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• M. galloprovincialis possesses microbiota
with speciﬁc declinations at the tissue
level.
• The digestive gland microbiota is
enriched in ﬁbrolytic SCFA producers.
• Gill and hemolymph microbiota are
dominated by aerobic marine microorganisms.
• By releasing gill microorganisms, mussel farms affect the surrounding water
ecosystems.
• M. galloprovincialis microbiota play a
role in different aspects of host
physiology.
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a b s t r a c t
In this study, we characterize the structural variation of the microbiota of Mytilus galloprovincialis at the tissue scale,
also exploring the connection with the microbial ecosystem of the surrounding water. Mussels were sampled within
a farm located in the North-Western Adriatic Sea and microbiota composition was analyzed in gills, hemolymph, digestive glands, stomach and foot by Next Generation Sequencing marker gene approach. Mussels showed a distinctive microbiota structure, with speciﬁc declinations at the tissue level. Indeed, each tissue is characterized by a
distinct pattern of dominant families, reﬂecting a peculiar adaptation to the respective tissue niche. For instance,
the microbiota of the digestive gland is characterized by Ruminococcaceae and Lachnospiraceae, being shaped to ferment complex polysaccharides of dietary origin into short-chain fatty acids, well matching the general asset of the
animal gut microbiota. Conversely, the gill and hemolymph ecosystems are dominated by marine microorganisms
with aerobic oxidative metabolism, consistent with the role played by these tissues as an interface with the external
environment. Our ﬁndings highlight the putative importance of mussel microbiota for different aspects of host physiology, with ultimate repercussions on mussel health and productivity.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
⁎ Corresponding authors.
E-mail addresses: silvia.franzellitti@unibo.it (S. Franzellitti), marco.candela@unibo.it
(M. Candela).

Mediterranean mussels (Mytilus galloprovincialis) (Lamarck,
1819), like other bivalve mollusks, are key ecosystem engineers
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through their attachment to the substrate in dense mono- and multilayered beds. Alongside their ecological importance, mussels have a
relevant economic value as a species of interest in aquaculture and,
at the same time, have long been employed in the biomonitoring of
environmental quality in coastal areas (Faggio et al., 2018;
Capolupo et al., 2017; Carella et al., 2018; Moschino et al., 2016). Indeed, their powerful ﬁlter feeding activity links them to the surrounding environment, allowing to ﬁlter large volumes of water,
while concentrating different types of waterborne or particulate pollutants as well as microorganisms (Gagné et al., 2019; Pagano et al.,
2016; Neori et al., 2004).
Up to now, most of the microbiological studies on mussels focused on the identiﬁcation of pathogenic bacteria with deleterious
health effects (Erol et al., 2016; Richards et al., 2010; DaczkowskaKozon et al., 2010). However, marine organisms, including mussels,
can be described as holobionts, given their life-long association
with host-selected symbiont microbial communities known as microbiota (Pita et al., 2018; Glasl et al., 2016). These symbionts can
endow the host with a set of probiotic functions (i.e. defense against
pathogens, immunological regulation and improved nutritional efﬁciency), supporting homeostasis and health (O'Brien et al., 2019;
Rausch et al., 2019; Simon et al., 2019). Consequently, the mussel microbiota should be considered as an integral component of the host
physiology. However, to the best of our knowledge, only few and
fragmentary studies aimed at the description of the mussel microbiota have been performed (Li et al., 2019; Vezzulli et al., 2018;
Cappello et al., 2015; Kamada et al., 2013) and the resulting knowledge is still fragmentary.
The North-Western Adriatic Sea is characterized by a combination of shallow waters, restricted circulation and high riverine inputs (mainly through the Po river outﬂow) (Marini et al., 2008).
These features affect its coastal areas that result as one of the
most eutrophic environment and most productive area in the Mediterranean. Indeed, such conditions promote intense mussel farming, which is the prominent aquaculture activity in the area
(Minarelli et al., 2018; Brigolin et al., 2017). Based on these considerations, mussel farms located in the North-Western Adriatic Sea
are excellent ﬁeld laboratories to explore the connection between
the health and productivity of farmed mussels and the environmental quality. In an attempt to shed some light on the mussel microbiota structure and ecophysiology, here we applied a NextGeneration Sequencing (NGS) marker gene approach for the characterization of the symbiont microbial ecosystems of M.
galloprovincialis collected from a mussel farm in the NorthWestern Adriatic Sea (Cesenatico, Italy). In particular, since recent
studies carried out on the Manila clam (Ruditapes philippinarum)
and the Paciﬁc oyster (Crassostrea gigas) highlighted the existence
of bivalve tissue-speciﬁc microbiota (Pathirana et al., 2019;
Meisterhans et al., 2016; Lokmer et al., 2016), we explored the putative variation of M. galloprovincialis microbiota at the tissue scale.
Hemolymph, gills, stomach and digestive gland are all important
biological barriers between the animal and the environment, as
well as sites for immunity, metabolism and detoxiﬁcation (Freitas
et al., 2019; Pagano et al., 2017; Franzellitti et al., 2016; Izagirre
and Marigomez, 2009); hence, they host key functions for the
mussel physiology. Thus, the dissection of microbiome speciﬁc variations at these tissues can provide a comprehensive vision of the
putative role of microbiota in the host physiology. Seawater samples collected around the mussel farm and 3 miles away were
also analyzed for microbiota composition. By characterizing the
symbiont microbiota of M. galloprovincialis at the tissue scale and
its connection with the microbiota of surrounding water, we aim
at providing the basic knowledge for further, applied studies,
with the purpose of unravelling the role of microbiota in bivalve
health and productivity, possibly in relation to anthropic pressure
and environmental pollution.

