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It is now recognized that hostmicrobiome, the community ofmicroorganisms that colonize the animal body (e.g.
microbiota) and their genomes, play an important role in the health status of all organisms, from nutrient pro-
cessing to protection from disease. In particular, the complex, bilateral interactions between the host innate im-
mune system and the microbiota are crucial in maintaining whole body homeostasis.
The development of nanotechnology is raising concern on the potential impact of nanoparticles-NPs on human
and environmental health. Titanium dioxide-nTiO2, one of the most widely NP in use, has been shown to affect
the gut microbiota of mammals and fish, as well as to potentially alter microbial communities. In the marine bi-
valve Mytilus galloprovincialis, nTiO2 has been previously shown to interact with hemolymph components, thus
resulting in immunomodulation. However, no information is available on the possible impact of NPs on the
microbiome of marine organisms.
Bivalves host high microbial abundance and diversity, and alteration of their microbiota, in both tissues and he-
molymph, in response to stressful conditions has been linked to a compromised health status and susceptibility
to diseases. In this work, the effects of nTiO2 exposure (100 μg/L, 4 days) onMytilus hemolymphmicrobiota were
investigated by 16S rRNA gene-based profiling. Immune parameters were also evaluated. Although hemolymph
microbiota of control and nTiO2-treatedmussels revealed a similar core composition, nTiO2 exposure affected the
abundance of different genera, with decreases in some (e.g. Shewanella, Kistimonas, Vibrio) and increases in
others (e.g. Stenotrophomonas). The immunomodulatory effects of nTiO2 were confirmed by the increase in the
bactericidal activity of whole hemolymph. These represent the first data on the effects of NPs on themicrobiome
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of marine invertebrates, and suggest that the shift in hemolymph microbiome composition induced by nTiO2

may result from the interplay between the microbiota and the immune system.
© 2019 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

The impact of microbiota, the community of microorganisms that
colonize the animal body on immune homeostasis within the gut and,
importantly, also at systemic sites, has gained tremendous research in-
terest over the last few years (Pflughoeft and Versalovic, 2012; Shreiner
et al., 2015; Thaiss et al., 2016). From human studies, it is now recog-
nized that host microbiota play an important role in the health status
of all animals, from nutrient processing to protection from diseases
(Brugman et al., 2018; Flandroy et al., 2018; Ikeda-Ohtsubo et al., 2018).

Marine invertebrates host high microbial abundance and diversity
(Olson and Kellogg, 2010), and alteration of their microbiota due to
stressful conditions and/or environmental changes has been linked
with a condition of a compromised health status and susceptibility to
diseases (Bourne et al., 2016; Pita et al., 2018).

Bivalve molluscs may be considered pertinent animal models for
studying host-microbiota interactions since, through their filter-
feeding habit they face large numbers of microorganisms. In particular,
increasing mass mortality episodes of the pacific oyster (Crassostrea
gigas) in farming areas are attributed to complex interactions among
oysters, their microbiota and environmental variables (Pernet et al.,
2014; de Lorgeril et al., 2018; Green et al., 2018; Khan et al., 2018;
King et al., 2018). Furthermore, the well accepted presence of microor-
ganisms in the hemolymph of healthy bivalves indicates that this eco-
system could shield and limit settlement of pathogenic strains
(Desriac et al., 2014), and release antimicrobial compounds that poten-
tially play a role in the control of microbial community and health re-
covery (Defer et al., 2013), thus contributing to host homeostasis. The
hemolymph associated microbiota has been investigated in oysters in
response to pathogens (Wendling et al., 2014) and to temperature
stress and infection (Lokmer and Mathias Wegner, 2015; Pierce and
Ward, 2018). In contrast, information is scarce in other species ofwidely
farmed bivalves such as Mytilus spp., that are generally not affected by
mortality events, being less sensitive to changes in environmental con-
ditions and microbial infection. Microbiota profiles have been recently
evaluated in hemolymph and digestive gland of the Mediterranean
musselM. galloprovincialis (Vezzulli et al., 2017).

The recent expansion of nanotechnology has led to increasing con-
cern on the potential consequences of exposure to nanoparticles (NPs)
for human and environmental health. Many nano-oxides (such as
nTiO2, nSiO2, nZnO) are currently added to a variety of consumer prod-
ucts including food, thus attracting interest on the potential effects of
NPs on mammalian gut microbiota (Pietroiusti et al., 2016; Dudefoi
et al., 2017; Bouwmeester et al., 2018). Titanium dioxide (nTiO2) is
one of the most widely NP in production and use (Robichaud et al.,
2009). As a food additive, TiO2 (referred to as E171, EFSA, 2016), can
contain up 44% nanosized TiO2 (Dudefoi et al., 2017 and references
quoted therein). Inmice, oral administration of nTiO2 affects the gastro-
intestinal tract and gut microbiota (J. Li et al., 2018). In pregnant rats,
nTiO2 induced the alteration of gut microbiota and increased the fasting
blood glucose (Mao et al., 2019).

