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Abstact

Northwestern Adriatic Sea Mediterranean mussels are exposed to fluctuating environmental
parameters and to natural and anthropogenic stressors. Today is well known that mussels can be
defined as holobiont, even if remains a lot to elucidate about how an organism and its microbial
component response to environmental stress.

This PhD dissertation aims to investigate microbiome possible adaptive patters exploiting the
organism physiology response to stress, using the NGS sequencing method.

The experimental approach consisted of two phases to first determine (i) the microbiome at a tissue
scale level, (ii) the microbiome and physiological response to natural and anthropogenic stress
environment and the chemical assessment of the microecosystem the Northwestern Adriatic Sea
Mediterranean Mussel lives in.

Results revealed firstly a robust microbiome well differentiated from seawater microecosystem, with
compositional variations at the organ level. Thanks to those findings, digestive gland, the organ in
which digestive and detoxification processes allow animal to tolerate and accumulate xenobiotics of
natural and anthropogenic origin, was the selected tissue for the second phase of the project.

The second phase of the project evaluated the putative physiological variations and the compositional
changes in microbiome of digestive gland. I then manage to assess microbiome region trends across
the north Adriatic, with each sampling site well differentiated from the others.

Finally, a chemical method able to a powerful tool for the analytical detection of the major pollutants
in mussels were validated. These first results may provide baseline information for future studies
approaches of seasonal and region trends of microbiota profiles and physiological responses in terms

of metabolism.
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1. Introduction

Bivalve organisms, belonging to the phylum Mollusca, are the second largest phylum of the
invertebrates. Most of the microbiological studies conducted on mussels in recent years were,
concerned with the identification of pathogens with harmful effects on human health (Erol et al., 2016;
Daczkowska-Kozon et al., 2010). Although until now we have focused on the identification of
pathogenic microorganisms, there is only a small part of all the microorganisms present in the marine
ecosystem. The ocean is in fact the largest habitat on our planet, and microorganisms are its main
inhabitants. Although the mechanisms are not fully known, we do know that these microorganisms
play a key role in the primary production and circulation of nutrients, positioning themselves at the
base of the trophic chains, preserving their biodiversity. The microorganisms present in the marine
ecosystem do not live exclusively in the water column or in marine sediments but, are often associated
symbiotically with multicellular organisms such as animals, plants or algae (Egan et al., 2013). This
makes it necessary to consider multicellular organisms no longer as autonomous entities, but rather in
the complex formed by host organism and microbial community, which takes the name of "holobiont".
The set of all microorganisms that define symbiotic relationships with the host organism is called
microbiota. The microbiota, in general, also ensures greater protection for the host from those that are
pathogenic microorganisms: this can happen through various mechanisms, direct and indirect, since,
for example, the microorganisms can compete and exclude pathogenic microorganisms present in the
environment (Pickard et al., 2017) or the microbiota itself can stimulate the host's immune system
(Pan et al., 2012), increasing its resistance against pathogens and parasites. Microorganisms can also
produce bioactive chemical compounds or precursors that can contribute to the activation of the
immune system (Floréz et al., 2015).

The northen Adriatic Sea is characterized by a global cyclonic circulation with seawater inflow to the
northwest along the Croatian coast (EAC) and outflow to the southeast along the Italian coast (WAC)
(Poulain,1999). This pattern is greatly influenced by winds, mainly Bora and Scirocco (Davolio et al.,
2012), and by freshwater inputs (Boldrin et al., 2005). The largest source of freshwater and sediments
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is represented by the Po River (mean annual discharge of 1500 m3s—1), accounting for about one third

of the total riverine freshwater input into the Adriatic Sea (Cattaneo et al., 2003; Marini et al., 2010).
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Fig.1 Adriatic Sea Area (https://d-maps.com/)

Po River discharges represent a remarkable load of pollution (Giani et al, 2012), receiving
wastewaters from the most industrialized and densely anthropized regions of northern Italy. Indeed,
this area is strongly affected by xenobiotics pollution, including a wide variety of compounds, i.e.
herbicide, antibiotics, personal care products. Those products impact severely the marine
environment due their high toxicity, persistence, and limited biodegradability. Surface water can be,
indeed, contaminated through direct or indirect emissions and groundwater can be contaminated by
pollutants that leach from the soil. Furthermore, the so-called emerging pollutants, i.e., personal care
products used by humans living in urban areas, are increasingly contributing to water pollution.

This area is not only affected by chemical and drugs pollution, but there are others anthropogenic
stressors that are a treat to the marine environment. The Adriatic Sea plays, indeed, an important role

in tourism recreation and economy growth of the coastal countries.
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Therefore, it is of interest to be able to understand and quantify the impact of the environmental and
human stressors on this area.

Since from north to south part of the Adriatic Sea display geographical, chemical and environmental
gradients (Kraus et al., 2019), such conditions make mussel farms excellent field laboratories to
explore the connection between the health and productivity of farmed mussels and the environmental

quality.

1.1 The microbiota of the North-Adriatic Mytilus galloprovincialis

Mediterranean mussels like other bivalve mollusks, are key ecosystem engineers 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
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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.

1.2 The holobiont Mytilus galloprovincialis response to natural and anthropic
environment stress

The marine ecosystem is interconnected with the terrestrial ecosystem, hence changing any
component in each system automatically affects another's functioning. In particular, coastal habitats
are severely impacted by the contaminants receiving from the terrestrial surroundings that affect
organism health, biodiversity, and consequently, ecosystem functioning (Islam and Tanaka, 2004;
Lacroix et al., 2017). Besides chemical pollution, changes may also occur due to climate changes such
as seawater warming, salinity variations, and ocean acidification (Landrigan et al., 2020). In this
context, investigations of the regulatory mechanisms governing stress responses of marine organisms
may elucidate the critical pathways setting the limits of animal acclimatization to anthropogenically
modified marine environments.

Marine mussels dominate sessile fauna of many coastal areas and estuaries. These environments are
characterized by wide fluctuations of abiotic and biotic parameters, which make mussels ideal model
organisms for studying physiological alterations driven by environmental changes (Figueras et al.,
2019; Franzellitti et al., 2020).

Environmental studies with mussels highlighted seasonal fluctuation of microbial indices,
contaminant bioaccumulation, cellular biomarkers, and key physiological functions (Azizi et al.,
2018; Caricato et al., 2010; Ivankovic et al., 2005; Rom’eo et al., 2003; Sheehan and Power, 1999;
Shen et al., 2020; Vernocchi et al., 2007), and suggest the influence of abiotic factors (temperature,
pH, salinity, food availability), and endogenous factors (i.e., gender bias and reproductive stage) for
those biological responses (Blanco-Rayo'n et al., 2020; Grbin et al., 2019; Grenier et al., 2020).
Molecular biomarkers based on expression analysis of stress responsive genes are pointing out crucial
insights into mechanisms regulating animal ability to survive and thrive in dynamic and changing

12
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marine environments (Evans and Hofmann, 2012; Gracey, 2007). Indeed, in environmentally relevant
species as marine mussels, the modulation of mRNA levels is the earliest signal of an ongoing
physiological alteration that can potentially forecast changes at higher levels of the biological
organization (Gracey, 2007). There are several studies employing mussels as model organisms in field
experiments to infer transcriptomic changes with environmental quality (Blalock et al., 2020;
Franzellitti et al., 2010; Kerambrun et al., 2016; Rossi et al., 2016; Sforzini et al., 2018; Venier et al.,
2006). Conversely, few studies emphasized that mussel gene transcription may be modulated by
natural environmental parameters or by endogenous factors (Banni et al., 2011; Counihan et al., 2019;

Schmidt et al., 2013b).