2. Materials and methods
2.1. Sampling and sample preparation
Mussel (M. galloprovincialis Lam.) sampling was carried out in April
2019 (spring season) in a farm located in Cesenatico, Italy (position:
44°09′04″N 12°32′60″E), by professional ﬁshermen of the “Cooperativa
Promoittica” (Cesenatico, Italy). The location is approved for direct commercialization of mussels (European legislation 91–492-EEC) and it is
sited within an area routinely monitored by the Regional Agency for
Prevention, Environment and Energy of Emilia-Romagna, Italy (ARPAER) to assess the status of the marine ecosystem and seawater quality
(https://www.arpae.it). Twenty-ﬁve mussels of commercial size
(5–7 cm in length) were collected and immediately stored in coolers
(+4 °C) to be transferred within a few hours to the laboratory. In the
laboratory, the mussels were cleaned and gently washed and then dissected under sterile conditions.
Speciﬁcally, for each animal, hemolymph was taken from the posterior adductor muscle using a sterile 1-ml syringe and transferred to a
sterile tube. A 100-μl aliquot was employed to assess the health status
of the animals through the evaluation of lysosomal membrane stability
(LMS) on mussel hemocyte cells, according to Buratti et al. (2013). LMS
was employed in these preliminary assessments as it is a proven sensitive and reliable biomarker of general health status in bivalves
(Viarengo et al., 2007). The digestive gland, foot, gill and stomach
were dissected from each individual as well, snap-frozen in liquid nitrogen, and stored at −80 °C along with hemolymph until analysis.
Two liters of seawater were collected at a depth of 3 m near the mussel farm (position: 44°9′04″N 12°32′60″E), as well as 3 miles away from
the collection site (44°5′53″N 12°35′28″E) (Fig. S1). Seawater samples
were stored in coolers (+4 °C) during transport to the laboratory and
then immediately processed. A summary of the samples, sample size
and handling methods is reported in Table S1.
2.2. Microbial DNA extraction
Total microbial DNA was extracted from approximately 20–30 mg of
the digestive gland, foot, gill and stomach, and from 200 μl of hemolymph, using the DNeasy PowerSoil kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions with only minor
adjustments in the homogenization step. Speciﬁcally, all samples were
homogenized using the FastPrep instrument (MP Biomedicals, Irvine,
CA) at 6 movements per s for 1 min. The elution step was repeated
twice in 50 μl, incubating the columns for 5 min at 4 °C before centrifugation. DNA samples were stored at −20 °C for subsequent processing.
Seawater samples were ﬁltered on 0.45-μm pore size MF-Millipore
membrane ﬁlters using a vacuum pump. Total microbial DNA was extracted from membrane ﬁlters using the DNeasy PowerWater kit
(Qiagen) according to the manufacturer's protocol.
2.3. PCR ampliﬁcation and sequencing
The V3–V4 hypervariable region of the 16S rRNA gene was PCRampliﬁed using the 341F and 785R primers with added Illumina adapter
overhang sequences, as previously described in Barone et al., 2019. The
PCR program used was as follows: 95 °C for 3 min as initial denaturation,
then 30 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for
30 s and elongation at 72 °C for 30 s, and 5 min at 72 °C for the ﬁnal elongation. PCR reactions were puriﬁed with Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, CA). Indexed libraries were
prepared by limited-cycle PCR, using the Nextera technology (Illumina,
San Diego, CA). After a further clean up step as described above, libraries
were normalized to 4 nM and pooled. The sample pool was denatured
with 0.2 N NaOH and diluted to a ﬁnal concentration of 6 pM with a
20% PhiX control. Sequencing was performed on an Illumina MiSeq platform using a 2 × 250 bp paired-end protocol, according to the
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manufacturer's instructions. Sequencing reads were deposited in SRANCBI (project number PRJNA604916, mussel samples from
SAMN14002069 to SAMN14002182, seawater samples from
SAMN14002225 to SAMN14002231).
2.4. Bioinformatics and statistics
Raw sequences were processed using a pipeline combining
PANDAseq (Masella et al., 2012) and QIIME 2 (Bolyen et al., 2019;
https://qiime2.org). High-quality reads were clustered into amplicon
sequence variants (ASVs) using DADA2 (Callahan et al., 2016). Taxonomy was assigned using the VSEARCH classiﬁer (Rognes et al., 2016)
and the SILVA database as a reference (Quast et al., 2013). Unassigned
sequences and those assigned to eukaryotes (i.e. chloroplasts and mitochondrial ones) were discarded.
Alpha rarefaction was performed using Faith's Phylogenetic Diversity (PD whole tree). A trade-off rarefaction value of 1900 reads per
sample was chosen to capture the extent of diversity in our data. Beta
diversity was estimated by computing weighted and unweighted
UniFrac distances.
All statistical analysis was performed using R version 3.5.1 (https://
www.r-project.org/). Unweighted UniFrac distances were plotted
using the vegan package, and the signiﬁcance of data separation in the
principal coordinates analysis (PCoA) was tested using a permutation
test with pseudo-F ratios (function adonis in the vegan package).
Alpha diversity was evaluated using two different metrics: Simpson
Index (complement) and observed ASVs. Between-tissue differences
for alpha diversity were assessed by Wilcoxon test. P-values were adjusted for multiple comparisons using the false discovery rate (FDR)
(function p.adjust in the stats package), and a P-value ≤ .05 was considered as statistically signiﬁcant. Representative sequences of taxa of interest were aligned to the 16S Microbial NCBI database (release
September 2019) with BLASTn (version 2.9.0), considering at least
80% of sequences identity. Metagenome prediction of SILVA-picked
ASVs was performed with PICRUSt2 (Barbera et al., 2019; Czech and