The direct antimicrobial functions of nTiO2 have been widely dem-
onstrated: exposure to high concentrations of nTiO2 (in the range of
mg-g/L) reduces bacterial growth (Foster et al., 2011; Maurer-Jones
et al., 2013; Ananpattarachai et al., 2016; Vimbela et al., 2017). Similarly,
high concentrations of nTiO2 can potentially alter the composition of
planktonic and sessile bacterial communities (Binh et al., 2014; Jomini
et al., 2015). In the zebrafish, chronic exposure to nTiO2 induced
changes inmicrobiome composition and altered physiological functions
(Chen et al., 2018). Although these data suggest that a possible impact of
nTiO2 on aquatic microbiota, no information is available in marine spe-
cies. In the marine environment, predicted environmental concentra-
tions of nTiO2 range from ng/L to μg/Kg in surface waters and
sediments, respectively. However, due to its massive use, environmen-
tal levels of nTiO2 are likely to increase and to be unequally distributed
(Menard et al., 2011; Gottschalk et al., 2015), with coastal zones possi-
bly more impacted by NPs (Haynes et al., 2017). Therefore, exposure
to nTiO2 may also affect the microbiota of marine invertebrates, includ-
ing mussels.

In M. galloprovincialis, the effects of nTiO2 have been thoroughly in-
vestigated both in vitro and in vivo, revealing multiple responses from
molecular to organism level; in particular nTiO2 has been shown to af-
fect several immune parameters in both circulating hemocytes and he-
molymph serum, resulting in immunomodulation (Barmo et al., 2013;
Canesi and Procházková, 2013; Balbi et al., 2014; Corsi et al., 2014;
Canesi et al., 2016; Canesi and Corsi, 2016). In this work, the effects of
nTiO2 on mussel hemolymph microbiome were investigated through
targeted high-throughput sequencing of the 16S rRNA gene (V4 hyper-
variable region) using Ion Torrent sequencing technology. Exposure
conditions (100 μg/L, 96 h) were chosen on the basis of the most
extensive data previously obtained not only on nTiO2-induced
immunomodulation, but also on functional and molecular responses
and accumulation at the tissue level (Barmo et al., 2013; Balbi et al.,
2014; Della Torre et al., 2015).

2. Materials and methods

2.1. Characterization of nTiO2

The nanosized Titanium Dioxide (nTiO2) used within this study
(commercial Aeroxide® P25 Titanium Dioxide powder, declared parti-
cle size: 21 nm) provided from Degussa Evonik (Essen, Germany), has
been thoroughly characterized for the physico-chemical properties of
primary particles (Ciacci et al., 2012; Brunelli et al., 2013) and behavior
in exposure media (artificial sea water-ASW) (Barmo et al., 2013;
Brunelli et al., 2013; Balbi et al., 2014). Mean average size and shape
of primary particles were determined by Transmission Electron Micro-
scope (TEM) analysis on a Jeol (Tokyo, Japan) 3010 transmission elec-
tron microscope operating at 300 kV. Surface area and pore volume
were obtained by the method of Brunauer, Emmett and Teller (BET)
by nitrogen adsorption on a Micrometrics ASAP2000 Accelerated Sur-
face Area and Porosimetry System at an adsorption temperature of
−196 °C, after pretreating the sample under high vacuum at 300 °C
for 2 h. nTiO2 behavior in ASW was determined by Dynamic Light
Scattering-DLS analysis. For further details, see references above.

2.2. Mussel collection and hemolymph sampling

Mussels (Mytilus galloprovincialis Lam.), 5–6 cm long, were pur-
chased in November 2017 from a shellfish farm located in the Gulf of
La Spezia (Ligurian Sea, Italy), the main shellfish production area in
northwestern Italy, after 24 h depuration by ozonization according to
the Italian and European laws. Mussels were transferred to the labora-
tory, cleaned of epibionts, repeatedly washed (three times) with
artificial sea water-ASW to remove part of the external non-resident
microbiota, and acclimatized for 24 h in static tanks containing
aerated ASW (ASTM, 2004), pH 7.9–8.1, 36 ppt salinity (1 L/animal),
at 16 ± 1 °C.
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Mussels (20 animals) were exposed 96 h to nTiO2 at the concentra-
tion 100 μg/L/animal as previously described (Barmo et al., 2013; Balbi
et al., 2014). nTiO2 suspensions were prepared using 15 mg of pristine
powder suspended in 3 mL milliQ water, then sonicated using a probe
sonication for 15 min in an ice bath with a UP200S Hielscher Ultrasonic
Technology (Teltow, Germany) at 100W, 50% on/off cycle, and immedi-
ately spiked in the tanks in order to reach the desired nominal concen-
tration. A parallel group of control (untreated) mussels were kept in
clean ASW. Animals were not fed during the experiments. Sea water
was changed daily before addition of nTiO2. No mortality was observed
in different experimental conditions.

After 96 h, hemolymphwas extracted from the adductormuscle of 4
animals for each condition (C1–C4 = control mussels; T1–T4 = nTiO2

exposed mussels), using a sterile syringe with an 18 G1/2″ needle, fil-
tered with gauze, at 16 °C. Aliquots of 200 μL from each individual
were utilized for microbiome analysis.

