformis. In the sponge fractions, higher THg levels were found in the choanosome compared 
to the cortex. In contrast, comparable THg levels found in the microbial pellets obtained from both regions were 
significantly lower than those observed in the corresponding sponge fractions. Our work provides new insights 
into the prokaryotic communities and TEs distribution in different body parts of a model organism relevant for 
marine conservation and biotechnology. In this sense, this study paves the way for scientists to deepen the 
possible application of sponges not only as bioindicators, but also as bioremediation tools of metal polluted 
environments.   

1. Introduction 

Microbes form complex relationships with most organisms, ranging 
from humans to invertebrates and plants (Thomas et al., 2016), with 
highly specialized reciprocal interactions, generally resulting in mutual 
benefits for both parties (Nyholm and McFall-Ngai, 2004; Schmitt et al., 
2007). However, the diversity and highly dynamic nature of micro
biomes make the understanding of the evolutionary and ecological 
drivers of symbiont composition challenging, as well as the possible 
roles played by the host-associated microbiota, which often result from 
multiple and interconnecting metabolic processes (Thomas et al., 2016). 

Marine invertebrates, including clams, corals, mussels, sponges, sea- 
squirts, and worms, are characterized by the presence of complex 
communities of microorganisms composing the associated microbiota 
(Thompson et al., 2021), generally hosted in their tissues, where 
nutrient cycling and host-microbe metabolite exchange take place 
(Schmitt et al., 2007). Sponges are sedentary filter-feeders, whose 
microbiome can be acquired horizontally from the seawater and verti
cally from parental sponges to offspring (de Oliveira et al., 2020). In 
many species, the sponge microbiome may be composed of up to 
108–1010 cells g-1 of sponge wet weight and is largely dominated by 
prokaryotic species. Such sponges are usually referred to as 
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“bacteriosponges” or “high microbial abundance” (HMA) sponges, in 
contrast to “low microbial abundance” (LMA) sponges, which possess 
microbial densities similar to those of the surrounding seawater (106 

cells g-1) (Vacelet and Donadey, 1977; Schmitt et al., 2007; Gloeckner 
et al., 2014). 

Sponges are reservoirs of microbial genetic diversity, and the often- 
reported taxonomic diversification among so-far uncultivated sponge 
symbionts is suggestive of metabolic novelties (Hardoim et al., 2014). 
Metabarcoding studies based on 16S rRNA gene amplicon sequencing 
showed how sponges not only present interspecific variability in the 
structure of their associated microbial communities, but also intraspe
cific variability between individuals of the same species collected in 
different localities (Hardoim et al., 2012). These patterns can be related 
to many factors, such as host-derived nutrients, chemical-physical pa
rameters of the water (e.g., pH) and host characteristics (e.g., immune 
response), determining the composition and structure of symbiont 
communities over time and space (Thomas et al., 2016). Only 1–14% of 
the total sponge bacterial community has been estimated to be culti
vatable (Hardoim et al., 2014). In fact, culturable symbionts usually 
correspond to low abundance (“rare”) taxa within this complex micro
bial consortium (Hardoim et al. 2014; Karimi et al., 2019), limiting our 
knowledge of the functional roles played by most of the sponge symbi
onts, which remain uncultivated (Karimi et al., 2019). 

Sponges can filter large volumes of water (processing up to 35 ml 
min− 1 (cm sponge)− 3) (Weisz et al., 2008), together with food particles 
and many different compounds, which are present in the water column 
both as dissolved and particulate organic and inorganic matter (Berthet 
et al., 2005; Selvin et al., 2009; Batista et al., 2014). Among these 
compounds, contaminants (as hydrocarbons, organochlorinated com
pounds, trace elements, etc.) are largely collected. Various studies 
demonstrated that sponges could present detectable concentrations of 
trace elements (TEs), and bioaccumulate these pollutants in their mes
ohyl (e.g., Perez et al., 2004, 2005; Cebrian et al., 2006; Batista et al., 
2014), even though the dynamics regulating the bioaccumulation pro
cess are still largely unknown (Li et al., 2022). Thus, sponges are 
considered suitable bioindicators of environmental pollution, and they 
have been recommended by various European Directives, such as the 
Water Framework Directive (WFD, 2000/60/EC) and the Marine Strat
egy Framework Directive (MSFD, 2008/56/EC) as possible monitors of 
TEs contamination. In addition, since the microbiome plays a funda
mental role in the sponge metabolism, it has been suggested it can also 
actively participate in the bioaccumulation process, and many bacteria 
have been found to be resistant to various antibiotics and pollutants, 
including persistent organic pollutants and TEs (e.g., Cd, Co, Cu, Hg, Ni, 
Pb, Zn, and their organic compounds) (e.g., Selvin et al., 2009; Versluis 
et al., 2016; Rodriguez Jimenez et al., 2021). For these reasons, sponges 
and their associated bacteria have been also proposed as valid biore
mediation tools (Santos-Gandelman et al., 2014a, 2014b). 

Chondrosia reniformis Nardo, 1847 is a typical cushion-shaped, 
Atlanto-Mediterranean demosponge usually living in the shallow 
coastal waters (0–50 m) (Wilkinson and Vacelet, 1979; Lazoski et al., 
2001). The sponge possesses profuse collagen fibres, which confer the 
organism a high body plasticity (Bonasoro et al., 2001). The structure of 
C. reniformis consists of two distinct body regions: a cortical zone, named 
ectosome or cortex, composed by flattened pinacocytes and densely 
packed interwoven collagenous fibers, and an internal zone, named 
choanosome, which contains the choanocyte chambers (Bavestrello 
et al., 1988, 1998a, 1998b; Cerrano et al., 1999). Lacking a siliceous 
skeleton, C. reniformis reinforces its body incorporating large amounts of 
foreign material: the cortex incorporates only siliceous particles, while 
the choanosome allows the attachment of any kind of mineral (Baves
trello et al., 1998a). C. reniformis is known to be the source of several 
secondary metabolites, and therefore is commonly reared for in situ or 
aquaria studies. In fact, the species represents an important source of 
collagen and other molecules, such as chondrosin, a newly discovered 
protein with anti-tumoral activity (Pozzolini et al., 2012, 2015, 2016, 

2018; Scarfì et al., 2020). Moreover, C. reniformis was already identified 
as a suitable bioindicator of TEs pollution, reflecting more accurately the 
contamination levels of a specific location compared to other sponge 
species (Perez et al., 2004; Cebrian et al., 2007; Roveta et al., 2020, 
2022). 