Stamatakis, 2019; Douglas et al., 2019; Louca and Doebeli, 2018; Ye
and Doak, 2009), using Metacyc (Caspi et al., 2018) as reference for
pathway annotation and a NSTI threshold of 2. Over- abundant pathways in the different mussel organs and seawater were obtained in
pairwise Wald tests, as implemented in DESeq2 package (Love et al.,
2014). Over-abundant pathways with Bonferroni corrected P-value
≤.05 and an absolute (log2 fold change) ≥ 2 were retained. Sample clustering was performed accordingly to the pathways abundance proﬁles,
adopting Kendall's correlation coefﬁcients as metric and Ward-linkage
method.
3. Results
3.1. NGS-based proﬁling of M. galloprovincialis microbiota and the surrounding seawater
A total of 121 samples (25 digestive glands, 25 gills, 21 stomachs,
25 feet, 18 hemolymph samples and 7 seawater samples) were analyzed (Table S1). For each sample, the microbiota structure was proﬁled
by NGS of the V3–V4 hypervariable region of the 16S rRNA gene. A total
of 5,621,255 paired-end sequences passed quality ﬁltering (mean per
sample ± SD, 46456 ± 68,116). High-quality reads were clustered
into 18,787 ASVs (8532 ± 4634).
The overall composition of the M. galloprovincialis microbiota is reported in Fig. 1A. The phyla Proteobacteria (mean relative abundance
(r.a.) ± SD, 44.8% ± 27.2%), Firmicutes (18.5% ± 20.2%) and
Bacteroidetes (14.8% ± 12.8%) dominated the ecosystem. Spirochaetes,
Verrucomicrobia, Actinobacteria, Tenericutes, Planctomycetes,
Cyanobacteria, Fusobacteria, Chloroﬂexi and Chlamydiae were subdominant components, with a mean r.a. of about 5%. At the family level, the
most represented taxa were an unclassiﬁed family of the
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Alteromonadales order (10.7 ± 21.6%) and Flavobacteriaceae (8.8% ±
9.6%) (Fig. 1B). Spirochaetaceae, Ruminococcaceae, Lachnospiraceae,
Bacillaceae, Vibrionaceae, Verrucomicrobiaceae, Hahellaceae and
Rhodobacteraceae were subdominant families, showing a mean r.a.
ranging from 3% to 5%. Consistently, among the dominant genera we reported unclassiﬁed taxa of Alteromonadales (10.6% ± 21.4%) and
Flavobacteriaceae (5.4% ± 6.3%). Spirochaeta 2, Bacillus, Vibrio,
Endozoicomonas, an unclassiﬁed genus of Verrucomicrobiaceae and Mycoplasma were all subdominant genera with mean r.a. between 3%
and 5% (Fig. 1C).
As for seawater, Proteobacteria (68.6 ± 8.4%) and Bacteroidetes
(14.8% ± 3.2%) were the dominant phyla (Fig. 1A), with Actinobacteria,
Verrucomicrobia and Planctomycetes being subdominant components
(mean r.a., 5%). The most represented families were
Pseudoalteromonadaceae (11.6% ± 8.6%), Flavobacteriaceae (11.0% ±
4.3%) Vibrionaceae (9.3% ± 9.2%), Rhodobacteraceae (8.8% ± 4.0%) and
Halieaceae (6.1% ± 5.9%). Microbacteriaceae, FamilyI of Cyanobacteria,
Campylobacteraceae, Planctomycetaceae, and Verrucomicrobiaceae were
subdominant components, with a mean r.a. ranging from 2% to 5%
(Fig. 1B). At the genus level, Pseudoalteromonas (11.7% ± 8.4%), Vibrio
(9.0% ± 8.7%), and unknown genera belonging to the Rhodobacteraceae
(7.5% ± 4.8%) and Halieaceae families (6% ± 6.6%) were the dominant
taxa. Among the subdominant ones, Synechococcus, Arcobacter and an
unclassiﬁed genus of Verrucomicrobiaceae were present, all showing average r.a. between 2% and 3% (Fig. 1C).
3.2. Tissue-speciﬁc composition of M. galloprovincialis microbial
ecosystems
To explore peculiarities of microbiota composition in the different
tissues of M. galloprovincialis, an unweighted UniFrac-based PCoA of
the compositional proﬁles of mussel samples, as well as of seawater,
was carried out. As expected, the seawater samples clustered apart
from all mussel organs (Fig. 2A) and the mussel samples signiﬁcantly
segregated according to the tissue type (permutation test with
pseudo-F ratios, P-value ≤.001). To assess the degree of microbiota variation between tissues, pairwise adonis permutation tests were performed (Table S2). Even if showing overall low R2 values, all betweentissue comparisons of the microbiota structure were found to be significant (P-value ≤.03), highlighting the high level of organ speciﬁcity of
mussel microbiota (Fig. 2A).
With regard to alpha diversity, no signiﬁcant differences in species
richness were found among the seawater and mussel ecosystems. However, the gill microbiota showed lower evenness (calculated as Simpson
index- complement) than that of the digestive gland and stomach
(Wilcoxon test, P-value b.03).
For what concerns the compositional structure, the microbiota from
each organ showed a speciﬁc layout of dominant families (Fig. 3). In particular, Ruminococcaceae (mean r.a. ± SD, 14% ± 14%) and
Lachnospiraceae (10% ± 13.2%) dominated the digestive gland microbial
ecosystem. Spirochaetaceae were dominant in the foot (2% ± 26%),
while an unclassiﬁed family of the Alteromonadales order (43% ±
25%) and Hahellaceae (11% ± 9.6%) dominated the gills,
Mycoplasmataceae (15% ± 18%) the stomach and Flavobacteriaceae
(19% ± 11.2%) the hemolymph (Fig. 3). The relative abundance of the
most represented families in all Mediterranean mussel organs and seawater is provided in Table S3.
3.3. Impact of mussel farming on the microbiota composition of the surrounding seawater
Intending to assess the impact of mussel farming on the surrounding
seawater, we compared the microbiota composition between 6 seawater samples collected close to the mussel farm and a sample collected
3 miles away from the farm as a control (Fig. S1).
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Fig. 1. The whole Mytilus galloprovincialis and seawater microbiota. Pie charts summarizing the phylum- (A), family- (B) and genus-level (C) microbiota composition of Mediterranean
mussels and seawater. Only phyla with relative abundance ≥1% in at least 10% of samples, families with relative abundance ≥1.5% in at least 10% of samples and genera with relative
abundance ≥2% in at least 10% of samples are represented.