Moreover, aliquots of hemolymph (pooled from 10 to 12 animals)
were utilized for evaluation of immune parameters: lysosomal mem-
brane stability (LMS) on hemocytes, lysozyme activity in hemolymph
serum, and bactericidal activity of whole hemolymph samples.

Aliquots (1 L) of exposure medium, 1 replicate per condition (sea-
water from control-CW and nTiO2 exposure-TW)were sampled and di-
rectly filtered on 0.2 μm Nucleopore filters (45 mm). All samples were
frozen at−20 °C until further analysis.

2.3. Preparation of DNA library and sequencing

2.3.1. Sampling and DNA extraction
DNA was extracted from aliquot of 200 μL of whole hemolymph of

control and nTiO2 -exposed mussels using High Pure PCR Template
Preparation Kit (RocheDiagnostics), according to themanufacturer's in-
structions and as previously described (Vezzulli et al., 2017). For water
samples, 1 L of seawater was filtered on 0.2 μm Nucleopore filters
(45 mm) and DNA was extracted with the PowerWater DNA Isolation
Kit (Mo Bio laboratories, inc), following themanufacturer's instructions.
The amount of DNA extracted was determined fluorimetrically with
QuantiFluorTM dsDNA System using a QuantiFluorTM fluorometer
(Promega Italia srl, Milano, Italy).

2.3.2. 16S rRNA gene amplification and sequencing
16S rRNA PCR amplicon librarieswere generated fromgenomic DNA

extracted from bivalve samples using primers amplifying the V4 hyper-
variable region of the 16S rRNA gene of bacteria. All primers were cus-
tom designed to include 16SrRNA complementary regions (Table S1)
plus the complementary sequences to the Ion Torrrent specific adapters.
Two PCR assays were performed. A first target enrichment PCR assay
with the 16S conserved primers. A second PCR assay, with customised
primers and included adapters' complementary regions. The obtained
librarieswere sequenced using an Ion Torrent (PGM) Platform. Bioinfor-
matic analysis of NGS (Next Generation Sequencing) data was per-
formed using the Microbial Genomics module (version 1.3) work-flow
of the CLCGenomicsworkbench (version 9.5.1). The bioinformatic anal-
ysis of the data included a cleaning step of the reads (barcodes and
primers removal), by trimming based on quality scores (Q b 30) and
length (100 base pairs-bp), as well as chimera detection and removal.
Trimmed readswere clustered at 97% level of similarity into Operational
Taxonomical Units (OTUs), that are defined as a cluster of sequences
similarity which corresponds approximately to species level, and then
classified against the non-redundant version of the SILVA SSU reference
taxonomy database (release 119; http://www.arb-silva.de). Microbial
diversity was also analysed in order to describe the diversity within a
sample (Alpha-diversity) or between samples (Beta-diversity). Alpha-
diversity index represents the species richness (number of taxa) within
a single microbial environment, while Beta-diversity analyse the diver-
sity in the microbial community between different environments. The
Beta-diversity index is estimated between each pair of samples and,
based on the distance matrices calculated, a Principal Coordinates Anal-
ysis (PCoA) is performed. The core microbiome, defined as the OTUs
present across all samples,was also analysed using the Corbata software
(CORE microbiome Analysis Tools, (Li et al., 2013)).

2.4. Effects on hemolymph immune parameters

Hemocyte lysosomal membrane stability-LMS was evaluated by the
NRR (Neutral Red Retention time) assay as previously described (Canesi
et al., 2010, 2014; Barmo et al., 2013; Balbi et al., 2014). Hemocyte
monolayers on glass slides were incubated with 20 μL of neutral red
(NR) solution (final concentration 40 μg/mL from a stock solution of
NR 40 mg/mL in DMSO); after 15 min excess dye was washed out and
20 μL of ASW was added. Every 15 min, slides were examined under
an optical microscope and the percentage of cells showing loss of the
dye from lysosomes in each field was evaluated. For each time point
10 fields were randomly observed, each containing 8–10 cells. The end
point of the assay was defined as the time at which 50% of the cells
showed sign of lysosomal leaking (the cytosol becoming red and the
cells rounded). All incubations were carried out at 16 °C.

Serum lysozyme activity was evaluated as previously described
(Balbi et al., 2014). To obtain hemolymph serum (i.e., hemolymph free
of cells), whole hemolymph was centrifuged at 200 ×g for 10 min, and
the supernatant was passed through a 0.22 μm filter. Lysozyme activity
in aliquots of serum (control and exposed to nTiO2) was determined
spectrophotometrically at 450 nm utilizing Micrococcus lysodeikticus.
Hen eggwhite (HEW) lysozyme was used as a concentration reference
and lysozyme activity was expressed as HEW lysozyme equivalents
(U/mL/mg protein). Protein content was determined according to the
bicinchoninic acid (BCA) method using bovine serum albumin (BSA)
as a standard.