1.3 Assessment of water pollution impact on the Mediterranean mussel

The ongoing and significant release of hazardous chemical compounds, including the so-called

emerging pollutants (https://www.sciencedirect.com/science/article/pii/S2095633915000039), into

the aquatic environment is a problem that has long been known, but only in recent years, has become
of increasing concern to regulators charged with environmental and health protection. While many
studies exist on the fate and effects of such pollution in terrestrial organisms, such knowledge in the
ones from marine and coastal aquatic ecosystems is more limited. Water contamination can be the
result of a variety of human activities. Industrialization and urbanization along with intensification of
agricultural activity and animal husbandry have led to a large-scale release of contaminants. Surface
water can be contaminated through direct or indirect emissions and groundwater can be contaminated
by pollutants that leach from the soil. Around the world, agriculture and farming are the leading cause
of water pollution due to the extensive use of bioactive compound for crop protection and animal
raising. Antibiotic use is common in the raising of animals worldwide, for growth promotion and
disease prevention. Many antibiotic classes are currently utilized in the beef, dairy, swine, and poultry
industries. In 2018, among the antibiotic sales for livestock, tetracyclines accounted for 66%,

penicillins for 12%, macrolides for 8%, sulfonamides for 5%, aminoglycosides for 5%, lincosamides
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for 2%, cephalosporins for 1%, and fluoroquinolones for less than 1%. The European Union banned
the use of antibiotic growth-promoters in 2006, and new regulations set to begin in 2022 include a ban
of antibiotic medicated feeds for prevention, as well as a ban on imported meat raised using growth
promoters. About 95% of antibiotics administered to food-producing animals have been found
unmetabolized or in the form of antibiotic residues in urine and feces, reaching manures and then
contaminating water. This ubiquitous contamination has been proven worldwide, with over one
hundred drug residues detected, all drug classes combined. The presence of antibiotics in the aquatic
environment is a serious concern because it accelerates the proliferation of antibiotic-resistant
microorganisms, with a high risk of resistance transfer to pathogenic microorganisms, thus lowering
the therapeutic effect of antibiotics. Along with animal husbandry, agriculture is another major cause
of pollution, due to the large-scale use of pesticides and herbicides to increase the quantity and quality
of crops. The release of contaminants can reach many different environments even far from each other.
Pesticides can leach through the soil into groundwater and thus consequently reach the marine
ecosystem. The diffusion in the environment of individual pesticides depends on the water solubility
and the chemical stability. In Europe, between 13% to 30% of all surface water is monitored by the
EEA where one or more pesticides have been detected above effect threshold from 2013 to 2019,
while exceedances of one or more pesticides were detected at between 3% and 7% of groundwater
monitoring sites. Pesticides most often causing exceedance in surface waters are the insecticides
imidacloprid and malathion, and the herbicides MCPA, metolachlor and metazachlor though some of
these are no longer legally approved for use. In groundwater, the herbicide atrazine and its metabolites
cause most exceedances. Despite restrictions on atrazine since 2007, it continues to be found in
groundwater because of its high persistency.

Considering the potential effects of many pesticides and herbicides, their persistence and their large
use, these compounds comprise a major risk to people and to the wider environment. For this reason,
The European Green Deal aims to reduce the use of chemical pesticides by 50% within 2030 in the

zero-pollution action plan, farm to fork strategy and biodiversity strategy.
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Finally, many other drugs and personal care products used by humans living in urban areas are
increasingly contributing to water pollution, being recently defined ad emerging pollutants and
representing new and emerging pollutants and representing chemicals that are not commonly
monitored but once in the environment cause adverse ecological and human health effects. For
instance, psychotropic drugs and insect repellents have been found among the most common residues
deriving from anthropic areas. In light of the above, the importance of monitoring contaminants in the
various ecosystems using sensitive and reliable techniques is evident.

Assessment of aquatic pollution levels, however, cannot be based solely on the quantification of
hazardous compounds in environmental samples (eg. water, sediments and soil), but the
bioaccumulation of xenobiotics in organisms inhabiting the specific environment need to be
accounted, allowing a system level vision of the chemical treat for the entire ecosystem, in complete
accordance with the One Health approach. Among living organisms used in this frame, bivalves
possess a critical role, not only for their involvement in the trophic chain as a key organism, but also
as a useful sentinel organism for monitoring the effects of anthropogenic substances on the health
status of the aquatic environment. Therefore, the determination of residues in these sentinel marine
organisms, considered "proxies", is central for monitoring pollution of aquatic ecosystems.
Furthermore, their consumption as food is very high all over the world (i.e. in the EU the yearly
average mussel consumption is 1,28 kg per capita) therefore the presence of contaminant residues are
clearly a critical public health concern, in mussels as well as in other edible marine species, to be
monitored through specific analyzes. Developing analytical methods to detect pollution residues in
various aquatic edible species is thus an important aspect, joining environmental monitoring with risk
assessment of dietary intake.

In recent years a few multi-residue methods capable of quantifying different classes of organic
pollutants have been developed. Despite the efforts made in the last decades for the optimization of
analytical methods, given the wide variability in physicochemical properties and matrix complexity,

their extraction and chromatographic separation remains a challenge.
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In fact, bivalve matrices like mussels are very complex and contain various interferences, like lipids
and proteins, that may interfere with detection and quantitation affecting selectivity and sensitivity.
Because of the high content of fatty compounds, mussels result one of the most difficult matrices to
be analyzed. Given the ample differences in the physicochemical properties of the molecules involved
in the multi-residual analyzes, it is necessary to use extraction methods based on different strategies
Several sample clean-up techniques are usually combined to increase the extraction capacity (the
greater number of analytes) and the recovery rate. The common preprocessing techniques usually
involve first liquid-solid extraction, often enhanced with microwave-assisted extraction (MAE) for
antibiotics extraction, or pressurized liquid extraction (PLE), followed by a liquid—liquid extraction
(LLE) using solvents with different polarity. The obtained fractions, if needed, can be further purified
for example by solid phase extraction (SPE) with its ability to concentrate the analytes, Quick, easy,
cheap, effective, rugged, and safe (QUEChERS) methods comprising both the extraction and clean-up
steps have been widely adopted owing to their simplicity and reliability and have now become the
standard approach for not excessively fatty matrices. Despite the great effort made in recent years, no
single extraction methods or combinations of these were capable of obtaining high recoveries for

analytes of different classes like pesticides and antibiotic at the same time.
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2. Aim of this thesis