Since C. reniformis presents two distinct body regions, with a very 
different physical-chemical architecture (Bavestrello et al., 1998a, 
1998b; Cerrano et al., 1999), and considering that the distribution of the 
TEs within sponges is often heterogeneous, being possibly 
microbial-mediated (Padovan et al., 2012; Batista et al., 2014), we hy
pothesized that cortex and choanosome can display a different concen
tration of TEs related to a different microbial community composition. 
In this context, here we describe the prokaryotic community and mer
cury (Hg) content of C. reniformis samples collected in Faro (Portugal, 
Atlantic Ocean). The possible presence of mercury (Hg) in microbial cell 
pellets extracted from the two body regions of the sponge (cortex and 
choanosome) was explored and compared with the total mercury con
tent (THg) estimated directly in the sponge fraction representing both 
body regions. Additionally, we identified the microbial taxa present in 
the extracted cell pellets using next-generation sequencing of 16S rRNA 
genes. This study contributes to a better knowledge of TEs distribution in 
sponges and of the prokaryotic communities associated with the cortex 
and choanosome layers of the model organism C. reniformis. 

2. Materials and methods 

2.1. Samples collection and processing 

Eleven samples of Chondrosia reniformis were collected into sterile 
bags by SCUBA diving at ~18 m depth at offshore Faro beach, Algarve, 
Portugal (“Pedra da Greta”: 36◦58’47.2” N, 07◦59’20.8” E), in June 
2021. Samples were collected at least 3 m apart from each other, to 
avoid clones, and placed in 3 L plastic bags (type Ziploc®) filled with 
surrounding seawater. The collected sponge samples were of similar size 
to avoid possible differences in sponge age, since different THg levels 
could be related to this factor (Cebrian et al., 2007; Orani et al., 2020; 
Roveta et al., 2022). Together with sponges, four samples of seawater (3 
L each) were also collected in separate Ziploc plastic bags, 1.5 m above 
the bottom. All samples were transported to the Environmental Sample 
Processing Facility of the Centre of Marine Sciences (Faro, Portugal) in a 
cool box within 1.5 h post sampling and processed immediately. 

Sponge samples were cleaned of rock reseals, washed with sterile 
seawater to remove planktonic or loosely associated microorganisms, 
following Thomas et al. (2016). Since C. reniformis is characterized by 
two body regions, the cortex and the choanosome (Bavestrello et al., 
1998a, 1998b), each region was separated for each sample, using a 
decontaminated knife (see Illuminati et al., 2016 for the decontamina
tion procedure). After separation each sub-sample was labelled with the 
following codes: CrI (C. reniformis internal, referring to the choano
some), and CrE (C. reniformis external, referring to the cortex), followed 
by sequential numbers. Seawater samples were instead labelled as W 
followed by sequential numbers. Microbial cell pellets were obtained 
from 10 g of weighted material (from each sub-sample) using a differ
ential centrifugation protocol applied to sponge-derived homogenates as 
described by Hardoim et al. (2014). Firstly, due to the hardness of the 
sponge given by collagenous fibres, each region of C. reniformis was 
mixed with a blender in sterile Ca2+ and Mg2+ free artificial seawater 
(CMFASW: 27 g L− 1 NaCl, 1 g L− 1 NaSO4, 0.8 g L− 1 KCl and 0.18 g L− 1 

NaHCO3, 1 g of sponge per 4 ml CMFASW w/v) and then further ho
mogenized using a sterile mortar and pestle. Homogenates were there
after centrifuged for 2 min at 500 xg, and supernatants containing the 
microbial cells released from the sponge matrix, characterized by 
smaller cell sizes than those of the cells enriched in the sponge fraction, 
were transferred into new centrifuge tubes, and subjected to a final 
centrifugation step for 30 min at 10,000 xg. The applied protocol allows 
to obtain a pellet enriched in microbial cells with negligible 
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contamination of sponge cells, as estimated using shotgun metagenome 
sequencing (less than 2% of host-derived reads in the microbial cell 
pellets) (Karimi et al., 2017). The sponge fraction and the derived mi
crobial cell pellet obtained for each specimen were then used to deter
mine the THg content in both internal and external parts of the 
C. reniformis body. 

Additional 2.5 g of four of the same C. reniformis samples were 
subjected to the protocol described above for the retrieval of microbial 
cell pellets. These microbial pellets were then used for total community 
microbial DNA extraction for the characterization of the prokaryotic 
communities associated with the species (see below). Briefly, this 
methodology enables high-quality metagenomic DNA yields suitable for 
molecular analyses of the marine sponge microbiome, leading to 
comprehensive coverage of the diversity of sponge-associated pro
karyotes (Fieseler et al., 2006), also when compared with direct DNA 
extractions from bulk sponge samples (Hardoim et al., 2014). DNA 
extraction from microbial cell pellets was, therefore, the method of 
choice in this study to analyse the prokaryotic community associated 
with C. reniformis because of the particularly hard consistency of this 
sponge species. Finally, three out of four seawater samples were filtered 
using 0.22 μM nitrocellulose membrane filters (Millipore, Billerica, MA, 
USA; 47 mm) using a vacuum pump, to collect the water microbiota. All 
the obtained material was then stored at − 80◦C until further analysis. 

2.2. DNA extraction and 16S rRNA gene sequencing from Chondrosia 
reniformis and seawater samples 

The microbial pellets of each body region and filters were subjected 
to total community DNA extraction using the Power Soil® DNA Isolation 
Kit (Qiagen, USA) according to the manufacturer’s protocol. One DNA 
extraction was carried out without any sample to serve as a negative 
control. Before the extraction, water filters were aseptically cut into 
small pieces. Each sample was then transferred to a lysing matrix tube 
provided by the kit and subjected to bead-beating three times for 1 min 
(30.0 frequency) with a Mixer Mill MM 400 to improve submersion and 
contact between cells and lysing buffer. Metagenomic DNA yields and 
integrity were examined under ultraviolet (UV) light after standard 
agarose gel electrophoresis procedures, while the concentration of the 
DNA samples was quantified using a NanoDrop spectrophotometer 
(ThermoFischer Scientific). 