For the bactericidal assay, bacterial cultures (Escherichia coli strain
MG1855) were prepared as previously described (Canesi et al., 2001).
The E. coli suspension in phosphate buffered solution-PBS isotonic to he-
molymph (PBS-NaCl: 0.1 M KH2PO4, 0.1 M Na2HPO4, 0.15 M NaCl;
pH 7.2 to 7.4) was suitably diluted in aliquots (1 mL) of whole hemo-
lymph samples obtained from Control and nTiO2-exposed mussels to
yield afinal bacteria/hemocyte ratio of approximately 50:1 (determined
spectrophotometrically as an A650= 1, corresponding to 2–4 × 109 col-
ony forming units [CFU]/mL). Incubations were carried out at 16 °C for
30 and 60 min in triplicate for each sampling time. Immediately after
bacteria addition (T0) and after 30 and 60 min of incubation at 18 °C
(T30 and T60), samples were lysed by adding 4.5 mL of cold distilled
water followed by 10min agitation. The collected hemocyte/bacteria ly-
sates were ten-fold serial diluted in sterile ASW. Aliquots (100 μL) of the
diluted samples were plated onto Luria-Bertani-LB agar (Scharlau,
Spain) and the number of CFU/mL (representing cultivable bacteria
which survived to hemocyte bactericidal activity) was determined
after overnight incubation at 37 °C. Percentages of killingwere then cal-
culated as the ratio CFUT0 − CFUT/CFUT0 × 100. Data, representing the
mean ± SD of at least four samples in triplicate, were analysed by
Mann-Whitney U test. All statistical analysis were performed using
the PRISM 7 GraphPad software.

3. Results

3.1. NPs characteristics and behavior in exposure medium

The nTiO2 used within this study was previously characterized
(Ciacci et al., 2012; Barmo et al., 2013; Brunelli et al., 2013; Balbi et al.,
2014) and data are summarized in Table 1. Briefly, primary particles of
uncoated nTiO2 ranged from 10 to 65 nm size and showed an irregular
shape (evaluated by TEM) and a surface area of 61 m2/g, as determined
by BET method. The behavior of nTiO2 in suspension in ASW (100 μg/L)
was assessed by DLS analysis after 30min, 25 h and 50 h. nTiO2 showed
a tendency to agglomeration, with the size of agglomerates increasing

http://www.arb-silva.de


Table 1
Physico-chemical characterization of nTiO2 primary particles and behavior in exposure medium (for experimental details see Barmo et al., 2013; Brunelli et al., 2013; Balbi et al., 2014).
Upper panel: Primary particle characterization. Lower panel: Characterization of nTiO2 suspensions in artificial seawater (ASW) (100 μg/L) over time (30 min, 25 and 50 h). Data are re-
ported as mean ± SD.

nTiO₂ characterization Crystal
structurea

Shapea Size distribution
(nm)a

Surface area
(m2/g)b

Pore size
(mL/g)b

Surface
chemistryc

Chemical
compositiona

Purity
(%)d

Anatase/rutile Irregular 10–65 61 0.5 Uncoated Ti, O N99.5
nTiO₂ suspensions in
ASWe

100 μg/L 30 min 25 h 50 h
180 ± 21 201 ± 26 304 ± 38

a Determined by Transmission Electron Microscopy (TEM).
b Specific surface area calculated by the BET (Brunauer–Emmett–Teller) method.
c Declared by the supplier.
d Determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES).
e Hydrodynamic size of nTiO2 suspensions in ASW determined by Dynamic Light Scattering (DLS).
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over time (from 180± 21 at 30min to 304± 38 nm at 50 h). This type
of nTiO2 has been shown to retain a negative ζ-potential of about –
10 mV in ASW over a 72 h period (Doyle et al., 2015).

3.2. Microbiota analysis

Themicrobiotawas analysed in hemolymph samples fromboth con-
trol and nTiO2-exposed mussels. Moreover, to fully appreciate the dy-
namic exchange of microbes harbored in mussels with their
surrounding media, the microbiota composition of seawater samples
from each experimental condition was also investigated.

3.2.1. General sequencing results
Sequencing of the 16S rRNA gene amplicons, targeting the V4 hyper-

variable region from bacteria present in the hemolymph of mussels and
seawater, produced a total of 871.022 reads. Raw sequences were
trimmed and remaining sequences were first clustered at 97% similarity
resulting in a total of 274.936 operational taxonomical units (OTUs)
(Table S2). OTUs were BLASTed against SILVA reference database to es-
timate the taxonomic content of the data set, using SILVA taxonomy
with the CLC software. Singletons (OTUs with a single read in the data
set) were excluded from the analysis. As a result, 271.997 reads were
assigned to the Bacteria domainwhile 2.939 remained unassigned. Rar-
efaction curves calculated for total OTUs abundance (Fig. 1) and Chao1
index (data not shown) reached the plateau, suggesting that sequenc-
ing depth was good enough to measure and compare diversity indexes
among samples. Bias- corrected from of Chao 1 index calculated from
16S rRNA gene-based profiling analysis of the bacterial community in
Fig. 1. Rarefaction curves for alpha-diversity metrics (number of total OTUs calculated
from 16rDNA gene-based profiling analysis of the bacterial community) in water and
hemolymph samples. CW = control seawater; TW = nTiO2 treated seawater; C1–C4 =
control mussels; T1–T4 = nTiO2-exposed mussels (n = 4).
seawater and M. galloprovincialis hemolymph was calculated, and no
difference were observed among samples and treatments (data not
shown).
3.2.2. Microbial community composition in hemolymph of
M. galloprovincialis and effect of nTiO2 exposure

In all hemolymph samples, the microbial community composi-
tion included few OTUs accounting for the majority of the reads,
with Proteobacteria (84.8%) and Bacteroidetes (12.5%) as the
dominant phyla. These included Gammaproteobacteria (67.8%),
Alphaproteobacteria (12.9%) and Flavobacteriia (10.8%) as the
main classes across all samples.