To date, some preliminary studies have attempted to characterize the microbiota associated with the
organism Mytilus galloprovincialis and its variability as a function of stressful environmental
conditions, such as the presence of glyphosate or in response to thermal stress (Iori et al., 2020; Li et
al., 2019). However, the studies conducted so far have not taken into consideration the microbiota
associated with Mytilus galloprovincialis in its complexity. Recent studies conducted on the clam and
the Pacific oyster have highlighted the presence of a variability in the microbiota depending on the
tissue-related: this variability seems to be related to the different physiological function that covers
each organ and, consequently, the composition of the microbiota varies and, finally the functional
relationships between microbiota and host change, in relation to the specific organ, tissue or district
(Meisterhans., 2015). In consideration of what said above, the first aim (i) of this study is to
characterize the microbiota of the Mediterranean mussel at the molecular level, investigating - for the
first time — the tissue-specific differences, using a Next Generation Sequencing 16S marker gene
approach. This study evaluates also the transcriptional profiles of genes related to metabolic,
detoxification, antioxidant, and lysosomal responses in Mediterrancan mussels (Mytilus
galloprovincialis) under the influence of natural seasonal variations of environmental variables,
gender bias, and gonadal cycle. We purposely addressed those environmental parameters and/or
endogenous factors that literature review (Lindsay et al., 2020) shows that the composition of gut
microbial community of a species can vary seasonally with host diet, metabolic demands, and life
stage. These changes in microbial community composition seem to comprehensively contribute to the
host flexibility to cope with environmental changes, enabling the host to live within different
environments, adapt to seasonal changes and maintain its physiological performance. Therefore,
considering this vital role of microbial communities in the maintenance of the host health (Rausch et
al., 2019; Simon et al., 2019) also in response to environmental conditions (Vanwonterghem and
Webster, 2020), this study also explores basal responses of the mussel digestive gland (DG)
microbiome to seasonal changes (ii), allowing to figure out microbiome variations occurring
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concomitantly with host physiological changes across seasonality and region trends. Finally, the
ongoing and significant release of hazardous chemicals compounds, including the so-called emerging
pollutants into the aquatic environment is a problem that has long been known, but only in recent
years, has been of increasing concern to regulators charged with environmental and health protection.
However, the assessment of these hazardous chemical compounds cannot be based solely on their
quantification in environmental samples, rather their analysis in bioaccumulating marine organisms,
specifically in edible species, represent a critical aspect. An optimized and validated method (iii) for
the determination of pharmaceutical and pesticides residues in mussels (Mytilus Galloprovincialis) is

presented herein.
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3. Materials and Methods

3.1 Tissue-scale microbiota of the Mediterranean wmussel (Mytilus
galloprovincialis) and its relationship with the environment

3.1.1 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 is sited within an area routinely monitored by
the Regional Agency for Prevention, Environment and Energy of Emilia-Romagna, Italy (ARPA-ER)
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-ul 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°3528"E) (Figure S1).

Seawater samples were stored in coolers (+4°C) during transport to the laboratory and then
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immediately processed. A summary of the samples, sample size and handling methods is reported in

Table S1.

3.1.2 Microbial DNA extraction

Total microbial DNA was extracted from approximately 20-30 mg of the digestive gland, foot, gill
and stomach, and from 200 pl 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 sec for 1 min. The elution step was repeated twice in 50
ul, 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-um 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.

3.1.3 PCR amplification and sequencing

The V3-V4 hypervariable region of the 16S rRNA gene was PCR-amplified 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 sec, annealing at 55°C for 30 sec and elongation at 72°C for 30 sec,
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 X 250 bp paired-end protocol, according to the
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manufacturer's instructions. Sequence reads were deposited in the National Center for Biotechnology

Information Sequence Read Archive (NCBI SRA; BioProject ID PRINA XXX).

3.1.4 Bioinformatics and statistics

Raw sequences were processed using a pipeline combining PANDAseq (Masella et al.,, 2012) and
QIIME 2 (Boylen et al., 2019; https://qiime2.org). High-quality reads were clustered into amplicon
sequence variants (ASVs) using DADA?2 (Callahan et al., 2016). Taxonomy was assigned using the
VSEARCH classifier (Rognes et al., 2016) and the SILV A database as a reference (Quast et al., 2012).
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 1,900 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 < 0.05 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 et al., 2019; Galvin et al., 2019; Louca et al., 2018; Ye et al., 2009),
using Metacyc (Caspi et al., 2018) as reference for the pathways annotation and a NSTI threshold of
2. Over abundant pathways in the different mussel organs and seawater were obtained in pairwise
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Wald tests, as implemented in DESeq2 package (Love et al.,, 2014). Over abundant pathways with
Bonferroni corrected p-value < 0.05 and an absolute (log> fold change) > 2 were retained. Clustering
analysis was performed on the pathways abundances adopting Kendall’s correlation coefficients as

metric and Ward-linkage method.

n
3.2 Variability of metabolic, protective, antioxidant, and lysosomal gene “<

transcriptional profiles and microbiota composition of Mpytilus

galloprovincialis farmed in the North Adriatic Sea (Italy)

3.2.1 Mussel sampling

Seven sampling campaigns were performed from a mussel farm located in the Northwestern
Adriatic Sea by professional fishermen of the “Cooperativa Pro.mo.ittica” (Cesenatico, Italy)
(Fig. 1A). This area is characterized by a combination of shallow waters and high riverine
inputs (dominated by the Po river outflow) (Marini et al., 2008), that makes its coastal
environments as one of the most eutrophic and most productive in the Mediterranean, promoting
an intense mussel farming activity (Brigolin et al.,, 2017). The study area is generally
characterized by sudden and anomalous rise/drop of temperature, salinities, or eutrophic level,
mainly related to climatological events and riverine inputs from the Italian border
(https://www.arpae.it). Furthermore, the area is characterized by the periodical rise of algal
blooms and the occurrence of algal toxins which are accumulated by mussels (Buratti et al.,
2013). These phenomena may elicit transitory stress conditions in mussels.

The selected sampling site is routinely monitored by the Regional Agency for Prevention,
Environment and Energy of Emilia-Romagna, Italy (ARPA-ER) to evaluate seawater
parameters, algal biomass and the occurrence of algal toxins (https://www.arpae.it). During the
sampling period, no relevant events of algal blooms were recorded, although
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in June a peak of chlorophyll-a > 10 pg/L indicates the onset of transitory eutrophic conditions.
No hypoxic conditions (dissolved oxygen <3 mg/L) were recorded; however, a relevant
reduction was recorded in July and August. Sea surface temperatures followed the monthly
profile and overall range of variability typical of a shallow- water ecosystem as the study area,
with winter temperatures < 10 °C, summer values > 27 °C (Fig. 1B). In March and in May, two
events of relatively low salinity were recorded (Fig. 1B). In March, climatological records
reported in the ARPA-ER database indicates the occurrence of heavy rains and snow melting as
well as high riverine inputs. The low salinity was paralleled by a reduction of transparency,
likely related to the input of sediments and debris along with freshwater inflow, while the low
chlorophyll-a values indicate a low algal biomass (Fig. 1B). In May, high riverine inputs were
recorded. These inputs determined an increase of eutrophic level with rise of algal biomass
(mainly diatoms of the genus Chaetoceros sp.).