As shown in Fig. S2, we noticed a variation in the family-level relative abundance proﬁles between the seawater surrounding the mussel
farm and the control water. In particular, the families
Pseudoalteromonadaceae and Verrucomicrobiaceae showed greater relative abundance in the seawater surrounding the mussel farm than in the
control water (mean r.a. ± SD, 13.4% ± 7.9% vs. 1%, and 1.9% ± 1.7% vs.
0%, respectively), while Halieaceae was more represented in the control
water (r.a., 10.9% vs. seawater near the farm, 5.3% ± 6.4%).
Interestingly, the family Vibrionaceae, which includes several species
known as opportunistic and potential pathogens of marine organisms
(Baker-Austin et al., 2018; Le Roux et al., 2015), was also more represented in the seawater surrounding the mussel farm (10.6% ± 9.3%)
than in the control water (1.5%). In order to identify the Vibrionaceaerelated ASVs down to species level, their sequences were mapped
onto the 16S Microbial NCBI database. The best hit was Vibrio splendidus
(N80% identity), a well-known potential pathogen.

was also obtained. The clustering analysis indicated for seawater a distinguished functional proﬁle, characterized by the enrichment in pathways involved in nitrogen cycle (i.e. L-histidine degradation II and
nitrate reduction VI) and in the degradation of the aromatic compound
gallate. Although sharing several functionalities with the seawater
microbiome, hemolymph was characterized by the over-abundance of
pathways involved in sulfur metabolism (i.e. super-pathway of
sulfolactate degradation), in the regulation of osmolarity (i.e. superpathway of taurine degradation and glycine betaine degradation
I) and in the degradation of aromatic compounds (i.e. protocatechuate
degradation II). Conversely, gills microbiome showed an enrichment
in pathways involved in the respiratory electron transport (i.e. quinol
and quinone biosynthesis). Notably, the digestive gland and the stomach microbiomes were both characterized by pathways involved in fermentation (i.e. pyruvate fermentation to acetate and lactate II and
heterolactic fermentation) and in the degradation of several aromatic
compounds (i.e. catechol, nicotinate, salicylate and toluene).

3.4. Predicted functional proﬁling of M. galloprovincialis and seawater
microbiomes.

4. Discussion

To gain insight into the peculiar functional variations of the microbiota in the different M. galloprovincialis organs/tissues, as well as in the
seawater, correspondent metagenomes were inferred from the phylogenetic proﬁles using PICRUSt2. A differential abundance analysis was
carried out, resulting in 94 Metacyc pathways being signiﬁcantly overabundant in at least one mussel organ or seawater metagenome (Supplementary Table S4). Samples were then clustered according to the
abundance proﬁle of the 94 over-abundant pathways (Fig. 4). Even if a
certain level of dispersions was maintained, samples showed an overall
tendency towards the segregation between water, gills and hemolymph. A cluster including stomach, digestive glands and foot samples

In the present study, we characterized the Mediterranean mussel
microbiota, also exploring its structural variation at the tissue scale
and the connection with the microbial ecosystem of the surrounding
seawater. According to our ﬁndings, the mussel microbiota was well differentiated from that of seawater. Indeed, at the phylum level the mussel microbiota was dominated by Proteobacteria, Firmicutes and
Bacteroidetes, while that of seawater showed only Proteobacteria and
Bacteroidetes as dominant phyla. However, it is at lower phylogenetic
levels that the differences between the animal and seawater ecosystems
were more evident. While showing a similar pattern of dominant families, which mainly encompasses microorganisms of marine origin, such
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Fig. 2. Alpha and beta diversity of M. galloprovincialis tissue and seawater microbiota. (A) PCoA based on unweighted UniFrac distances between the microbiota structures of the samples
taken from each organ of M. galloprovincialis and seawater. Samples are signiﬁcantly separated (permutation test with pseudo-F ratios, P-value ≤.001). (B) Box and whiskers plots showing
the alpha diversity values, measured as amplicon sequence variants (ASVs) and Simpson index- complement. *, P-value ≤.05, Wilcoxon test. The color legend is depicted at the top-right of
the plot in panel A.

as Flavobacteriaceae, Alteromonadales and Rhodobacteriaceae, the subdominant fraction of the mussel and seawater ecosystems was remarkably different. Unlike seawater, which was characterized by a vast
diversity of marine taxa, the mussel microbiota included well-known
animal microbial commensals, such as Ruminococcaceae,
Lachnospiraceae and Bacillaceae, and possibly opportunistic microorganism such as members of the family Spirochaetaceae. The inferred
metagenomics also highlights an overall distinct functional proﬁle between the seawater and the mussel microbiomes. While seawater was
characterized by functions involved in sulfur and nitrogen cycling, the
mussel ecosystems are enriched in genes involved in carbohydrates oxidation or fermentation, with speciﬁc variations depending on the tissue. Taken together, these data may indicate the propensity of mussels
to select and retain microorganisms with animal tropism, such as symbiotic microbial partners. A similar behavior was recently reported for
the sea cucumber, Holothuria glaberrima (Pagán-Jiménez et al., 2019),
in which the presence of Ruminococcaceae and Lachnospiraceae in the
gut was suggested to inﬂuence the gastrointestinal metabolism of the
host, as well demonstrated in terrestrial animals.
To better dissect the possible contribution of the mussel microbiota
to the host physiology, we explored its variation at the tissue scale. Interestingly, although showing an overall comparable biodiversity, the
microbiota of each tissue was characterized by a speciﬁc pattern of
dominant families, suggesting a peculiar ecological propensity. For instance, being dominated by Ruminococcaceae and Lachnospiraceae, the
digestive gland microbiota was conﬁgured as an anaerobic ecosystem
enriched in commensal microorganisms capable of fermenting complex
polysaccharides to short-chain fatty acids (SCFAs), well matching the
general asset of animal gut microbiota (Muegge et al., 2011). Indeed,
the digestive gland is the main site for the digestive, metabolic, and detoxiﬁcation functions of mussels. These physiological activities may