The microbiome of hemolymph was investigated in control and
nTiO2-exposedmussels and the results are presented in Fig. 2. In control
samples, the bacterial community (Fig. 2A) appeared dominated by the
genera Stenotrophomonas and Kistimonas (26.7 and 22.7% respectively),
followed by other genera with lower relative abundances, namely
Shewanella (5.5%), Vibrio (5.2%), Psychrobium (2.7%), Polaribacter
(2.1%), Amphritea (1.7%), Tenacibaculum (1.5%), Pseudoalteromonas
(1.3%) and Arcobacter (1.07%). When analysing the effects of nTiO2 ex-
posure, two distinct effects were observed. Increases in the relative
abundance of some genera were observed with respect to controls,
such as Stenotrophomonas (from 26.7% to 51.7%), Variovorax (from
0.7% to 2.6%), Aquibacter (from 0.6% to 1.6%) or Sulfitobacter (from
0.5% to 1.4%); in contrast, abundances of other genera were decreased
after exposure, Kistimonas (from 22.7% to 0.002%), Shewanella (from
5.5% to 0.6%), Vibrio (from 5.2% to 0.5%), Psychrobium (from 2.7% to
0.2%) or Arcobacter (from 1.07% to 0.07%).

The core microbiome, which represent a set of microbes considered
as stable community establishedwithin the host and constantly present
among individuals, was investigated in hemolymph samples from both
control and nTiO2-treated mussels (Fig. 2B). The results showed that in
control samples the coremicrobiomewasmore diverse than that nTiO2-
exposed samples when considering the same ubiquity and abundance
threshold (e.g. 95% and 0.1% respectively).

The quantitative effects of nTiO2 exposure on relative abundance of
different genera, could be better appreciated when data reported in
Fig. 2A from nTiO2-exposed samples were normalized to control sam-
ples and expressed as % values (Fig. S1). Some genera, such as
Stenotrophomonas, Sulfitobacter, Aquibacter and Variovorax, notably in-
creased after treatmentwith an increment on their relative abundances
ranging from +100% to over 200%. On the other hand, Kistimonas,
Shewanella, Vibrio or Psychrobium showed a drop of their relative abun-
dances close to −100%.

The overall changes in the bacterial community composition in-
duced by nTiO2 in hemolymph samples can be depicted in a heatmap
of the most predominant bacterial genera (≥1% abundance) (Fig. 3).
The figure clearly emphasizes the decrease in abundance for Kistimonas,
Shewanella, Vibrio and Psychrobium after treatment to nTiO2, while
other genera seem less impacted by nTiO2. Moreover, the heatmap



Fig. 2. Effect of nTiO2 on the microbiome of Mytilus galloprovincialis hemolymph. A) Relative abundance of bacterial genera found inMytilus galloprovincialis hemolymph by 16S rDNA
gene-based profiling analysis. Data represent cumulative abundance, expressed in % of 4 replicates per condition. B) Core microbiome analysis for Mytilus galloprovincialis hemolymph
microbiome analysed considering at different ubiquity and abundance thresholds. C = control mussels; T = nTiO2-exposed mussels.
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highlighted the same trend among replicates despite the individual
variations.
3.2.3. Microbiome analysis of exposure medium
The microbiota present in samples of ASW utilized for exposure ex-

periment (control and nTiO2-exposed) was investigated and the results
are reported in Fig. S2. A distinct composition of the overall bacterial
community was observed compared to hemolymph samples. Interest-
ingly, the genera Stenotrophomonas andKistimonas, themain genera de-
tected in hemolymph, were absent in all seawater samples (Fig. S2 A).

The microbiome profiles in samples of control and nTiO2-treated
seawater were similar in composition, being mainly dominated by
the genera Shewanella, Vibrio, Tenacibaculum, Psychrobium and
Marinomonas (Fig. S2 B). However, a net decrease in abundance of
Shewanella was observed in nTiO2-treated seawater with respect to
Fig. 3. Heatmap analysis of the microbial community at the genus level of Mytilus
galloprovincialis hemolymph. Data represent only taxa with abundance N1% of total. C1–
C4 = control mussels; T1–T4 = nTiO2-exposed mussels.
control water (from 47.9 to 26.2%) as well as of Marinomonas (from
6.3 to 3.3%) and Psychrobium (from 8.9 to 2.2%).
3.2.4. Principal coordinate analysis (PCoA)
A Principal Coordinates Analysis (PCoA) performed using Bray-