Taxonomic profiling of bacterial communities was performed via 
high-throughput sequencing of 16S rRNA gene amplicons obtained by 
PCR from the metagenomic DNA samples. PCR amplification and 
sequencing of 16S rRNA gene amplicons was performed at MR DNA 
(www.mrdnalab.com, Shallowater, TX, USA). The primers used were 
the updated Earth Microbiome Project (EMP) primers 515F (5’-GTG 
YCA GCM GCC GCG GTAA-3’) (Parada et al., 2016) and 806RB (5’-GGA 
CTA CNV GGG TWT CTA AT-3’) (Apprill et al., 2015). Firstly, a 
30–35-cycle PCR was used to amplify the V4 hypervariable region 
(515− 806) of the 16S rRNA gene, using the HotStarTaq Plus Master Mix 
Kit (Qiagen, USA). The conditions for the PCR were as follows: a first 
step of 5 min at 95◦C, followed by 30–35 cycles of 30 s at 95 ◦C, 40 s at 
53 ◦C and 1 min at 72 ◦C, after which there was one final elongation step 
of 10 min at 72◦C. PCR products were checked in a 2% agarose gel under 
UV light to determine whether the amplification was successful, 
including proper monitoring of negative controls from which no 
amplicons were observed. After amplification, the samples were multi
plexed using unique dual indexing, pooled together and later purified 
using calibrated Ampure XP beads. Afterwards, the pooled and purified 
PCR products were used to prepare an Illumina DNA library, and 
sequencing was performed on a MiSeq platform following the manu
facturer’s guidelines. During sequencing, an average 20,000 paired-end 
sequences, per sample, were generated. 

2.3. Total mercury content analysis 

The sponge fraction obtained from the cortex and choanosome of the 
eleven processed samples was lyophilized (Edwards EF4 modulyo, 
Crawley, Sussex, England), minced, homogenized, and divided in ali
quots of about 0.02 g each. The microbial pellet was instead centrifuged 
before the analysis at 1000 rpm for 1 min to remove water residuals. Hg 
analyses were performed at the Department of Life and Environmental 
Sciences of the Polytechnic University of Marche, using a direct mercury 
analyser (DMA-1) as reported in Roveta et al. (2020). 

Both filtered and non-filtered seawater were diluted with ultrapure 
grade HCl 2% (v/v), and then analysed with a AFS Titan 8220 spec
trofluorometer (Fulltech Instruments, Rome, Italy). Argon 5.0 (99.999% 
purity) was used as a gas carrier and ultrapure grade HCl 5% (v/v) was 
used as the sample carrier. NaBH4 0.05% in NaOH 0.4% (m/v) was used 
as reductant agent to produce Hg hydrides. Instrumental parameters are 
reported in Table S1 (Supplementary Material). 

All measurements were replicated at least 4 times. A calibration 
curve was constructed to quantify THg content. The analytical accuracy 
is routinely checked using the appropriate Certified Reference Materials 
(CRMs), in this study DORM-2 and MESS-2 (National Research Council 
Canada, Ottawa, Canada). Details are reported in Table S2 of the Sup
plementary Material. 

2.4. Data treatment and analysis 

2.4.1. Bacterial community diversity and composition 
In total, 313,846 raw 16S rRNA (V4 region) gene sequence reads 

were obtained and subjected to quality filtering and processing with the 
MR DNA (www.mrdnalab.com) taxonomic analysis pipeline, a suite of 
proprietary, open-source software packages which integrates Usearch 
v11 (https://drive5.com/usearch/manual/; Edgar, 2010). Firstly, 
primers were removed from sequences, and sequences below 150 bp or 
with ambiguous base calls were filtered out. Subsequent denoising and 
dereplication of the sequences consisted of identifying and removing 
reads with sequencing or PCR point errors (using a maximum expected 
error threshold of 1.0) and removing chimeric sequences with the 
unoise3 command (https://www.drive5.com/usearch/ma
nual/cmd_unoise3.html), which is an implementation of the UNOISE 
algorithm (Edgar and Flyvbjerg, 2015). 

After denoising and dereplicating the sequences, zero-radius Oper
ational Taxonomic Units (zOTUs), or Amplicon Sequence Variants, were 
generated and integrated into a zOTU abundance table, containing 
counts of each zOTU per sample, using the otutab command (https:// 
www.drive5.com/usearch/manual/cmd_otutab.html) within Usearch 
v11, and taxonomically classified using BLASTn against a curated 
database derived from NCBI (www.ncbi.nlm.nih.gov). Briefly, 16S rRNA 
gene reads possessing 100% nucleotide sequence homology are cate
gorized into the same zOTU. Prior to downstream analyses, zOTUs 
classified as Eukaryota, chloroplasts or mitochondria were removed 
from the obtained zOTU abundance table. The final analytical dataset 
comprised 303,732 16S rRNA gene reads sorted into 448 prokaryotic 
zOTUs, 17 belonging to the domain Archaea and 431 to the domain 
Bacteria (Table S3, Supplementary Material). 

For alpha-diversity analyses, the dataset was normalized by rare
faction to 23,477 reads per sample (corresponding to sample W3 which 
had the lowest number of reads), and the rarefied dataset was then used 
for the determination of observed species richness, estimated species 
richness (Chao1 index) and diversity (Shannon’s index). Rarefaction and 
diversity measures were carried out using the R package phyloseq 
(McMurdie and Holmes, 2013). To test for possible differences in the 
alpha-diversity of W, CrE and CrI, a one-way ANOVA test was applied. 
The normality of the data was tested with a Shapiro-Wilk’s test and the 
homogeneity of the variance with a Levene’s test. In case of statistically 
significant differences, the Tukey’s test was performed. Statistical tests 
were performed using R packages car, stats and rstatix (Fox and 
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Weisberg, 2019; Kassambara, 2021; R Core Team, 2021). 
To assess the prokaryotic community composition of each sample at 

phylum, class and genus levels, relative abundance data (percentages, 
non-rarefied) were used (Table S4, Supplementary Material). To 
improve the readability of taxonomy barplots, low abundance taxa (taxa 
below 1% relative abundance for the order plot and below 0.5% for the 
phylum and genus plots) were merged in a category called “Others”. 
Plots were created using R packages phyloseq, plyr and ggplot2 (Wick
ham, 2011; McMurdie and Holmes, 2013; Wickham, 2016). One-way 
ANOVAs followed by Tukey’s post-hoc tests were used to test for dif
ferences in the relative abundance of the most dominant phyla across 
sample categories (W, CrI, CrE). 

The prokaryotic community structure was also investigated by 
means of multivariate analysis. zOTU data (non-rarefied) were 
Hellinger-transformed and the Bray-Curtis dissimilarities calculated 
from the Hellinger-transformed OTU-data table using the vegan package 
for R (Oksanen et al., 2020). The resulting dissimilarity matrix was then 
used as input in a Principal Coordinates Analysis (PCoA) of the samples 
based on their zOTU profiles. To complement the result given by the 
PCoA, an analysis of Similarity Percentages (SIMPER) was carried out 
with the free software PAST (PAleontological STatistics, version 4.02; 
Hammer et al., 2001) to rank the zOTUs contributing the most to 
community dissimilarities among sample groups. SIMPER was per
formed considering all sample groups together and the resulting top 15 
zOTUs were plotted as “species data” on the PCoA graph. To investigate 
whether there was a significant difference between sample groups (W, 
CrI and CrE), data were analysed with Permutational Analysis of Vari
ance (PERMANOVA) (Anderson, 2001), using a Bray-Curtis dissimilarity 
matrix, with 9999 permutations. A posteriori pairwise comparisons were 
conducted in case of significant differences. Permutational analysis of 
multivariate dispersions (PERMDISP) was used to test the homogeneity 
of samples dispersion from their group centroids (Anderson et al., 2008). 
These analyses were carried out using PRIMER 7.0.20 (Clarke and 
Gorley, 2015) with the add-on PERMANOVA+ (Anderson et al., 2008). 
All statistical analyses were done with a 95% confidence level (p <
0.05). 