contribute to the establishment of suitable conditions to promote anaerobic bacteria capable of producing SCFAs through the fermentation
of dietary ﬁbers (Saltzman et al., 2017), such as cellulose and hemicellulose (La Reau et al., 2016), which are commonly found in bivalve food, as
dinoﬂagellate algae (Arapov et al., 2010; Rouillon et al., 2005). Further
supporting this considerations, a recent study showed that an α-D-glucan (MP-A) polysaccharide isolated from the mussel Mytilus coruscus affects the gut microbiota composition in Sprague Dawley rats fed with a
high-fat diet, promoting SCFA production and alleviating the deleterious effects of the diet (Wu et al., 2019). Similarly, the stomach and
foot microbiota were dominated by anaerobic microorganisms with animal tropism, especially Spirochaetaceae and Mycoplasmataceae. These
microorganisms are generally considered as opportunistic rather than
commensal, at least in mammalian hosts (Hampson and Ahmed,
2009; Waites and Talkington, 2004). However, according to van de
Water et al. (2016), Spirochaetes members may act as symbionts in
mollusks. Gills and hemolymph microbiota showed a completely different ecological structure compared to the other tissues, being dominated
by aerobes of marine origin, such as Alteromonadales and Hahellaceae
(gill), and Flavobacteriaceae (hemolymph). These ﬁndings well agree
with the common role of the tissues as a primary biological barrier between the animal and the external environment, being in direct contact
with the surrounding seawater. Therefore, their microbial composition
most likely reﬂects the conditions imposed by the external environment, as observed in previous studies (Brito et al., 2018). On the other
hand, gills and hemolymph may also exert an active role in the selection
of microbial symbionts composing the microbiota of internal tissues (i.e.
digestive gland and stomach), by means of ﬁltering activity (gill), or immune recognition and phagocytosis operated by hemocytes and translocation to other organs/animal districts (hemolymph) (Ikuta et al.,
2019; Burgos-Aceves and Faggio, 2017). Inferred metagenomes at the
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Fig. 3. The tissue-speciﬁc M. galloprovincialis microbiota composition at the family level. Pie charts summarizing the family-level microbiota composition of the digestive gland, foot, gill,
stomach and hemolymph of M. galloprovincialis. Only bacterial families with a relative abundance of ≥1.5% in at least 10% of samples are represented.

tissue scale conﬁrmed the hypothesized metabolic propensities of the
corresponding microbiota. Indeed, according to our ﬁndings, the gills
ecosystem was characterized by functions involved in oxidative respiration, while the stomach and, particularly, the digestive gland, were
over-abundant in functions related to the fermentation of polysaccharides and the degradation of aromatic compounds. These speciﬁcities
of mussel microbiota at the tissue scale were robust to inter-individual
variability. This suggests that the main determinant of the mussel microbiota variation is the niche-speciﬁcity rather than the individual differences. The same behavior was observed for mammals, where the
structure of symbiont microbial ecosystems segregates according to
the body district (Integrative HMP-iHMP- Research Network Consortium, 2014).
Finally, we explored the impact of mussel farming on the microbiota
of the surrounding water. Compared to the control seawater (i.e. water
collected 3 miles away from the mussel farm), seawater collected close
to the farm was enriched in Pseudoalteromonadaceae,
Verrucomicrobiaceae and Vibrionaceae, while being depleted in
Halieaceae. This data emphasizes the potential of mussel farming to directly affect microbial ecology of seawater by releasing microorganisms
that characterize the gill (i.e. Vibrionaceae and Pseudoalteromonadaceae)
and hemolymph (i.e. Verrucomicrobiaceae), while retaining Halieaceae
in the mussel microbiota. These ﬁndings further stress the close contact
between gill/hemolymph and the external environment, as well as the
function displayed by both tissues as the main route for tissue uptake

of waterborne compounds and particulate material (including
microorganisms).
5. Conclusions
Our study provides the ﬁrst integrative description of the mussel microbiota variation at the tissue scale. According to our ﬁndings, mussels
possess a characteristic microbiota, well differentiated from the seawater micro-ecosystem, with robust compositional variations at the organ
level. Indeed, while gill and hemolymph ecosystems are generally dominated by aerobic marine microorganisms, foot, stomach and digestive
gland microbiota are characterized by anaerobes with tropism for animal tissues. In particular, being dominated by Ruminococcaceae and
Lachnospiraceae, the microbiota of the digestive gland appears to be
well structured for the production of SCFAs from complex polysaccharides. As health-promoting bioactive small molecules (Turroni et al.,
2017), SCFAs may be effective in modulating the host metabolic and immunological layout (Hu et al., 2018; Ikeda-Ohtsubo et al., 2018), providing the mussel holobiont with important probiotic functions, including
immune stimulation and cell signaling. Our ﬁndings promote further research to better understand the role of mussel microbiota in different
aspects of host physiology. In particular, by means of shotgun
metagenomics more information could be provided on the mussel
microbiome structure also in response to environmental and anthropic
stressors, to highlight the ultimate impact on health and productivity.
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Fig. 4. Hierarchical clustering of the inferred metagenomes from the different tissue of M. galloprovincialis and seawater. The heatmap shows Ward-linkage clustering based on the Kendall
correlation coefﬁcients of the sample abundances proﬁle of the 94 over-abundant pathways (Wald test logarithmic fold change of 2, P-value ≤.05). Samples are shown column-wise and
colored by tissues. Metabolic pathways, named from the Metacyc database, are reported on the rows.

Likewise, the temporal dynamics of mussel microbiota in the different
organs need to be described, to dissect the key time windows and developmental stages for the microbiota establishment.
Declaration of competing interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.

Fishery and Biological Resources (FishMed) (University of Bologna,
Italy), and of R. Wathsala at the PhD course of Earth, Life, and Environmental Science (University of Bologna, Italy). We would like to thank
Gianni Fiori – Yacht club Viserba (Rimini, Italy) - for his kind support
in the collection of seawater samples.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.137209.

Acknowledgements
This work was supported by the “Controlling Microbiomes Circulations for Better Food Systems” (CIRCLES) project, funded by the
European Union's Horizon 2020 research and innovation program under grant agreement no. 818290. This study represents partial fulﬁlment
of the requirements for a PhD. thesis of M. Musella at the PhD course of
Innovative Technologies and Sustainable Use of Mediterranean Sea

References
Arapov, J., Bali, D.E., Peharda, M., Gladan, N., 2010. Bivalve feeding — how and what they
eat? Croat. J. Fish. 68, 105–116.
Baker-Austin, C., Oliver, J.D., Alam, M., Ali, A., Waldor, M.K., Qadri, F., et al., 2018. Vibrio
spp. infections. Nat. Rev. Dis. Primers 4, 8. https://doi.org/10.1038/s41572-0180010-y.