Mussel samples were collected once a month, from February to August 2018. At each sampling
time point, 60 randomly selected mussels were collected directly in the field, immediately stored
in coolers (4 °C) and transferred to the laboratory, where they were cleaned and washed and
immediately processed for tissue (mantle/gonad complexes and digestive glands) dissection
under sterile conditions. Tissues were snap-frozen in liquid nitrogen and then stored at 80 C.
Sex was determined in individual mussels using the sex-specific gene method (Fraser et al.,
2016). Specifically, the method consists in the quantification through real-time PCR (qPCR) of
expression of the mussel vitelline envelope receptor for lysine (VERL), and vitelline coat lysine
(VCL) mRNAs in the mantle/gonad complex. The transcripts are specifically expressed in
females and males, respectively, and serve as a proxy of gonadal cycle (Hines et al., 2007). This
method proved suitable differentiating males from females both during gametogenesis and sex-
ual resting stage, when histology does not allow the observation of gametes (Anantharaman and
Craft, 2012; Fraser et al., 2016). RNA extraction and cDNA preparation from mussel

mantle/gonad complexes was as reported below. qPCR reactions were performed in duplicate
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for each sample using primer pairs and protocols reported previously (Anantharaman and Cratft,
2012) (Table S2). Threshold cycle (CT) values were determined by setting a constant baseline.
Sex was determined calculating the intra animal ACT as CT(VCL) CT(VERL) (Anantharaman
and Craft, 2012). Negative values indicate males and positive values indicate females. Relative
VCL or VERL expression values across season (Fig. 1C) were inferred by a comparative CT
method (Schmittgen and Livak, 2008) using the normalization and statistical strategy re- ported
below. As reported previously (Anantharaman and Craft, 2012), both VERL and VCL
expression levels significantly decreased from winter to summer (Fig. 1C). Based on visual
microscopic inspection of gonads (Hines et al., 2007), transcript levels of both sex specific genes
was found to be associated to the presence and abundance of gametes. Mussel biometric
parameters are reported in Table S1. A production metric, the condition factor, was calculated,
with values being un- changed across seasons and similar between females and males (Fig. 1D;
Table S1). The lysosomal membrane stability (LMS) was assessed in mussel living hemocytes
through the neutral red retention assay according to (Buratti et al., 2013). LMS is a well-
consolidated general stress biomarker and a prognostic indicator for putative pathologies. As
such, it addressed to as an integrated pathophysiological indicator of general health status
(Martinez-Go'mez et al., 2015). According to Martinez-Go'mez et al. (2015), neutral red
retention time (NRRT) values recorded in this study fall within the range representing stressed
but compensating organisms (Table S1). Furthermore, while males show almost constant NRRT
values across season, females show a sig- nificant reduction of NRRT values from winter to

summer, which indicate increased stress levels.
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3.2.2 RNA extraction, cDNA preparation, and qPCR analyses

For each animal, 200 mg of mantle/gonad complex (sex identifica- tion and gonadal cycle) or
digestive glands were independently ho- mogenized in a suitable volume of the TRI Reagent
(Sigma Aldrich, Milan, Italy) and total RNA was extracted using the DirectZol kit (Zymo
Research, Freiburg, Germany) following the manufacturer's in- structions. RNA concentration
and quality were confirmed using the Qubit system with the Qubit RNA assay kit (Thermo
Scientific, Milan, Italy) and electrophoresis using a 1.2% agarose gel under denaturing
conditions. The analysis of UV absorbance spectra of the samples (A = 200—340 nm) allowed
the calculation of Absorbance (A) ratio A260/ A280 addressing the occurrence of protein
contaminations (cut-off values > 1.8 and <2.0), and the ratio A260/A230 addressing the
occurrence of contaminants that may be present in the samples, such as guanidine thiocyanate,
which is a component of the TRI Reagent (cut-off value > 1.7). First strand cDNA for each
sample was synthesized from 1 pg total RNA using the iScript supermix (BioRad Laboratories,
Milan, Italy) following the manufacturer's instructions.

Expression profiles of selected transcripts in digestive glands were assessed by qPCR using
primer pairs listed in Table S2 and protocols reported in previous studies (see references in
Table S2). 18S and 28S were selected as reference gene products for gPCR data normalization
by a preliminary stability analysis of 6 established candidate transcripts (Balbi et al., 2016).
Relative expression values of target mRNAs were inferred by a comparative CT method
(Schmittgen and Livak, 2008) using the StepOne and DataAssist softwares (Thermo Fisher,
Milan, Italy). Data were reported as relative expression (fold change) with respect to a reference

sample (Winter male).
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3.2.3 Microbial DNA extraction and sequencing

Total microbial DNA was extracted from approximately 20—30 mg of digestive gland tissue
using the DNeasy PowerSoil kit (Qiagen, Hilden, Germany) according to (Musella et al., 2020).
The V3-V4 hypervariable region of the 16S rRNA gene was amplified using the 341F and 785R
primers with added Illumina adapter overhang sequences, as previously described (Barone et
al., 2019). The thermal cycle consisted of initial denaturation at 95 °C for 3 min, 30 cycles at 95
°C for 30 s, annealing at 55 °C for 30 s, extension at 72 °C for 30 s and 5 min at 72 °C for final
extension. PCR reactions were then cleaned up with Agencourt AMPure XP magnetic beads
(Beckman Coulter, Brea, CA). Indexed libraries were prepared by limited-cycle PCR, using the
Nextera technology and then pooled after a further clean up step as described above and
normalized to 4 nM. 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 Illumina MiSeq
platform using a 2 250 bp paired end protocol, according to the manufacturer's instructions

(Illumina, San Diego, CA). Sequencing reads were deposited in SRA-NCBI.

3.2.4 Statistical and bioinformatic analyses

qPCR data were analyzed using the REST software (Pfaffl et al., 2002) to test for statistical
differences in mRNA levels of the treatment groups vs the reference condition. Further pairwise
comparisons were performed with the Mann-Whitney U test (GraphPad Prism v9). Data
visualization, and graphics were obtained with the ggplot2 R package in R (R Development
Core Team, 2018). In any case, statistical differences were accepted when P < 0.05.

The complete dataset was further analyzed by a 2-way permutation multivariate analysis of
variance (PERMANOVA) using PRIMER v6 (Anderson et al., 2008) to test for variations of
transcriptional profiles among sex and season groups. Log-transformed variations of the target
transcripts were used to calculate similarity matrices based on the Euclidean distance (999

permutations). When the main tests revealed statistical differences (P < 0.05), PERMANOVA
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pairwise comparisons were carried out. Distance-based redundancy linear modeling (DISTLM)
with a test of marginality in PRIMER was also performed to account for the contribution of
environmental parameters and gonad cycle in explaining the total observed variance in the
transcriptional profiles. DISTLM used the BEST selection procedure and adjusted R2 selection
criteria. BEST/BioEnV analysis in PRIMER 6 was also carried out using a Spearman rank
correlation to identify the best correlated environmental variables that explained the observed
patterns of gene transcriptions (999 permutations).

For DG microbiome analyses, raw sequences were processed using a pipeline combining
PANDAseq (Masella et al., 2012) and QIIME 2 (https://qiime2.org) (Bolyen et al., 2019). High-
quality reads were clustered into amplicon sequence variants (ASVs) using DADA2 (Call- ahan
et al., 2016). A normalized ASV table has been used, so that for all samples the same number
of reads have been considered. Taxonomy was assigned using the SILVA database as a
reference (Quast et al., 2013). Unassigned sequences and those assigned to eukaryotes (i.e.
chloro- plasts and mitochondrial ones) were discarded. Beta diversity was esti- mated by
computing unweighted UniFrac distance. All statistical analyses were performed using R
software version (R Development Core Team, 2018). ASVs were filtered for prevalence,
retaining only ASV showing a relative abundance >1% in at least 10% of samples. UniFrac
distances were plotted using the vegan package, and permutation test pseudo-F ratios (function
adonis in the vegan package) was computed to test the significance of data separation in the
principal coordinate's analysis (PCoA).