2.4.2. Total mercury content 
THg content in sponge samples and associated microbiota was 

expressed in mg kg-1 dry weight (d.w.), while seawater data (filtered and 
unfiltered) were expressed in ng L-1. To assess the capability of both 
sponge fractions and microbiota to bioconcentrate Hg, the bio
concentration factor (BAF) was calculated using the formula: BAFsponge 
= THgsponge/THgfiltered water and BAFmicrobiota = THgmicrobiota/THgfiltered 

water. 
To test for possible differences in the THg content between filtered 

and unfiltered seawater samples, a one-taled Student t test was carried 
out. One-way ANOVA (with Tuckey’s post-hoc) was performed to test 
for differences in THg content (among samples, sponge fraction and 
microbial pellet) and BAF values. In case of non-normality or hetero
scedasticity, non-parametric Kruskal-Wallis analysis of variance was 
applied and, if statistically significant differences were found, the 
Dunn’s post-hoc comparison was performed. Statistical tests were per
formed using R packages car, stats and rstatix (Fox and Weisberg, 2019; 
Kassambara, 2021; R Core Team, 2021), and with a 95% confidence 
level (p < 0.05). 

3. Results 

3.1. Alpha-diversity analyses 

Alpha-diversity (species richness and Shannon’s diversity) in 
seawater and in Chondrosia reniformis was explored using the rarefied 
dataset. The observed number of zOTUs was significantly higher in 
seawater compared to CrE and CrI samples (Tukey’s test, p < 0.05) 
(Fig. 1 A). The estimated species richness (Chao1) was slightly higher 
than the observed richness in all samples, except for samples W3, CrI1 
and CrE1 in which the two values were almost overlapping (Fig. 1 A). No 
differences among sample groups were found for Chao1 (ANOVA, p >
0.05), even though the seawater showed the highest values of estimated 
richness (Fig. 1 A). Shannon diversity indices were significantly higher 
for seawater than in CrI and CrE samples (Tuckey’s test, p < 0.05) 
(Fig. 1B). 

In general, between the two body regions of C. reniformis, CrI samples 
exhibited higher observed and Chao1 richness, and a lower Shannon 
Diversity compared to CrE samples (Fig. 1), but no statistical differences 
were recorded (Tuckey’s test, p > 0.05). 

3.2. Prokaryotic community composition 

Proteobacteria, Nitrososphaerota (formerly Thaumarchaeota), 
Acidobacteria, Bacteroidetes, Chloroflexi (in this order) were the 
dominant phyla in the entire dataset (Fig. 2 A), with their relative 
abundance changing significantly among categories (one-way ANOVA, 
p < 0.05), and especially between the seawater and the two body re
gions of C. reniformis (Tuckey’s test, p < 0.05). Overall, Proteobacteria 
was the most abundant phylum: in seawater samples, it accounted for 
almost the 75% of the dataset, while in CrI and CrE samples, it repre
sented about the 50% of the entire microbial community (Fig. 2 A). 
Another phylum with a significative relative abundance in water sam
ples was Bacteroidetes, almost reaching 20%, while lower values (~7%) 
were represented by Cyanobacteria. C. reniformis prokaryotic 

Fig. 1. Alpha diversity measures estimated for prokaryotic communities in Chondrosia reniformis and surrounding seawater. (A) Observed (•) and Chao-estimated (╳) 
zOTU richness per sample. (B) zOTU diversity per sample estimated with the Shannon diversity index. Alpha diversity measures were calculated using the rarefied 
dataset. W = water; CrI = C. reniformis internal, referring to the choanosome; CrE = C. reniformis external, referring to the cortex. Sequential numbers represent 
replicate samples obtained for seawater (1− 3) and Chondrosia reniformis (1− 4). 
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community was also characterized by a high relative abundance of 
Nitrososphaerota (formerly Thaumarchaeota), an archaeal phylum 
representing about the 20–30% of the microbiota, and of Acidobacteria, 
ranging from 15% to 40% of the reads in CrE and CrI datasets (Fig. 2 A). 
The phylum Chloroflexi was also well represented, with relative abun
dances around 10%; lower values were instead recorded for Actino
bacteria, Bacteroidetes, Firmicutes and Nitrospirae (< 5%) (Fig. 2 A). 

At the order-level, both CrE and CrI presented a highly diversified 
community, with the highest relative abundance reached by the 
archaeal order Cenarchaeales, and by the bacterial orders Acid
obacteriales and Pseudomonales, each representing ~25% of the total 
reads (Fig. 2B). Other orders, such as Alteromonadales, Chloroflexales, 

Chromatiales, Nitrosopumilales and Rhodobacterales, also showed 
considerable relative abundances in CrE and CrI samples (Fig. 2B). Order 
Rhodobacterales was dominant in all seawater samples, representing 
about 45% of the prokaryotic community, while a lower contribution 
was given by Alteromonadales, Cellvibrionales, Flavobacteriales, Oce
anospirillales, Pelagibacterales and Synechoccocales (Fig. 2B). 

At genus-level seawater samples were mostly dominated by Rose
obacter (~30%), followed by Flavobacterium, Marinobacter, candidatus 
Pelagibacter, Planktomarina, Roseovarius and Synechococcus, contributing 
between 6% and 12% (Fig. 2 C), while CrE and CrI samples were 
dominated by Pseudomonas, Cenarchaeum and Acidobacterium, each 
representing ~20% of the prokaryotic community, followed by 

Fig. 2. Taxonomic composition of prokaryotic communities in Chondrosia reniformis and seawater. (A) Phylum, (B) Order and (C) Genus level taxonomies are shown, 
using taxon relative abundances calculated from the non-rarefied zOTUs table (Table S4). Phyla and genera presenting relative abundances below 0.5 %, and orders 
presenting relative abundances below 1 % were joined under the category "Others". W = water; CrI = C. reniformis internal, referring to the choanosome; CrE 
= C. reniformis external, referring to the cortex. Sequential numbers represent replicate samples obtained for seawater (1− 3) and Chondrosia reniformis (1− 4). 
Taxonomy assignments were performed using the current NCBI nomenclature. The former archaeal phylum Thaumarchaeota is now validly published under the 
name Nitrososphaeorota. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article) 
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Chloroflexus, Nitrosococcus and Nitrosopumilus (Fig. 2 C). 