8

M. Musella et al. / Science of the Total Environment 717 (2020) 137209

Barbera, P., Kozlov, A.M., Czech, L., Morel, B., Darriba, D., Flouri, T., Stamatakis, A., 2019.
EPA-ng: massively parallel evolutionary placement of genetic sequences. Syst. Biol.
68 (2), 365–369. https://doi.org/10.1093/sysbio/syy054.
Barone, M., Turroni, S., Rampelli, S., Soverini, M., D’Amico, F., Biagi, E., et al., 2019. Gut
microbiome response to a modern Paleolithic diet in a Western lifestyle context.
PLoS One 14 (8), e0220619. https://doi.org/10.1371/journal.pone.0220619.
Bolyen, E., Rideout, J.R., Dillon, M.R., et al., 2019. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857.
https://doi.org/10.1038/s41587-019-0209-9.
Brigolin, D., Porporato, E.M.D., Prioli, G., Pastres, R., 2017. Making space for shellﬁsh farming along the adriatic coast. ICES J. Mar. Sci. 74, 1540–1551. https://doi.org/10.1093/
icesjms/fsx018.
Brito, T.L., Campos, A.B., Bastiaan von Meijenfeldt, F.A., Daniel, J.P., Ribeiro, G.B., Silva,
G.G.Z., et al., 2018. The gill-associated microbiome is the main source of wood plant
polysaccharide hydrolases and secondary metabolite gene clusters in the mangrove
shipworm Neoteredo reynei. PLoS One 13, e0200437. https://doi.org/10.1371/journal.pone.0200437.
Buratti, S., Franzellitti, S., Poletti, R., Ceredi, A., Montanari, G., Capuzzo, A., et al., 2013. Bioaccumulation of algal toxins and changes in physiological parameters in Mediterranean mussels from the North Adriatic Sea (Italy). Environ. Toxicol. 28, 451–470.
Burgos-Aceves, M.A., Faggio, C., 2017. An approach to the study of the immunity functions
of bivalve haemocytes: physiology and molecular aspects. Fish Shellﬁsh Immunol 16
(67), 513–517. https://doi.org/10.1016/j.fsi.2017.06.042.
Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J., Holmes, S.P., 2016.
DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods
13, 581–583. https://doi.org/10.1038/nmeth.3869.
Capolupo, M., Franzellitti, S., Kiwan, A., Valbonesi, P., Dinelli, E., Pignotti, E., et al., 2017. A
comprehensive evaluation of the environmental quality of a coastal lagoon (Ravenna,
Italy): integrating chemical and physiological analyses in mussels as a biomonitoring
strategy. Sci. Total Environ. 598, 146–159.
Cappello, S., Volta, A., Santisi, S., Genovese, L., Maricchiolo, G., 2015. Study of bacterial
communities in mussel Mytilus galloprovincialis (Bivalvia: Mytilidae) by a combination of 16S crDNA and 16S rDNA sequencing. JSM Microbiol 3, 1016.
Carella, F., Aceto, S., Mangoni, O., Mollica, M.P., Cavaliere, G., Trinchese, G., et al., 2018. Assessment of the health status of mussels Mytilus galloprovincialis along the Campania
coastal areas: a multidisciplinary approach. Front. Physiol. 9, 683. https://doi.org/
10.3389/fphys.2018.00683.
Caspi, R., Billington, R., Fulcher, C.A., Keseler, I.M., Kothari, A., Krummenacker, M.,
Latendresse, M., Midford, P.E., Ong, Q., Ong, W.K., Paley, S., Subhraveti, P., Karp, P.D.,
2018. The MetaCyc database of metabolic pathways and enzymes. Nucleic Acids
Res. 46, D633–D639. https://doi.org/10.1093/nar/gkx935.
Czech, L., Stamatakis, A., 2019. Scalable methods for analyzing and visualizing phylogenetic placement of metagenomic samples. PLoS One 14 (5), e0217050. https://doi.
org/10.1371/journal.pone.0217050.
Daczkowska-Kozon, E.G., Dabworski, W., Bernardczyk-Drag, A., Szymczak, B., 2010. Safety
aspects of seafood. Environmental Effects on Seafood Availability, Safety, and Quality.
CRC Press, Florida (USA), p. 129.
Douglas, G.M., Maffei, V.J., Zaneveld, J., Yurgel, S.N., Brown, J.R., Taylor, C.M., Huttenhower,
C., Langille, M.G.I., 2019. PICRUSt2: An improved and extensible approach for
metagenome inference. bioRxiv, 672295 [Preprint].
Douglas, G.M., Maffei, V.J., Zaneveld, J., Yurgel, S.N., Brown, J.R., Taylor, C.M., Huttenhower,
C., Langille, M.G.I., 2019. PICRUSt2: An improved and extensible approach for
metagenome inference. bioRxiv 672295 [Preprint].
Faggio, C., Tsarpali, V., Dailianis, S., 2018. Mussel digestive gland as a model for assessing
xenobiotics: an overview. Science of the Total Environmental 613, 220–229. https://
doi.org/10.1016/j.scitotenv.2018.04.264.
Franzellitti, S., Striano, T., Valbonesi, P., Fabbri, E., 2016. Insights into the regulation of the
MXR response in haemocytes of the Mediterranean mussel (Mytilus galloprovincialis).
Fish Shellﬁsh Immunol 58, 349–358.
Freitas, R., Silvestro, S., Coppola, F., Meucci, V., Battaglia, F., Intorre, L., Soares, A.M.V.M.,
Pretti, C., Faggio, C., 2019. Biochemical and physiological responses induced in
Mytilus galloprovincialis after a chronic exposure to salicylic acid. Aquat. Toxicol.
https://doi.org/10.1016/j.aquatox.2019.105258.
Gagné, F., Auclair, J., Turcotte, P., Gagnon, C., Peyrot, C., Wilkinson, K., 2019. The inﬂuence
of surface waters on the bioavailability and toxicity of zinc oxide nanoparticles in
freshwater mussels. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 219, 1–11.
https://doi.org/10.1016/j.cbpc.2019.01.005.
Glasl, B., Herndl, G.J., Frade, P.R., 2016. The microbiome of coral surface mucus has a key
role in mediating holobiont health and survival upon disturbance. ISME J 10,
2280–2292. https://doi.org/10.1038/ismej.2016.9.
Hampson, D.J., Ahmed, N., 2009. Spirochaetes as intestinal pathogens: lessons from a
Brachyspira genome. Gut Pathog 1 (1), 10. https://doi.org/10.1186/1757-4749-1-10.
Hu, Z., Chen, X., Chang, J., Yu, J., Tong, Q., Li, S., et al., 2018. Compositional and predicted
functional analysis of the gut microbiota of Radix auricularia (Linnaeus) via highthroughput Illumina sequencing. PeerJ 6, e5537. https://doi.org/10.7717/peerj.5537.
Ikeda-Ohtsubo, W., Brugman, S., Warden, C.H., Rebel, J.M.J., Folkerts, G., Pieterse, C.M.J.,
2018. How can we deﬁne “optimal microbiota?”: a comparative review of structure
and functions of microbiota of animals, ﬁsh, and plants in agriculture. Front. Nutr.
5, 90. https://doi.org/10.3389/fnut.2018.00090.
Ikuta, T., Tame, A., Saito, M., Aoki, Y., Nagai, Y., Sugimura, M., et al., 2019. Identiﬁcation of
cells expressing two peptidoglycan recognition proteins in the gill of the vent mussel,
Bathymodiolus septemdierum. Fish Shellﬁsh Immunol 93, 815–822. https://doi.org/
10.1016/j.fsi.2019.08.022.
Integrative HMP (iHMP) Research Network Consortium, 2014. The integrative human
microbiome project: dynamic analysis of microbiome-host omics proﬁles during