Kendall correlation test and a DISTLM analysis with a test of mar- ginality was used to
determine associations between the PCoA co- ordinates (Kendall correlation) or relative
abundances of microbic phyla (DISTLM) and expression profiles of selected transcripts. False
discovery rate (FDR) (function p.adjust in the stats package) was used to adjust P-values, and a
P-value 0.05 was considered as statistically significant. DISTLM used the BEST selection

procedure and adjusted R2 selection criteria.
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3.3 Microbiome characterization of M. galloprovincialis along a spatial and

temporal environmental stress gradient.

3.3.1. Mussels collection

Total of 450 samples were collected, in particular 50 per site 150 per season, separated in digestive

gland and gill tissues, were collected in autumn, spring and summer.

‘poro JJ |:: I :

Z

l " - - - Y

g e R o - L
. — e ;

L 'r“ = _,_‘5)‘;,,,\

~ /‘ﬁn“d"‘, e S ¥ ~‘:’
-~y -

44°30'N+ - v‘}

Adriatic Sea

ety Cesenatico
44°0'NA ﬁattollca |
Safbh Marino
Senigallia
0 15 30 60 Kilometers * g
T T T T
12°0'E 12°30'E 13°0'E 13°30'E

Fig 1. Study area, location of the mussel farms assessed in this study in the NorthWestern Adriatic Sea (Italy).
Location and season effects. Mussels were collected from the three locations, namely: Goro, Cattolica, and
Senigallia (figure 1). The farms at Goro, Cattolica, and Senigallia represent from the north to the south coastal
part of the western Adriatic Sea. Those farms are generally well-established in the area. Other than the
location factor, to stimulate the seasonal effects, sampling was carried out in consecutive three seasons,
including autumn, spring, and summer in each location. Each sample consisted of twelve mussels of

commercial size (5-7 cm in length) and immediately transferred to the laboratory for further analysis.
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3.3.2 Microbial DNA extraction

Total microbial DNA was extracted from approximately 20-30 mg of the digestive gland, foot, gill
and stomach, and from 200 pl 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
ul, 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-um 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 programused 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 [llumina MiSeq platform using a 2 x 250 bp paired-end protocol, according to the

manufacturer's instructions.
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3.3.3 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 DADA?2 (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/). Weighted
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. Pvalues 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.
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3.4 Development and validation of a liquid chromatography - mass
spectrometry method for multiresidue analysis in mussel of the Adriatic

Sea

3.4.1. Chemicals

Water of HPLC-MS grade (Millipore) was produced using the depurative system Milli-Q Synthesis
A 10 (Molsheim, France). Methanol (MeOH), hexane, cyclohexane, dichloromethane (DCM), acetone
and acetonitrile (ACN), all of HPLC-grade were purchased from Merck (Darmstadt, Germany). Acetic
acid (98% pure), Magnesium sulfate monohydrate (MgS0O4-H20), Ethylenediaminetetraacetic acid
(EDTA), and sodium hydroxide (98% pure) were purchased from Fluka (Buchs, Switzerland).
Metolachlor, Alachlor, Atrazine, Sulfamethoxazole, Erythromycin A dehydrate, Tetracycline,
Doxycycline hyclate and Amoxicillin trihydrate standards were purchased from Merck Life Science
BV (Overijse, Belgium). Carbamazepine, Atrazine-desethyl-desisopropyl, N,N-Diethyl-meta-
toluamide standards and 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS)
were purchased from Merck KGaA (Darmstadt, Germany). Isotopically labeled internal standards
(ILISs) Metolachlor-(2-ethyl-6-methylphenyl-d11), Alachlor-di3, Atrazine-ds, Carbamazepine- *Cs,
Sulfamethoxazole-(phenyl-!3Cs) were from Merck Life Science BV (Overijse, Belgium).

Supel QuE Z-Sep+ Tube, Supel QuE PSA/C18 Tube, Supel QuE Citrate (EN) extraction tubes, Supel
QuE Acetate (AC) extraction tubes and LiChrolut EN 200mg 6ml SPE materials were acquired from
Merck KGaA (Darmstadt, Germany). C18 (500 mg, 6 mL) SPE columns were purchased from

SiliCycle (Quebec, Canada).

3.4.2. Standard solutions

Single stock solutions (1 mg/mL) of Metolachlor, Alachlor, Atrazine, Sulfamethoxazole,

Erythromycin A dehydrate, Carbamazepine, Tetracycline, Doxycycline hyclate, Amoxicillin
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trihydrate standards and respective ILISs (Metolachlor-(2-ethyl-6-methylphenyl-d11), Alachlor-dis,
Atrazine-ds and Sulfamethoxazole-(phenyl-'Cg) were prepared in methanol and stored until use at -
80° C.

Carbamazepine- '3Cq was already available at a concentration of 100 pug/mL in methanol. Stock
solution of Atrazine-desethyl-desisopropyl was prepared in methanol at a concentration of 100 pg/mL
and stored until use at -80° C.

Standard solutions used for method validation were obtained diluting stock solutions in mobile phase.
Spiked sample solutions used for optimization of extraction procedure and calibration curve were
obtained diluting stock solution in methanol in the range 0.002-500 ng/mL and then treated as samples

(see section 2.5).

3.4.3 Instrumentation conditions

Liquid chromatography was performed using a 2690 Alliance system (Waters, Milford, MA, USA)
coupled to a triple quadruple mass spectrometer (Quattro-LC, Micromass), equipped with an ESI
source, operating in the multiple reaction monitoring (MRM) acquisition mode. The optimal analytical
separation was achieved by using an Atlantis T3 Column (5 um, 2.1 mm X 150 mm, Waters) in
gradient elution with a mobile phase composed of 0.01% acetic acid in water (A) and 0,01% acetic
acid in a solution of methanol and acetonitrile 65:35 (v/v) (B). The initial conditions, 10% of solvent
B, were held for 5 min, then solvent B was increased to 60% over 7 min followed by a further rise to
80% over 3 min and a successive further rise to 90% over 2 min. These conditions were held for 25
min. Finally, mobile phase B was returned to its initial conditions over 10 min. The separation was
completed within 37 minutes. The flow rate was 0.14 mL/min, the column temperature was
maintained at 20°C with an injection volume of 5 pL.

The MS/MS experimental conditions were tuned by direct infusion of the single analytes. The
detection was performed in positive mode (2500 V) and the spectra were acquired in multiple reaction

monitoring (MRM) mode. Argon gas was selected as collision gas and nitrogen as nebulizer and heater
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gas. Nitrogen was used as nebulizer gas at 117 L/h flow rate and as desolvation gas at 622 L/h. Ton
source block and desolvation temperatures were set at 120 °C and 180 °C, respectively. Capillary and
cone voltages were 2,90 kV and 60 V, respectively. For optimization of MS parameters, individual
standard solutions were prepared in methanol (10 mM) and introduced into ESI source by direct

infusion at a flow rate of 20 mL/min.