3.3. Beta-diversity analysis 

The PCoA revealed a clear separation between seawater and 
C. reniformis samples (Fig. 3). CrI and CrE samples formed two single and 
separate clusters, with the exception of CrI1 and CrE1, which formed a 
separate group from the other samples (Fig. 3). The PERMANOVA 
showed statistical differences across sample groups (p < 0.05) (Table 1), 
with the pairwise comparison highlighting significant differences only 
between seawater samples and both regions of C. reniformis’ body 
(p < 0.05), while no differences were found between CrI and CrE 
(p > 0.5) (Table 2). Even though the PERMDISP test indicated a similar 
average dispersion in each samples’ groups (p > 0.5) (Table 3), partic
ulalry between CrI and CrE samples, making differences in dispersion 
within groups not significant (F2,8 = 3.4322; p = 0.3295), an additional 
PERMANOVA test without considering sample 1 (possibly seen as an 
outlier) was performed. Also in this case, the analysis did not find sta
tistically significant differences between the cortex and choanosome of 
the studied sponge regarding the structure of their prokaryotic com
munities at the zOTU level (Table S5). In spite of this, using SIMPER we 
were able to find a few zOTUs more characteristic of one body region or 
the other. This was the case of zOTU3 (Pseudomonas sp.) and zOTU1 
(Cenarchaeum symbiosium), found to possess higher relative abundances 
in CRI than in CRE, and of zOTU6 (Nitrosococcus sp.), possessing higher 
relative abundance in CRE than in CRI (Table S4). 

In this ordination plot, the fifteen most differentiating zOTUs were 
also displayed, showing their effect and contribution to the dissimilarity 
between samples. For instance, zOTUs classified as Marinobacter, can
didatus Pelagibacter, Planktomarina, Roseobacter, Roseovarius, Pseudo
spirillum and Synechococcus were associated with water samples (Fig. 3). 
Associated to C. reniformis samples were zOTUs affiliated with the 
Archaea species C. symbiosum and N. maritimus, the bacterial genera 
Chloroflexus, Nitrosococcus, Pseudomonas, and zOTUs classified as Acid
obacterium (Fig. 3). 

Fig. 3. Principal Coordinates Analysis (PCoA) of prokary
otic communities in Chondrosia reniformis and ambient 
seawater samples. Community ordination was based on a 
Bray-Curtis distance matrix calculated from Hellinger- 
transformed zOTU abundance data. The 15 zOTUs with 
higher contribution to the dissimilarity between sample 
groups (namely seawater, C. reniformis internal and 
C. reniformis external ), as estimated using SIMPER, are 
plotted on the ordination diagram. The position of the 
zOTUs is a projection of their respective abundances in the 
space formed by the two principal coordinates. The closest 
the proximity of zOTUs to a given sample group, the 
highest the relative abundance of those zOTUs in that 
sample group. Samples are represented by black dots sur
rounded by their respective labels and zOTUs are marked 
as smaller, colored dots. Percentage values on each axis 
(Principal Coordinate) correspond to the amount of vari
ance explained by that axis. W = water; CrI = C. reniformis 
internal, referring to the choanosome; CrE = C. reniformis 
external, referring to the cortex. Sequential numbers 
represent replicate samples obtained for seawater (1− 3) 
and Chondrosia reniformis (1− 4).   

Table 1 
Results of the one-way PERMANOVA. Analysis of microbial community varia
tion within samples’ groups (water, Chondrosia reniformis internal choanosome 
and C. reniformis external cortex). df = degrees of freedom; SS = sum of squares; 
MS = mean squares; Pseudo-F = F-ratio; P (perm) = probability; Up = unique 
perms. Significant p-values (p < 0.05) are given in bold.  

Source df SS MS Pseudo-F P (perm) Up 

Samples 2 19,010  9504.8 38.09 0.0027 9697 
Residuals 8 1996.4  249.55    
Total 10 21,006       

Table 2 
Results of the a posteriori pairwise comparisons within samples’ groups (water, 
Chondrosia reniformis internal choanosome and C. reniformis external cortex). 
t = t-test; P (perm) = probability; Up = unique perms. Significant p-values 
(p < 0.05) are given in bold. W = seawater; CrI = Chondrosia reniformis internal, 
referring to the choanosome; CrE = C. reniformis external, referring to the cortex.  

Groups t P (perm) Unique perms 

W, CrI  7.51  0.0279 9936 
W, CrE  9.55  0.0288 9908 
CrI, CrE  1.01  0.4563 9916  

Table 3 
Results of the PERMDISP analysis within samples’ groups (water, Chondrosia 
reniformis internal choanosome and C. reniformis external cortex). SE = standard 
error. W = seawater; CrI = Chondrosia reniformis internal, referring to the 
choanosome; CrE = C. reniformis external, referring to the cortex.  

Group Size Average dispersion SE 

W 3  5.73  0.41 
CrI 4  15.89  3.45 
CrE 4  12.99  2.39  
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3.4. Total mercury content 

THg levels in the unfiltered seawater samples were slightly higher 
(3.9 ± 1.9 ng L-1) than in the filtered one (3.3 ± 1.4 ng L-1) (Table 4), 
even though the Student t test did not highlight any significant differ
ences between them (p > 0.05). In addition, the mean THg value 
recorded in the filters with the microbiome extracted from the seawater 
was nearly negligible, measuring 0.0034 ± 0.0008 mg kg-1 d.w. 
(Table 4). 

No differences in the THg values among sponge samples were 
recorded (one-way ANOVA, p > 0.05), while significant differences 
were found between the two body regions (one-way ANOVA, p < 0.05), 
with higher values in CrI (0.70 ± 0.08 mg kg-1 d.w., ranging from 0.51 
to 0.82 mg kg-1 d.w.) than in CrE (0.26 ± 0.07 mg kg-1 d.w., ranging 
from 0.15 to 0.41 mg kg-1 d.w.) (Table 4; Fig. 4). In the microbial pellet, 
the mean THg concentration in the microbiome extracted from CrI 
ranged from 0.06 to 0.12 mg kg-1 d.w. (0.08 ± 0.01 mg kg-1 d.w.) and 
the one extracted from CrE from 0.068 to 0.12 mg kg-1 d.w. (0.079 
± 0.02 mg kg-1 d.w.), resulting extremely similar (one-way ANOVA, 
p > 0.05) (Table 4; Fig. 4). 