Curtis distancematrices allowed to further analyse the factors responsi-
ble for differences among groups of samples. The analysis explained 82%
of the total variation based on the three main ordinates, clustering the
samples in three characteristics groups. Fig. 4 shows a clear separation
along the x-axis (PC1=48% of variability) between hemolymph of con-
trol and nTiO2-exposed samples. Only sample T4 appears separated
from the other clusters showing an overall distinct diversity; however
themain bacterial groups and the effect of the treatment in this sample
appears to be similar to the other treated samples. Moreover, along the
Fig. 4. 3D PCoA plots of beta diversity for seawater and Mytilus galloprovincialis
hemolymph samples calculated using Principal coordinate Analysis (PCoA) applied on
Bray Curtis distance matrix. CW = control seawater; TW = nTiO2 treated seawater; C1–
C4 = control mussels; T1–T4 = nTiO2-exposed mussels.



Fig. 5. Effects of nTiO2 exposure (100 μg/L, 96 h) onMytilus galloprovincialis functional immune parameters. A) Lysosomalmembrane stability-LMS (grey bar) in hemocytes and lysozyme
activity inhemolymph serum(black bar). Data are reported asmean% of control (N=5)±SD. *Pb 0.05, **P b 0.01 (Mann-WhitneyU test). B) In vitro bactericidal activity towards E. coliof
whole hemolymph samples from control group (white dot) and nTiO2 treated (black dot). Hemolymph was incubated with E. coli for 30 and 60 min as described in methods. Data,
representing the mean of 4 experiments in triplicate, are expressed as percent of bacterial killing. *P b 0.05, Mann Whitney U test.
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y-axis (PC2 = 22%) water samples are separated from hemolymph
samples.

4. Immune responses to nTiO2 exposure

The effects of nTiO2 exposure onM. galloprovincialis immune param-
eters (in hemocytes and hemolymph serum) have been thoroughly in-
vestigated in previous papers in same experimental conditions utilized
in the present study (96 h exposure at a concentration of 100 μg/L/ani-
mal) (Barmo et al., 2013; Balbi et al., 2014). The results on the effects of
functional and molecular immune parameters are summarized in
Table S3.

To confirm the immunomodulatory effects of nTiO2, in the present
study hemocyte LMS and lysozyme activity in hemolymph serum
were evaluated, as the most simple and sensitive biomarkers of nTiO2

exposure (Fig. 5). The results confirm the decrease in hemocyte LMS
and increased serum lysozyme activity (Fig. 5A) induced by nTiO2 ob-
served in previous studies (Barmo et al., 2013; Balbi et al., 2014). More-
over, the overall bactericidal activity of mussel hemolymph was
evaluated in whole hemolymph samples from control and nTiO2 ex-
posed mussels utilizing an in vitro bactericidal assay using E. coli as a
model Gram (−) bacterium (Canesi et al., 2001). As shown in Fig. 5B,
after 60 min incubation with E. coli, the hemolymph from nTiO2-
exposed mussels showed a significantly higher percentage of bacterial
killing (+60% with respect to controls; P b 0.05).

5. Discussion

In the recent years, increasing attention has been given to the
microbiome and its complex dynamics maintained within its host
(human, animal, plant), as well as on the different factors that
could affect their natural equilibrium (Flandroy et al., 2018). How-
ever, although invertebrate represents 95% of animal species, a mi-
nority of microbiome studies focus on this group. The interest in
invertebrate-microbe interactions is also due to conservation of the
mechanisms of innate immunity. Thus, understanding cross talk be-
tween microbes and invertebrate animals can lead to insights of
broader relevance (Petersen and Osvatic, 2018). The results here ob-
tained show that exposure to nTiO2 resulted in a shift in the
composition of microbial communities in the hemolymph of
M. galloprovincialis. These represent the first data on the effects of
NPs on the microbiome of a marine invertebrate, and suggest a pos-
sible relationship with the NP-induced immunomodulation.
Among invertebrates, increasing information is available on the
microbiome of bivalve molluscs (oysters, clams, mussels), due not
only to their ecological relevance, but also to their commercial impor-
tance as aquacultured species and susceptibility to increasing mortal-
ities worldwide in relation to pathogenic microorganisms, bacteria in
particular (Romero et al., 2014; Khan et al., 2018; King et al., 2018;
Y.F. Li et al., 2018;Milan et al., 2018). To date, only one study is available
in the mussel Mytilus galloprovincialis, the most important species
reared in the Mediterranean and in the Galician coast (NW Spain).
Vezzulli et al. (2017) reported data on hemolymph and digestive
glandmicrobiome of mussels in comparison with the oyster Crassostrea
gigas cultivated in the same site of the Ligurian Sea (NWMediterranean,
Italy) in the summer period (August) focusing on changes of microbial
community in relation to the depuration process (Vezzulli et al., 2017).