3.4.4 Sample collection, pooling and storage

Mediterranean mussels (Mytilus galloprovincialis) of commercial size (4—6 cm in length), obtained
from a government certified mussel farm (Cooperativa Copr.al.mo, Cesenatico, Italy) were transferred
to the laboratory in seawater tanks and acclimated in aquaria containing 35-psu filtered seawater at 16
°C with continuous aeration (> 90 % oxygen saturation). During acclimatization, mussels were fed
once a day with a commercial algal slurry (Koral, Xaqua). Mussels were immediately analyzed to
assess their good initial health status employing the lysosomal membrane stability (neutral red
retention assay) (Buratti et al., 2013) (data not shown). Whole mussel soft mass was dissected from
15 groups of animals (3 animal/group). Pooled samples were then homogenized using a UltraTurrax

system (IKA), frozen at -20°C and finally lyophilized.

3.4.5 Sample extraction procedure

The optimized extraction procedure reported in Figure 1 offered the best compromise among
recoveries, limit of detection and matrix effect. Aliquots of 250 mg dry weight (dw) of whole mussel
powder were transferred into a centrifuge tube and stored at -20°C until sample clean-up. The
extraction procedure was as follow: 1) Aliquot was thawed, 10 pL of IS 10 uM were added and the
freezed-dried sample was extracted with 1 mL of cold ACN:MeOH (50:50 v/v) mixture, 10 uL of
EDTA 25 mM and 0,25 g of MgSO4 were added. The sample was vortexed for 2 min, cooled for 10
min at -20°C and centrifuged with a controlled temperature of 4°C at 3600 rpm for 2 min for protein
precipitation, the supernatants, obtained from two identical replicated extractions were collected. 2)
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The sample powder pellet underwent a second double extraction with 1 mL of a previously
refrigerated solution of Hexane: Acetone (50:50 v/v) and the addition of 10 uL. of EDTA 25 mM. The
sample was vortexed for 2 min, cooled for 10 min at -20°C and centrifuged with a controlled
temperature of 4°C at 3600 rpm for 2 min. 3) The supernatants were collected and mixed with the
ones obtained with ACN:MeOH (50:50 v/v) mixture. The extracted solution was vacuum dried with
a UNIVAPO Vacuum Concentrator (UniEquip, Monaco). 4) The oily residue was re-dissolved in 200
uL of CHAPS 0,6% (m/v) aqueous solution. The sample was vortexed for 1 min and centrifuged at
3600 rpm for 10 min. The supernatant was collected and stocked separately. 5) 100 uL. of MeOH were
added to the remaining residues, the sample was vortexed for 1 min and centrifuged at 3600 rpm for
7 min. 6) The supernatant was collected and stocked with the previously collected supernatant. 7) This
solution was centrifuged with a controlled temperature of 4°C at 13400 rpm for 10 min. 100 pL of the

filtered (0.45 um syringe filter) supernatant were injected in the LC-MS system.
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3.4.6 Optimization of extraction procedure

To determine the optimum extraction procedure, different organic solvents were tested: hexane,
cyclohexane, dichloromethane, acetonitrile, methanol and acetone. The optimization on the solvents
was conducted as to maximize recoveries for the analytes and when possible, to decrease matrix effect.
Finally as described in section 2.5, we obtained the best compromise using two separated extraction
mixtures: the first with CAN:MeOH (50:50) solution and the second with a hexane:acetone (50:50)
solution.

To improve recoveries of analytes, micro volumes of a solution of EDTA (25mM) and 0,25 g of

MgSO,4 were added to the mussel pellet during extraction.
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Extraction temperature was also optimized. Different thermal sample treatments were evaluated, in
particular sample preparation as described in section 2.5 was conducted in parallel at room
temperature, or involving the use of refrigerated solvents and a rapid cooling cycle (-20°C for 20
minutes). Percentage agreement of target analytes from cold treated versus room temperature was
calculated.

Sample clean-up by means of solid phase extraction (SPE) was evaluated. After solvent extraction
with CAN/MeOH and hexane/acetone as reported in paragraph 2.5, the sample was dryed and
resuspended with 1ml of the mobile phase and SPE was tested. Two different SPE were tested
LiChrolut EN (200 mg, 6 mL) and Silicycle C18 (500 mg, 6 mL). SPE columns were activated with
5 mL of MeOH and 5 mL of H>O. The resuspended sample was added to the SPE cartridge. The
cartridge was washed with 1ml of water and the analytes were eluted with MeOH. Aliquots of 1 ml
were collected, dried and quantified as per optimized procedure described in paragraph 2.3.
Recoveries and matrix effect were calculated.

Sample clean-up was also considered by the use of two alternative extraction procedures based on
dispersive SPE (d-SPE) such as QuECheERS method, including Supel QuE Citrate (EN) + Supel QuE
Z-Sep+ Extraction tubes and Supel QuE Acetate (AC) + Supel QuE PSA/C18 extraction Tube, this
specific powder mixes were employed because especially indicated for improving recoveries of
pesticides from fat matrixes. Prior extraction with CAN:MeOH salts were added and the standard
Quechers and d-SPE procedure was applied. The obtained solution was then evaporated, resuspended
in 200 pL of mobile phase, centrifugate and the supernatant was stocked separately. The remaining
residues was treated as described in points 5), 6) and 7) in section 2.5 (without using CHAPS solution).
The use of a surfactant was assayed. CHAPS is a zwitterionic surfactant typically used
to solubilize biological macromolecules. We employed it in our procedure to dissolve the oily residues
obtained after drying our extraction solvent and thus improve our recoveries. A side-by-side

comparison of the quantitation of CHAPS treated/untreated samples was conducted.
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3.4.7 Method validation

For each analyte, the method performance was evaluated by the determination of retention time (RT),
transition ion ratios, recovery, accuracy (trueness), precision (expressed as the intra- and inter-day
repeatability), linearity, as well as method detection limits (MDL) and method quantification limits
(MQLs)

Selectivity was evaluated by comparing the chromatograms obtained from standards, samples, and
spiked sample solutions.

The instrumental linearity was also assessed through six-point calibration curves in matrix-matched
curve containing a precise amount of each IS (10 MQL) obtained by dilution of the stock solution
with methanol in the range 0.002-500 ng/mL and then spiked in mussel matrix without analytes.
MDL and MQL were determined in spiked samples before the extraction (n=3) considered as the
minimum detectable amount of analyte with signal-to noise ratio (S/N) of 3 and 10, respectively.
Accuracy and precision of the whole method were calculated intra (n=3) and inter-day (n=9) from
three repeated injections of spiked sample solution (QC) at 3 different concentrations (low to high)
and extracted. Low concentration was coincident with the MQL, medium concentration was 10 MQL
and high concentration was 100 MQL.

To evaluate potential matrix effects the following approach was adopted: a pooled mussel sample
(mussel matrix without analytes) was extracted as per the protocol (section 2.5); the final supernatant
was then spiked with analyte standard solutions at three concentration levels (low, medium and high)
and analyzed. Quantitation on this sample was compared to results obtained on a mobile phase
standard solution at the same analyte concentration levels. The percentage matrix effect (matrix ion
suppression/enhancement) was calculated. If ME = 0% there is no observed matrix effect, if ME >
0% then an ion-enhancement occurred, and if ME < 0% an ion-suppression occurred.