Clear differences were recorded between THg values of the sponge 
fraction and the extracted microbiome within both body regions 
(Kruskal-Wallis, p < 0.05). Higher THg values were found in both 
sponge fractions compared to the corresponding microbial pellet 
(Dunn’s test, p < 0.05) (Fig. 4), with a ratio of 8:1 and 3:1 for CrI and 
CrE, respectively. 

Similarly, BAF values were significantly higher in the choanosome 
than in the cortex (one-way ANOVA, p < 0.05), while no differences 
were recorded between the microbial pellet extracted from the two 
fractions (Kruskal-Wallis, p > 0.05) (Table 4). BAF values were also 
different between the sponge fraction and the extracted microbiota in 
both CrI and CrE (Kruskal-Wallis, p < 0.05), with higher values in the 
sponge. 

4. Discussion 

The current study describes the prokaryotic communities of the two 
body regions characterizing Chondrosia reniformis, the choanosome and 
the cortex. Among the 15 phyla detected, those belonging to domain 
Bacteria dominated the microbial community, mainly represented by 
Proteobacteria, Acidobacteria, Bacteroidetes and Chloroflexi, while two 
phyla belonging to domain Archaea, Euryarchaeota and Nitro
sosphaerota (formerly Thaumarchaeota), were also recorded. These 
observations are in line with previous studies on HMA sponges from 
both the Atlanto-Mediterranean region such as Ircinia felix, Sarcotragus 
spinosulus, Spongia officinalis and Xestospongia muta (e.g., Schmitt et al., 
2012; Hardoim et al., 2012, 2014; Karimi et al., 2017) and other 
geographic locations, such as Luffariella variabilis and Rhopaloeides 
odorabile (e.g., Schmitt et al., 2012; Webster et al., 2013; Thomas et al., 
2016). Specifically, the community profiles described here deepen our 
understanding about the prokaryotic community assembly in 
C. reniformis, owing to the higher resolution and more comprehensive 
nature of the molecular approach employed in comparison with earlier, 

taxon-specific studies (Manz et al. 2000; Ribes et al., 2012). Our 16S 
rRNA gene sequencing approach revealed three prokaryotic lineages, 
namely the archaea Cenarchaeum symbiosum and Nitrosopumilus mar
itimus and the Gammaproteobacterium Nitrosococcus sp., likely 
contributing to ammonium oxidation within C. reniformis, as demon
strated in other sponge species (e.g., Preston et al., 1996; Hallam et al., 
2006; Feng et al., 2016). Additionally, using taxon-specific primers 
targeting the subunit A of the ammonium monooxygenase (AmoA) gene 
in a cloning-and-sequencing approach, Ribes et al. (2012) found evi
dence for the presence of ammonium-oxidizing Gammaproteobacteria 
in C. reiniformis specimens from the Montgrí Coast (Mediterranean Sea). 
In an earlier study, using widefield deconvolution epifluorescence mi
croscopy combined with fluorescence in situ hybridization, Manz et al. 
(2000) used specific probes to localize sulfate-reducing Desulfovi
brionaceae spp. (class Deltaproteobacteria, order Desulfovibrionales) 
within the C. reniformis mesohyl. They demonstrated that these 
rod-shaped bacteria tended to form small colonies around the channel 
system, surrounded by a large density of likely diverse, coccoid bacterial 
cells. Although we did not detect members of the Desulfovibrionaceae 
family in our samples, neither in the choanosome nor in the cortex, we 
report instead the enrichment of the sulfate-reducing family Desulfo
bacteraceae (class Deltaproteobacteria, order Desulfobacterales) in both 
body regions, suggesting functional convergence of the C. reniformis 
microbiome in key metabolic pathways (in this case, sulfate reduction). 
Differences in resolution and approach are the most likely reasons for 
some of the contrasting results observed between this and earlier 
studies. However, the fact that the specimens examined in each study 
come from different sites and marine provinces can also contribute to 
these outcomes, as it is known that intraspecific variability between 
individuals of the same species collected in different localities can occur 
(e.g., Hardoim et al., 2012; O’Connor-Sánchez et al., 2014; Griffiths 
et al., 2019; Easson et al., 2020). 

Even though C. reniformis is characterized by a distinct texture and 
physical-chemical architecture which creates two distinct body regions 
(Bavestrello et al., 1988, 1995, 1998a, 1998b; Cerrano et al., 1999), in 
contrast to our hypothesis, no significant differences were recorded in 
the prokaryotic community structure between the cortex and the 
choanosome. Although it cannot be ruled out that bacterial taxa even
tually involved in the process of Hg retention in the cortex and/or 
choanosome of C. reniformis could have possibly been missed because of 
the chosen methodology, centred on the analysis of metagenomic DNA 
extracted from microbial cell pellets obtained from both body regions 
(instead of DNA extracted directly from bulk sponge samples), this 
approach has been found to deliver robust coverage of the prokaryotic 
diversity in marine sponges (Fieseler et al., 2006; Hardoim et al., 2014). 
Moreover, the lack of sharp differences between prokaryotic community 
structures of the cortex and choanosome of C. reniformis is congruent 
with the similar levels of THg estimated for the microbial cell pellets 
from both body regions. Therefore, even though a few individual zOTUs 
have been identified as more characteristic of the choanosome (e.g., 
Pseudomonas sp. and Cenarchaeum symbiosium) and cortex (e.g., Nitro
sococcus sp.) of C. reniformis, such differences in relative abundance 
within a minority portion of the community apparently do not suffice to 

Table 4 
THg levels in sponge fractions, associated microbiota, and seawater samples. The bioaccumulation factor (BAF) is also given. CrI = Chondrosia reniformis internal, 
referring to the choanosome; CrE = C. reniformis external, referring to the cortex.  

Samples 
code 

Sponge fraction 
(mg kg⁻1 d.w.) 

Microbiome 
(mg kg⁻1 d.w.) 

Filtered 
seawater 
(ng kg⁻1) 

Water 
microbiome 
(mg kg⁻1 d.w.) 