The results here obtained show that in M. galloprovincialis hemo-
lymph of control mussels appeared dominated by four bacterial genera,
with Stenotrophomonas and Kistimonas accounting for about 50% of the
total abundance, followed by Shewanella and Vibrio (~5% each), and
other genera present at smaller percentages (b1%). These genera in-
clude a large variety of species that can be isolated from several aquatic
organisms, bivalves in particular (Choi et al., 2010; Lee et al., 2012; King
et al., 2018; Vezzulli et al., 2017). Stenotrophomonas, that was dominant
in all samples, comprises bacteria of low virulence found in aquatic en-
vironments, previously observed in association with bivalves (Chauhan
et al., 2013; Vezzulli et al., 2017). Shewanella includes some species in-
volved in biofilm formation (Maurer-Jones et al., 2013; Qiu et al.,
2017). To the genus Vibrio belong a variety of human and bivalve path-
ogens whose presence and interactions with bivalves is well docu-
mented (reviewed in Romalde et al., 2014; Balboa et al., 2016; Canesi
and Pruzzo, 2016).

The results indicate a microbiota composition distinct from that
previously identified in depurated mussels from the same area,
where the hemolymph was dominated by Vibrio (56%) with smaller
percentages of Pseudoalteromonas (9%), Shewanella (~7%) and
Amphritea (~5%) (Vezzulli et al., 2017). The differences observed be-
tween the two studies could be mainly ascribed to the different sam-
pling season and different experimental conditions. The present
work was carried out in autumn (November), in order to reduce
season-related stressful conditions for mussels, due to temperature
related growth of pathogenic vibrios (Romero et al., 2014) or to
peak in gametogenesis and spawning (Balbi et al., 2017). Moreover,
after depuration, mussels were first acclimated in the lab in clean
ASW for 24 h, and further kept in ASW for 4 days in the absence or
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presence of added nTiO2, with daily changes in ASW medium. These
conditions would allow for further changes in hemolymph microbial
composition.

However, although the two studies are not fully comparable, the re-
sults can give an insight on the components of resident and the tran-
sient community of the mussel hemolymph microbiota. The relative
abundance of Shewanella was similar in mussel sampled in November
(this work) and August (Vezzulli et al., 2017), suggesting a certain sta-
bility, irrespectively of season and experimental conditions. In contrast,
the main genera present in autumn samples, Stenotrophomonas and
Kistimonas (this work) were not detected in summer (Vezzulli et al.,
2017). Moreover, the Vibrio dominance, characteristic of the summer
season, was lost in autumn, in line with the knowledge that Vibrio
spread and establishment within bivalve tissues is favored by higher
temperatures (Pruzzo et al., 2005; Romero et al., 2014). Environmental
factors can shape or affect the dynamic and composition of microbiota
within its host: the microbiome of marine invertebrates varies accord-
ing to geographical scale or habitats (Ainsworth et al., 2015), and sea-
sonal changes (Pierce et al., 2015), temperature in particular (Lokmer
and Mathias Wegner, 2015). Further work is needed to fully appreciate
seasonal shift of microbial population inM. galloprovincialis and the po-
tential factors involved.

The microbiota of hemolymph from both control and nTiO2-
treated mussels revealed a similar core composition. However, mus-
sel exposure to nTiO2 induced a shift in abundance of different gen-
era. In particular, bacterial diversity of the core microbiome was
decreased after exposure to nTiO2, when comparing the same level
of ubiquity. We observed the almost complete disappearance of the
genus Kistimonas and the dramatic decrease in Shewanella and Vib-
rio. On the contrary, some genera were more abundant in nTiO2-
exposed samples: the genus Stenotrophomonaswas found in all sam-
ples at different thresholds of ubiquity and abundance considered,
suggesting its uttermost dominance in hemolymph microbiota, in-
dependent of exposure conditions. However, a further increase in
abundance was induced by nTiO2 exposure. Moreover, other genera
with b1% of total abundance in control samples, were more prepon-
derant after exposure (see Fig. S1); these include Variovorax,
Aquibacter and Sulfitobacter. These bacteria are natural inhabitants
of the marine environment (Hameed et al., 2014; Kwak et al., 2014;
Fukui et al., 2015; Peoples et al., 2018) except for Variovorax that
was mostly found in soil. However, Sirisena et al. (2018) found that
this genus was the most abundant taxon on groundwater systems,
suggesting a larger ecological niche on this bacterium. Due to the
limited knowledge on the role and interactions of these genera in
the microbiota of marine organisms, especially in mussels, the con-
sequences of their changes in abundances in responses to nTiO2 ex-
posure are at present difficult to explain. It is noteworthy that,
despite the individual variations, common effects of nTiO2 were ob-
served in all replicate samples, as highlighted by the heatmap
(Fig. 3). This effect was also depicted by the PCoA analysis, where
the replicates were gathered in separated clusters, therefore indicat-
ing dissimilarity between control and nTiO2 treated samples, thereby
underlining the impact of nTiO2.