periods of human health and disease. Cell Host Microbe 16, 276–289. https://doi.
org/10.1016/j.chom.2014.08.014.
Izagirre, U., Marigomez, I., 2009. Lysosomal enlargement and lysosomal membrane
destabilisation in mussel digestive cells measured by an integrative index. Environ.
Pollut. 157, 1544–1553. https://doi.org/10.1016/j.envpol.2009.01.011.
Kamada, N., Seo, S.U., Chen, G.Y., Nunez, G., 2013. Role of the gut microbiota in immunity
and inﬂammatory disease. Nat. Rev. Immunol. 13, 321–335. https://doi.org/10.1038/
nri3430.
La Reau, A.J., Meier-Kolthoff, J.P., Suen, G., 2016. Sequence-based analysis of the genus
Ruminococcus resolves its phylogeny and reveals strong host association. Microb.
Genom. 2, e000099. https://doi.org/10.1099/mgen.0.000099.
Le Roux, F., Wegner, K.M., Baker-Austin, C., Vezzulli, L., Osorio, C.R., Amaro, C., et al., 2015.
The emergence of Vibrio pathogens in Europe: ecology, evolution, and pathogenesis.
Front. Microbiol. 6, 830. https://doi.org/10.3389/fmicb.2015.00830.
Li, Y.F., Xu, J.K., Chen, Y.W., Ding, W.Y., Shao, A.Q., Liang, X., et al., 2019. Characterization of
gut microbiome in the mussel Mytilus galloprovincialis in response to thermal stress.
Front. Physiol. 10, 1086. https://doi.org/10.3389/fphys.2019.01086.
Lokmer, A., Kuenzel, S., Baines, J.F., Wegner, K.M., 2016. The role of tissue-speciﬁc microbiota in initial establishment success of Paciﬁc oysters. Environ. Microbiol. 18,
970–987. https://doi.org/10.1111/1462-2920.13163.
Louca, S., Doebeli, M., 2018. Efﬁcient comparative phylogenetics on large trees. Bioinformatics 34 (6), 1053–1055. https://doi.org/10.1093/bioinformatics/btx701.
Love, M.I., Huber, W., Anders, S., 2014. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. https://doi.org/10.1186/
s13059-014-0550-8.
Marini, M., Jones, B.H., Campanelli, A., Grilli, F., Lee, C.M., 2008. Seasonal variability and Po
River plume inﬂuence on biochemical properties along western Adriatic coast.
J. Geophys. Res. Oceans 113, C05S90. https://doi.org/10.1029/2007JC004370.
Masella, A.P., Bartram, A.K., Truszkowski, J.M., Brown, D.G., Neufeld, J.D., 2012. PANDAseq:
paired-end assembler for illumina sequences. BMC Bioinformatics 13, 31. https://doi.
org/10.1186/1471-2105-13-31.
Meisterhans, G., Raymond, N., Girault, E., Lambert, C., Bourrasseau, L., de Montaudouin, X.,
et al., 2016. Structure of Manila clam (Ruditapes philippinarum) microbiota at the
organ scale in contrasting sets of individuals. Microb. Ecol. 71, 194–206. https://doi.
org/10.1007/s00248-015-0662-z.
Minarelli, F., Raggi, M., Galioto, F., Viaggi, D., 2018. SUFISA Mussels Report an Extended
Summary. pp. 1–8.
Moschino, V., Del Negro, P., De Vittor, C., Da Ros, L., 2016. Biomonitoring of a polluted
coastal area (Bay of Muggia, Northern Adriatic Sea): a ﬁve-year study using
transplanted mussels. Ecotoxicol. Environ. Saf. 128, 1–10. https://doi.org/10.1016/j.
ecoenv.2016.02.006.
Muegge, B.D., Kuczynski, J., Knights, D., Clemente, J.C., González, A., Fontana, L., et al., 2011.
Diet drives convergence in gut microbiome functions across mammalian phylogeny
and within humans. Science 332, 970–974. https://doi.org/10.1126/science.1198719.
Neori, A., Chopin, T., Troell, M., Buschmann, A.H., Kraemer, G.P., Halling, C., et al., 2004. Integrated aquaculture: rationale, evolution and state of the art emphasizing seaweed
bioﬁltration in modern mariculture. Aquaculture 231, 361–391. https://doi.org/
10.1016/j.aquaculture.2003.11.015.
O'Brien, P.A., Webster, N.S., Miller, D.J., Bourne, D.G., 2019. Host-microbe coevolution: applying evidence from model systems to complex marine invertebrate holobionts.
MBio 10. https://doi.org/10.1128/mBio.02241-18 pii: e02241-18.
Pagán-Jiménez, M., Ruiz-Calderón, J.F., Dominguez-Bello, M.G., García-Arrarás, J.E., 2019.
Characterization of the intestinal microbiota of the sea cucumber Holothuria
glaberrima. PLoS One 14, e0208011. https://doi.org/10.1371/journal.pone.0208011.
Pagano, M., Capillo, G., Sanﬁlippo, M., Palato, S., Trischitta, F., Manganaro, A., Faggio, C.,
2016. Evaluation of functionality and biological responses of Mytilus galloprovincialis
after exposure to quaternium-15 (methenamine 3-chloroallylochloride). Molecules
26 (2), 21. https://doi.org/10.3390/molecules21020144 pii: E144.
Pagano, M., Porcino, C., Briglia, M., Fiorino, E., Vazzana, M., Silvestro, S., Faggio, C., 2017.
The inﬂuence of exposure of cadmium chloride and zinc chloride on haemolymph
and digestive gland cells from Mytilus galloprovincialis. Int. J. Environ. Res. 11 (2),
207–216. https://doi.org/10.1007/s41742-017-0020-8.
Pathirana, E., McPherson, A., Whittington, R., Hick, P., 2019. The role of tissue type, sampling and nucleic acid puriﬁcation methodology on the inferred composition of Paciﬁc oyster (Crassostrea gigas) microbiome. J. Appl. Microbiol. 127, 429–444.
https://doi.org/10.1111/jam.14326.
Pita, L., Rix, L., Slaby, B.M., Franke, A., Hentschel, U., 2018. The sponge holobiont in a
changing ocean: from microbes to ecosystems. Microbiome 6, 46. https://doi.org/
10.1186/s40168-018-0428-1.
Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al., 2013. The SILVA ribosomal RNA gene database project: improved data processing and web-based tools.
Nucleic Acids Res. 41, D590–D596. https://doi.org/10.1093/nar/gks1219.
Rausch, P., Rühlemann, M., Hermes, B.M., Doms, S., Dagan, T., Dierking, K., et al., 2019.
Comparative analysis of amplicon and metagenomic sequencing methods reveals
key features in the evolution of animal metaorganisms. Microbiome 7, 133. https://
doi.org/10.1186/s40168-019-0743-1.
Richards, G.P., Mcleod, C., Le Guyader, S.F., 2010. Processing strategies to inactivate enteric
viruses in shellﬁsh. Food Environ. Virol. 2, 183–193. https://doi.org/10.1007/s12560010-9045-2.
Rognes, T., Flouri, T., Nichols, B., Quince, C., Mahé, F., 2016. VSEARCH: a versatile open
source tool for metagenomics. PeerJ 4, e2584. https://doi.org/10.7717/peerj.2584.
Rouillon, G., Rivas, J.G., Ochoa, N., Navarro, E., 2005. Phytoplancton composition of the
stomach contents of the mussel Mytilus edulis L. from two populations: comparison
with its food supply. J. Shellﬁsh Res. 24, 5–14. https://doi.org/10.2983/0730-8000
(2005)24[5:PCOTSC]2.0.CO;2.