Unfiltered 
seawater 
(ng kg⁻1)* 

BAF** (x10⁵) in sponge 
fraction 

BAF** (x10⁵) in 
microbiota 

CrI 0.70 ± 0.08 (0.51 – 
0.82) 

0.08 ± 0.01 (0.06 – 
0.12) 

3.3 ± 1.4 0.0034 
± 0.0008 

3.9 ± 1.9 2.1 ± 0.3 
(1.6 – 2.5) 

0.25 ± 0.04 
(0.19 – 0.37) 

CrE 0.26 ± 0.07 (0.15 – 
0.41) 

0.079 ± 0.002 (0.068 – 
0.12) 

0.8 ± 0.2 
(0.5 – 1.2) 

0.25 ± 0.05 
(0.19 – 0.35) 

*Maximum Allowable Concentration 0.07 μg kg-1, established by the European Directive 2008/105/EC. 
**Calculated using filtered seawater. 
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trigger distinct, microbial-mediated Hg accumulation in the different 
body regions of the sponge host. Altogether, these results strengthen our 
current understanding of possible microbiome variability among speci
mens of the same sponge species (e.g., Schmitt et al., 2007, 2012; 
O’Connor-Sánchez et al., 2014; Slaby et al., 2017), as exposed above, 
and its implications to the accumulation of TEs in the marine environ
ment. Notably, the microbiomes of sponges presenting a clear and strict 
separation between body regions (e.g., Geodia spp., Stelletta spp., 
Chondrosia spp. and others) have been seldom investigated, and the 
current study contributes to a better understanding of this issue. 

Since C. reniformis is an HMA sponge (Ribes et al., 2012), its 
microbiota can reach high densities (108–1010 cells g-1 of sponge wet 
weight) and is presumably assembled by a blend of vertical and hori
zontal modes of symbiont transmission (Taylor et al., 2007). Microbial 
communities in HMA sponges are usually distinct in taxonomic 
composition from those of their surrounding environment (Hardoim 
et al., 2014; Thomas et al., 2016). These symbiotic consortia can actively 
participate in the metabolic cycles of their host, contributing with the 
biosynthesis of a multitude of inhibitory compounds, thus being 
considered as sources of novel metabolites with high biotechnological 
potential (Schmitt et al., 2007; Hentschel et al., 2012). In line with this 
notion, ordination analysis of zOTU profiles here performed enabled us 
to highlight several symbiont taxa enriched in C. reniformis, including 
the three ammonium-oxidizing archaea and bacteria (C. symbiosum, N. 
maritimus and Nitrosococcus sp.; Preston et al., 1996; Hallam et al., 2006; 
Feng et al., 2016), as well as Acidobacteria spp. and Chloroflexi spp., that 
may play important roles in nutrient cycling within this model organism. 
The selective enrichment of specific symbiont clades in C. reniformis was 
also reflected by the higher alpha-diversity measures observed in water 
with respect to the sponge, suggesting a host-driven selection of the 
symbiotic community, as reported also in other sponge species and 
marine invertebrates, such as corals (e.g., Karimi et al., 2017; Keller-
Costa et al., 2017). 

The enrichment of three ammonium-oxidizing lineages in 
C. reniformis (C. symbiosum, N. maritimus and Nitrosococcus sp.; Preston 
et al., 1996; Hallam et al., 2006; Feng et al., 2016) strongly suggests 
ammonia oxidation as a potential key metabolic pathway within the 
sponge. C. symbiosum and N. maritimus are, in fact, typical members of 
the microbiome of many sponges (e.g., Preston et al., 1996; Hallam 
et al., 2006; Feng et al., 2016), but are here identified for the first time in 
C. reniformis. However, their dominance in the total prokaryotic 

community of C. reniformis (composing up to the 7% and 25% of the 
dataset of both body regions, respectively) is not frequently reported in 
other studies on marine sponges, and thus can be considered a dis
tinguishing feature of the symbiotic consortium in this host. 

Similarly, important roles in carbon cycling may be played by 
Chloroflexi and Nitrosococcus spp. In fact, these bacterial taxa are 
abundant and widespread in HMA sponges (see e.g., Busch et al., 2020), 
and are usually involved in the process of CO2 fixation (Jones and 
Morita, 1983; Zarzycki et al., 2009), but also participate in other central 
energy pathways, such as in the amino acid and fatty acid metabolism, 
respiration, tricarboxylic acid cycle, and pentose phosphate pathways 
(Klotz et al., 2006; Bayer et al., 2018). 

Another example of an enriched bacterial phylum in C. reniformis is 
Acidobacteria, which appears to dominate the bacterial community of 
various HMA sponges (Hardoim and Costa, 2014; O’Connor-Sánchez 
et al., 2014; Slaby et al., 2017). However, information on their coding 
potential and physiology is still very scarce, since most of its members 
cannot be cultured and, in most studies, they have only been identified 
by their 16S rRNA gene sequences (O’Connor-Sánchez et al., 2014). 
Based on the construction of metagenome-assembled genomes, Slaby 
et al. (2017) suggested that representatives of this phylum evolved so
phisticated mechanisms of defence against foreign DNA, since they 
present multiple restriction-modification and toxin-antitoxin systems, 
which are common attributes of obligate mutualists of marine sponges 
(Karimi et al., 2018). Future studies on Acidobacteria shall shed more 
light on the patterns of nutritional exchange between these symbionts 
and their sponge hosts. 

Pseudomonas, one of the most abundant genera in our C. reniformis 
samples, is also a bacterial taxon well known to be involved in denitri
fication processes, presenting a variety of denitrifying genes (Jin et al., 
2015; Feng and Li, 2019). In addition to various other microbial taxa, 
Pseudomonas spp. can also show high resistance to different TEs, being 
suggested as a suitable bioindicator for the monitoring of metal pollu
tion in the marine environment (Selvin et al., 2009; Bauvais et al., 
2015). 

Samples of C. reniformis collected in Faro showed detectable con
centrations of Hg, as also observed in the Mediterranean Sea (Perez 
et al., 2004; Roveta et al., 2020, 2022). This fact, along with the lack of 
variability in Hg content among samples of the same size, suggests this 
species as a potential bioindicator of Hg pollution. THg levels found in 
both cortex and choanosome were unequal, with higher concentrations 

Fig. 4. Mean total mercury content (THg) ( ± standard deviation) detected in the microbial cells pellet (“microbiome”) and the sponge fractions corresponding to the 
two body regions of Chondrosia reniformis. The different letters (a, b, c) indicate statistically significant differences in the THg content between groups (Dunn’s test, 
p < 0.05; Tukey’s test, p < 0.05). CrI = C. reniformis internal, referring to the choanosome; CrE = C. reniformis external, referring to the cortex. 
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in the internal region, as already observed in the same species collected 
in the Tuscan Archipelago (Italy) by Roveta et al. (2022). A differenti
ated distribution of metals was also detected in the sponge Sphecio
spongia vagabunda, in which high Fe, Ni and Zn were distributed in 
patches or spots (Padovan et al., 2012). The distribution of the TEs 
within the sponge body is, in fact, often heterogeneous (Batista et al., 
2014), and this phenomenon has been hypothesized to be correlated to 
different microbiota-mediated accumulation (Padovan et al., 2012), as 
demonstrated in other marine invertebrate taxa (i.e., ascidians) (Ueki 
et al., 2019). However, the THg concentrations found in C. reniformis 
microbiota extracted from the two body regions are similar, in line with 
the overall lack of differences found in the microbial community 
composition (see discussion above), suggesting that the same microbial 
species can accumulate Hg with the same rates. Therefore, in the 
considered sponge it is plausible that the higher Hg levels found in the 
internal region are not mediated by the microbiota. In fact, in 
C. reniformis, the water filtration takes place only in the choanosome, 
where choanocyte chambers are present (Bavestrello et al., 1988), and a 
polarization was seen in the incorporation of foreign matter, with the 
choanosome being not selective and able to incorporate every kind of 
material and compounds (Bavestrello et al., 1995, 1998a, 1998b; Cer
rano et al., 1999), probably including metals. 