Recovery experiments were performed in triplicate at three concentration levels (low: MQL, medium:
10 MQL and high: 100 MQL) by comparing the area ratio of the analyte to the IS of sample fortified

before and after extraction. In these conditions, both samples are subjected to the same matrix effect
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contribute, making eventual differences dependent only to the efficiency of the extraction. The

different samples were analyzed, and percentage absolute recoveries were calculated.

3.4.8 Short-term storage stability

To investigate the effects of different storage methods during daily operations, stability of mixed
standard solutions was assessed. Mixed standard solutions placed in a 2 mL amber glass LC vials,
were stored under three different conditions, room temperature, at 4°C in the autosampler, at -20°C,
for 8 hours to assess the possible loss of analytes during sample processing and analysis time. The t

= (0 and t = 8 h standard solutions at the same concentrations were a
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4. Results

4.1 Tissue-scale microbiota of the Mediterranean mussel (Mytilus
galloprovincialis) and its relationship with the environment

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, 46 456 & 68 116). High-quality

reads were clustered into 18 787 ASVs (8 532 +£4 634).

The overall composition of the M. galloprovincialis microbiota is reported in Figure 2A. 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 Alteromonadales order (10.7 £+ 21.6%) and
Flavobacteriaceae (8.8% = 9.6%) (Figure 2B). 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
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genera with mean r. a. between 3% and 5% (Figure 3C).
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Fig 3. 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 relative abundance 22% in at least 10% of samples are represented.

As for seawater, Proteobacteria (68.6 + 8.4%) and Bacteroidetes (14.8% + 3.2%) were the dominant
phyla (Figure 3A), 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, Familyl of Cyanobacteria,
Campylobacteraceae, Planctomycetaceae, and Verrucomicrobiaceae were subdominant components,
with a mean r. a. ranging from 2% to 5% (Figure 3B). 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,
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Synechococcus, Arcobacter and an unclassified genus of Verrucomicrobiaceae were present, all

showing average r. a. between 2% and 3% (Figure 3C).

4.1.1 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

(Figure 3A) and the mussel samples significantly segregated according to the tissue type (permutation

test with pseudo-F ratios, P-value < 0.001). 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 between-tissue comparisons of the microbiota structure were found to be significant (P-

value < 0.03), highlighting the high level of organ specificity of mussel microbiota (Figure 4A).
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Fig.4. 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.

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 <

0.03).

For what concerns the compositional structure, the microbiota from each organ showed a specific
layout of dominant families (Figure 5). In particular, Ruminococcaceae (meanr. 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
(Figure 4). The relative abundance of the most represented families in all Mediterranean mussel organs

and seawater is provided in Table S3.
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Fig.5. 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 21.5% in at least 10% of samples are represented.

4.1.2 TImpact of mussel farming on the microbiota composition of the surrounding seawater

With the aim of assessing 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 (Figure S1).

As shown in Figure 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.
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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 Vibrionaceae-related ASVs down to species level, their
sequences were mapped onto the 16S Microbial NCBI database. The best hit was Vibrio splendidus

(>80% identity), a well-known potential pathogen.

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

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 over-abundant in at least one mussel organ or
seawater metagenome (Supplementary Table S4). Samples were than clustered according to the

abundance profile of the 94 over-abundant pathways (Figure 6).
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Fig. 6. 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.

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 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. superpathway
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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).

Che

4.2 Variability of metabolic, protective, antioxidant, and lysosomal gene “
transcriptional profiles and microbiota composition of Mpytilus
galloprovincialis farmed in the North Adriatic Sea (Italy)

Variations of gene transcriptional profiles between sexes or across season are reported in Fig. 7.
Results from PERMANOVA analyses demonstrated that the single factors “Season” and “Sex” had a
significant effect on the whole dataset (P < 0.05). Furthermore, PERMA- NOVA analysis showed a
significant interaction (P < 0.05) between the factors. The BEST/BioEnV analysis showed the
environ- mental variables that best correlated with the overall transcriptional dataset (Table S3).

Significantly different expression levels between males and females are observed for mt20, abcb and
hex (P <0.05). All gene products showed complex transcriptional patterns across season in both males
and females (Fig. 7), with a tendency to increased (amil, lys, mt20, abcb, cat, sod, hex, ctsl, gusb) or
decreased (pk, idp) expression from winter to summer. DISTLM analyses performed on separate
female and male datasets by considering environmental parameters and gonadal matu- ration level
(assessed through VCL/VERL expression profiling) showed that in females’ temperature, salinity,
chlorophyll-a, and gonadal maturation explained most of the variation of the observed transcriptional

profiles (Fig. 8).
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965 Fig. 7. Transcriptional profiles of metabolic (amil, pk, idp), cytoprotective/detoxification (lys, mt10, mt20, abcb), antioxidant
966 (cat, gst, sod), and lysosomal (hex, ctsl,gusb) mRNAs in females ( @) and males ( &) farmed Mediterranean mussels from the
967 North Adriatic Sea. For each target transcript box plots (grey area) report overall expression levels in female’s vs males (median,
968 upper and lower quartiles; N =21), while bar plots (white area) show transcriptional profiles across the sampling seasons and
969 for the different genders (mean + sem; N = 7). In box plots: *P < 0.05 male vs female. In bar plots: different letters indicate
970 statistical differences between samples within male or female sample groups (P <0.05). Full transcript names are reported in Table
971 S2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
972

973  Among these explaining variables, the BEST/ BioEnV analysis showed that temperature and gonad
974  maturation significantly correlated with transcriptional profiles of females, while salinity, surface
975  oxygen and transparency significantly correlated with transcriptional profiles of males (Fig. 8; Table

976  S3).

977
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Fig. 8. DISTLM analysis to explore trends of biological parameters with environmental variables in females ( @) and males
( O) sample groups. Results from the test of marginality related to the distance-based redundancy (DISTLM) analysis
showing contribution of each environmental variable to the total variance observed in female and male datasets of gene
tran- scription profiles. VERL/VCL expression levels (which are proxies of gonadal cycles in females/males). DISTLM used
the BEST selection procedure and adjusted R2 selection criteria. Dark red (females) and dark cyan (males) bars indicate

the best correlated environmental variables according to the BEST/ BioEnV analysis reported in Table S2. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

4.2.1 Digestive gland mussels microbiome variation across seasons
The compositional structure of the DG (digestive gland) microbiome from 41 mussels collected across
the sampling period was obtained by NGS sequencing of the V3—V4 hypervariable region of the 16S
rRNA gene. A total number of 623,000 high quality reads were obtained (mean per sample SD, 15195

+ 11,581) and clustered in 614 ASVs at 97% identity.

To explore overall differences in the DG microbiome composition between samples, an unweighted
Unifrac-based PCoA of the correspondent compositional profiles was carried out. According to our
findings, mussel samples clustered in 3 groups which correspond to the collection seasons

(permutation test with pseudo-F ratios, P-value 0.02) (Fig. 9A).
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Fig.9. Variation of M. galloprovincialis DG micro- biome according to seasonality. (A) Principal Co- ordinates Analysis
(PCoA) based on unweighted UniFrac distances between samples compositional profiles. Samples are significantly
separated (permu- tation test with pseudo-F ratios, P-value < 0.02). The percentage of variance in the dataset explained
by each axis, first and second principal component (PCo1 and PCo2), is 21% and 12%, respectively. (B) Boxplot showing
relative abundance of dominant phyla in winter, spring and summer. The color legend is depicted at the top-right of the
plot in panel A. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article).