With regards to available information on the effects of NP expo-
sure in aquatic organisms, evidence has been reported for the impact
of feed diet of different types of NPs (Cu-NPs, Ag-NPs and chitosan Ag
nanocomposites) on the gut microbiome of zebrafish (Merrifield
et al., 2013; Udayangani et al., 2017). NP feeding has been shown
to affect the gut microbiome also in model invertebrates. Ingestion
of AgNP (20 nm; 450 μg/mL) by Drosophila larva led to a remarkable
decrease in midgut microbiota diversity (Han et al., 2014). In the
soil oligochaete Enchytraeus crypticus, polystyrene nano-beads
(50–100 nm) induced body weight reduction and shifts in the
microbiome (Zhu et al., 2018). In addition to environmental factors,
it is accepted that some pollutants appeared to interact with the sta-
bility of bivalve microbiota (Milan et al., 2018). To date, the results
represent the first data on the impact of NPs on the microbiome of
in marine organisms.

Addition of nTiO2 also resulted in changes in themicrobiota of expo-
sure medium; however, since artificial seawater was utilized, the pres-
ence of bacteria is likely to result only from the biological activity of
mussels both in control and nTiO2-added water samples. Although the
same genera encountered in hemolymph were also found in seawater,
a distinct distribution was observed: water samples were dominated
by Shewanella, whereas two main genera present in hemolymph were
absent (Stenotrophomonas and Kistimonas). Moreover, PCoA data show
that seawater samples were grouped together but separately from he-
molymph samples, thereby pointing out the limited direct effects of
nTiO2 on seawater microbiota.

The effects observed in both hemolymph and waters samples may
be ascribed to the general antibacterial activity of nTiO2. However,
high concentrations (g/L) are required to inhibit the growth of bacteria,
including E. coli (Sharma, 2009). Moreover, nTiO2 was shown to alter
aquatic bacterial communities at hundreds μg/L or mg/L levels (Binh
et al., 2014; Jomini et al., 2015; Londono et al., 2017). In our experimen-
tal conditions, the Ti content in exposure medium, measured by both
ICP-MS and ICP-AES analyses, showed high variability (Balbi et al.,
2014), reflecting the instability of the nTiO2 suspension, due to agglom-
eration and subsequent sedimentation of nTiO2 (Brunelli et al., 2013).
Moreover, much lower concentrations of Ti were recorded with respect
to nominal added concentrations, ranging from 5 and 1.9 μg/L, detected
2 h after addition and at the end of exposure, respectively (Balbi et al.,
2014). Therefore, the concentrations of nTiO2 in exposure medium
seem to be too low to be responsible for its direct antibacterial activity,
although this hypothesis cannot be ruled out. This is however highly un-
likely in hemolymph samples, where the concentration of Ti was below
levels of detection (LOD of Ti = 0.1 μg/g, not shown).

In this light, the shift in hemolymph microbiome composition in-
duced by nTiO2 exposure may be due to the interplay between hemo-
lymph microbiota and activity of the immune system. Previous data
showed that exposure to nTiO2, in the same experimental conditions
of the present study, induced immunomodulatory effects in Mytilus
(Barmo et al., 2013; Balbi et al., 2014). nTiO2 affect functional immune
parameters (lysosome, phagocytosis) and induced a stimulation of the
extracellular mechanisms of immune defense (ROS, NO and lysozyme
release) along with modulation of expression of immune-related
genes in hemocytes, suggesting that exposure to nTiO2 may result in a
stimulation of the immune response. These data are further supported
by the results obtained in the present work, showing that, in addition
to decreased LMS and increased soluble lysozyme activity, nTiO2 expo-
sure resulted in a net increase of the overall bactericidal activity of
whole hemolymph samples. This parameter does not represent a simple
proxy of immunocompetence, as the phagocytic activity, but the only
measurement that provides complete information on the overall capac-
ity of the mussel immune system not only to engulf, but also to kill mi-
croorganisms. Although for the bactericidal assay E. coliwas utilized as a
model Gram (−), these results may partly explain the decrease in the
relative abundance of some genera (Kistimonas, Shewanella, Psycrobium
and Vibrio) observed in the hemolymph of nTiO2-exposed mussels.

These data support the hypothesis that also in invertebrates the
crosstalk between the innate immune system and the microbiome
goes far beyond the achievement of a balance between tolerance to
commensal microorganisms and immunity to pathogens. On one
hand, the innate immune system plays an important part in shaping
the microbiota into configurations that can be tolerated by the host
and are beneficial for its metabolic activities; on the other, the microbi-
ota integrates into whole-organism physiology and influences multiple
facets of homeostatic processes through its effects on the innate im-
mune system (Thaiss et al., 2016). This complex, bilateral interaction
has a crucial role not only in human health, but also in other mammals,
amphibians, invertebrates and plants (Felix et al., 2018; Robertson et al.,
2018). In this light, it has been proposed that overlapping compositions
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and interconnected roles ofmicrobes in human, animal and plant health
should be considered within the broader context of terrestrial and
aquatic microbial ecosystems that are challenged by human activities,
including chemical contamination (Flandroy et al., 2018). Invertebrates
lack adaptive immunity, and only rely on innate immunity for interac-
tions with resident and invading microorganisms; further research is
needed on the relationship between the microbiome and immune sys-
tem of key invertebrate species. These studies will represent the basis
for better understanding how exposure to both contaminants and natu-
ral stressors may shape the interactions between the microbiome and
the immune system, and the consequent impact of human activities
on the health of different ecosystems.
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