Additionally, even though we cannot exclude the possibility that a 
residual portion of microorganisms are still present in the sponge frac
tions analysed for Hg content, the significantly lower Hg concentrations 
found in the microbial cell pellets suggest that alternative mechanisms 
might underlie the higher values observed in the sponge fractions. Since 
the method here applied allows to detect all the Hg present in the treated 
samples, Hg concentrations found in the sponge fraction can derive 
either from its cells, the extracellular matrix, or the collagen fibres. In 
fact, once metals enter in the sponge, they are generally bound by 
metallothioneins (i.e., cellular cysteine-rich metal-binding proteins), 
which can sequester metals and are involved in metal resistance and in 
the detoxification processes (Berthet et al., 2005; Roveta et al., 2021). 
Nonetheless, as demonstrated in the bath sponge Spongia officinalis, 
spongin fibres can present specific functional groups (e.g., C-C, C––C, 
C-OH, N-C––N, C-O-C, among others), able to bind Hg (see Domingues 
et al., 2021 for additional details), thus contributing to the bio
accumulation in the sponge. Therefore, considering the observed pattern 
of Hg distribution between the sponge and the microbial fractions, 
further studies on the actual histological location of Hg inside the sponge 
are needed to localize in which compartment C. reniformis stocks the 
metal. 

The detectable concentration of Hg found in the microbiota can 
suggest a possible participation, at some level, of the microbial com
munity in the bioaccumulation process. It is known that Pseudomonas 
and Alteromonas spp., isolated from the sponge Fasciospongia cavernosa, 
are resistant to Hg (Selvin et al., 2009), while, in different Brazilian 
sponges, various Bacillus and Pseudomonas strains presented the operon 
mer (A and B) in their genomes, which is involved in the mercury and 
methylmercury detoxification (Santos-Gandelman, 2014a, 2014b). Even 
though our study did not investigate the metal-resistance of microbes or 
the presence of the mer operon, all genera listed above are present in the 
prokaryotic community associated to C. reniformis. Therefore, our study 
lays the groundwork to further research on the possible involvement of 
the C. reniformis microbiome in Hg storage and detoxification, and to 
propose this species as a potentially suitable bioremediation tool in the 
Atlanto-Mediterranean area (Santos-Gandelman, 2014a, 2014b). 

The only other study investigating the presence of TEs in the asso
ciated microbiome of a marine sponge was conducted by Keren et al. 
(2017) on the tropical species Theonella swinhoei. However, while the 
C. reniformis microbial fraction displayed lower Hg concentrations 
compared to the sponge fraction, Keren et al. (2017) found significantly 
higher As and Ba concentrations in the filamentous bacterium Ento
theonella sp. (which dominates the microbiome of T. swinhoei) in com
parison with the sponge fraction, while levels in unicellular bacteria and 

sponge cell fractions were similar (Keren et al., 2017). It is challenging 
to interpret the different patterns found between our study and that of 
Keren et al. (2017), but a few considerations can be proposed: (1) the 
analysed sponges belong to different species, and concentration of TEs 
can vary between taxa, from phyla down to species of the same genus 
(Rainbow, 2002); (2) the two sponges display a completely different 
microbial community, which can participate differently in the accu
mulation of TEs (for instance, Entotheonella sp. and Cyanobacteria seem 
to play an important role in As and Ba mineralization within T. swinhoei, 
but do not rank as abundant symbionts in C. reniformis) (Ueki et al., 
2019); (3) different TEs were considered, and their bioaccumulation 
rates can vary depending on their nature (Simkiss and Taylor, 1995); (4) 
different protocols in the extraction of the microbiota were applied. 

To conclude, our study represents the first detailed structural 
description of the prokaryotic communities associated to the two body 
regions of C. reniformis, and the first investigating the Hg content in the 
microbiome of a marine sponge. Finally, this work not only improves our 
current knowledge of the associated prokaryotic community of 
C. reniformis, but also establishes a baseline for future studies to deepen 
our understanding of the involvement of the microbiome and other 
components of the sponge (sponge cells, sponge matrix, exoskeleton) in 
the bioaccumulation and detoxification of mercury. 
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Schupp, P.J., Vacelet, J., Webster, N., Hentschel, U., Taylor, M.W., 2012. Assessing 
the complex sponge microbiota: core, variable and species-specific bacterial 
communities in marine sponges. ISME J. 6 (3), 564–576. https://doi.org/10.1038/ 
ismej.2011.116. 

Selvin, J., Priya, S.S., Kiran, G.S., Thangavelu, T., Bai, N.S., 2009. Sponge-associated 
marine bacteria as indicators of heavy metal pollution. Microbiol. Res. 164 (3), 
352–363. https://doi.org/10.1016/j.micres.2007.05.005. 

Simkiss, K., Taylor, M.G., 1995. Transport of metals across membranes. In: Tessier, A., 
Turner, D. (Eds.), Metal Speciation and Bioavailability in Aquatic Systems. John 
Wiley & Sons Ltd, Chichester, UK, pp. 1–44. https://doi.org/10.1038/s43705-021- 
00007-1. 

Slaby, B.M., Hackl, T., Horn, H., Bayer, K., Hentschel, U., 2017. Metagenomic binning of 
a marine sponge microbiome reveals unity in defense but metabolic specialization. 
ISME J. 11 (11), 2465–2478. https://doi.org/10.1038/ismej.2017.101. 

Taylor, M.W., Radax, R., Steger, D., Wagner, M., 2007. Sponge-associated 
microorganisms: evolution, ecology, and biotechnological potential. Microbiol. Mol. 
Biol. Rev. 71 (2), 295–347. https://doi.org/10.1128/MMBR.00040-06. 

Thomas, T., Moitinho-Silva, L., Lurgi, M., Björk, J.R., Easson, C., Astudillo-García, C., 
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