M. Musella et al. / Science of the Total Environment 717 (2020) 137209
Saltzman, E.T., Thomsen, M., Hall, S., Vitetta, L., 2017. Perna canaliculus and the intestinal
microbiome. Mar. Drugs 15. https://doi.org/10.3390/md15070207 pii: E207.
Simon, J.C., Marchesi, J.R., Mougel, C., Selosse, M.A., 2019. Host-microbiota interactions:
from holobiont theory to analysis. Microbiome 7, 5. https://doi.org/10.1186/
s40168-019-0619-4.
Turroni, S., Rampelli, S., Biagi, E., Consolandi, C., Severgnini, M., Peano, C., Quercia, S.,
Soverini, M., Carbonero, F.G., Bianconi, G., Rettberg, P., Canganella, F., Brigidi, P.,
Candela, M., 2017. Temporal dynamics of the gut microbiota in people sharing a conﬁned environment, a 520-day ground-based space simulation, MARS500.
Microbiome 5, 39. https://doi.org/10.1186/s40168-017-0256-8.
Vezzulli, L., Stagnaro, L., Grande, C., Tassistro, G., Canesi, L., Pruzzo, C., 2018. Comparative
16SrDNA gene-based microbiota proﬁles of the Paciﬁc oyster (Crassostrea gigas) and
the Mediterranean mussel (Mytilus galloprovincialis) from a shellﬁsh farm (Ligurian
Sea, Italy). Microb. Ecol. 75, 495–504. https://doi.org/10.1007/s00248-017-1051-6.
Viarengo, A., Lowe, D., Bolognesi, C., Fabbri, E., Koehler, A., 2007. The use of biomarkers in
biomonitoring: a 2-tier approach assessing the level of pollutant-induced stress syndrome in sentinel organisms. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 146,
281–300. https://doi.org/10.1016/j.cbpc.2007.04.011.

9

Waites, K.B., Talkington, D.F., 2004. Mycoplasma pneumoniae and its role as a human
pathogen. Clin. Microbiol. Rev. 17 (4), 697–728. https://doi.org/10.1128/
CMR.17.4.697-728.2004.
van de Water, J.A., Melkonian, R., Junca, H., Voolstra, C.R., Reynaud, S., Allemand, D., 2016.
Ferrier-Pagès, 2016. Spirochaetes dominate the microbial community associated with
the red coral Corallium rubrum on a broad geographic scale. Sci. Rep. 6, 27277.
https://doi.org/10.1038/srep27277.
Wu, J., Shao, H., Zhang, J., Ying, Y., Cheng, Y., Zhao, D., et al., 2019. Mussel polysaccharide
α-D-glucan (MP-A) protects against non-alcoholic fatty liver disease via maintaining
the homeostasis of gut microbiota and regulating related gut-liver axis signaling
pathways. Int. J. Biol. Macromol. 130, 68–78. https://doi.org/10.1016/j.
ijbiomac.2019.02.097.
Ye, Y., Doak, T.G., 2009. A parsimony approach to biological pathway reconstruction/inference for genomes and metagenomes. PLoS Comput. Biol. 5 (8), e1000465. https://doi.
org/10.1371/journal.pcbi.1000465.