From the compositional point of view, Firmicutes characterized winter samples, while Tenericutes
were most abundant in the summer. Conversely, Proteobacteria appeared to be constant throughout
the year (Fig. 10B). Besides seasonal variation, Fig. 10A shows a tendency of microbiome
composition segregation according to mussel sex, though not statistically significant (permutation test
with pseudo-F ratios, P-value 0.12). Particularly, as shown in Fig. 12B, males are most abundant in
Cyanobacteria (6%+11.4% in male, 2.1%+7.6% in female), Planctomycetes (5.3% =+ 7.7% in male
0.6% £ 1.5% in female) and Chlamydiae (2% =+ 4.7% in male, 0.6%

+ 1.5% in female), while

females show an increase in Firmicutes (16.1%+ 22.5% in male, 19.7% =+ 26.9% in female),
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Bacteroidetes (2.7% + 3.4% in male, 8.9% + 16.2% in female) and Actinobacteria (4.7%* 6.6% in
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Fig. 10. Variation of M. galloprovincialis DG micro- biome composition according to sex. (A) Principal Coordinates Analysis
(PCoA) based on unweighted UniFrac distances between samples compositional profiles. Samples, color coded according
to sex, showed a tendency to separate (permutation test with pseudo-F ratios, P-value < 0.2). The percentage of variance
in the dataset explained by each axis, first and second principal component (PCol and PCo2), is 21% and 12%,

respectively. (B) Barplot showing phylum-level mean relative abundance in male ( ) and female ( @) samples. Only

phyla with relative abundance >1% in at least 10% of samples are represented.

To detect possible associations between mussel transcriptional profiles and the observed seasonal
pattern DG microbiome segregation, we performed an indirect gradient analysis using Kendall
correlation test. No significant correlation (P > 0.05) was observed between the samples PCoA
coordinates and the correspondent expression profiles of the genes analyzed in Fig. 7. Nevertheless,
the DSTLM analysis (Fig. 11; Table S4) shows that sample grouping based on transcriptional changes
correlate with vectors describing trends of relative abundance of some microbial phyla disclosed

in the DG microbiome. In particular, Chlamydiae and Planctomycetes appear correlated with
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1052  transcriptional changes between males and females, while Actinobacteria, Bacteroidetes, Firmicutes,
1053  and Tenericutes seem correlated with transcriptional changes between winter to spring/summer

1054  samples (Fig. 11, Table S4).
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1063 Fig. 11. DISTLM analysis on the gene transcription dataset with superimposed correlation vectors with relative DG
1064 microbiome composition. Results from the test of marginality related to the DISTLM analysis is reported in Table S4.

1065  DISTLM used the BEST selection procedure and adjusted R2 selection criteria.
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4.3 Microbiome characterization of M. galloprovincialis along a spatial and
temporal environmental stress gradient.

Mussels were collected from the three locations, namely: Goro, Cattolica, and Senigallia. The farms
at Goro, Cattolica, and Senigallia represent from the north to the south coastal part of the western
Adriatic Sea. Those farms are generally well-established in the area. Other than the location factor, to
stimulate the seasonal effects, sampling was carried out in consecutive three seasons, including
autumn, spring, and summer in each location. To explore overall differences in the microbiome
composition between samples, a weighted Unifrac-based PCoA of the correspondent compositional
profiles was carried out. According to our findings, mussel samples clustered in 3 groups which
correspond to the collection sites, with site Goro more separated than Cattolica and Senigallia
(permutation test with pseudo-F ratios, P-value 0.001) (Fig. 12A). From the compositional point of
view, Planctomycetaceae and Helicaceae families were more abundant in Goro than Cattolica and
Senigallia samples, while Lachnospiraceae, Lactobacillaceae and Ruminococcaceae families

characterized Cattolica and Senigallia sites (Fig. 12B).
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Fig. 12. Variation of M. galloprovincialis DG microbiome according to sites. (A) Principal Co- ordinates Analysis (PCoA)
based on weighted UniFrac distances between samples compositional profiles. Samples are significantly separated
(permutation test with pseudo-F ratios, P-value < 0.001). The percentage of variance in the dataset explained by each
axis, first and second principal component (PCo1 and PCo2), is 43.1% and 11.4%, respectively. (B) Boxplot showing relative

abundance of families in Goro, Cattolica and Senigallia sites. The color legend is depicted at the top-right of the plot in panel A, G=Goro,

C=Cattolica, S=Senigallia.

Besides sites variation, Fig. 13 shows microbiome composition segregation according to seasonal
variation. Mussel samples clustered, in fact, in 3 groups which correspond to the collecting seasons -
Spring, Summer and Autumn (permutation test with pseudo-F ratios, P-value 0.001) (Fig. 13A). From
the compositional point of view, Lachnospiraceae and Planctomycetaceae characterized autumn

season, while Enterobacteriaceae in mussels sampled during summer season. Ruminococcaceae,
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Lactobacillaceae and Shringomonadaceae families, instead, remained constant during the whole year.

(Fig. 13B).
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Fig. 13. Variation of M. galloprovincialis DG microbiome according to seasonality. (A) Principal Co- ordinates Analysis
(PCoA) based on weighted UniFrac distances between samples compositional profiles. Samples are significantly
separated (permutation test with pseudo-F ratios, P-value < 0.001). The percentage of variance in the dataset explained
by each axis, first and second principal component (PCol and PCo2), is 43.1% and 11.4%, respectively. (B) Boxplot showing

relative abundance of families during spring, summer and autumn season. The color legend is depicted at the top-right of the plot in

panel A.

With regard to alpha diversity, significant differences were observed in species richness among

different seasons for each site. In particular, we found differences in summer and autumn for Cattolica
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and Senigallia sites, and for spring and summer for Goro site (PD whole tree, p-value < 0.01) (Fig.

14).
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Fig.14. Box and whiskers plots showing the alpha diversity values, measured as amplicon sequence variants (ASVs) *, P-

value <.05, Wilcoxon test.

4.4 Development and validation of a liquid chromatography - mass
spectrometry method for multiresidue analysis in mussel of the Adriatic

Sea

4.4.1 Analytical separation method development

To select the optimal separation conditions, single solutions and mixture of standards underwent a
series of iterated analyses, using a conventional experimental design approach. Two different reversed
phase separation columns were trialed for the separation of the target bioactive molecules. Between
the two columns tested the XBridge C18 showed co-elution of various analytes and unacceptable
separative performances, thus the Atlantis T3 column was selected because it provided good

chromatographic separation and peak symmetry in a relatively short time. As a second step, different
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mobile phase compositions were evaluated at different solvent gradients, according with common
solvents and buffer used for fatty matrix analysis. We tested as organic phases pure methanol, pure
acetonitrile and mix of them, while as water phases we tested pure water, water with different amount
of formic acid and acetic acid from 0.01 to 0.1% (v/v), ammonium acetate buffer at three different pH
levels (6-7-8). Mobile phases with low pH levels were not tested because of potential epimerization
process of the investigated antibiotics compounds.

In terms of chromatographic resolution, peak shapes, and analysis times, the best compromise was
obtained by using a mobile phase composed of 0.01% acetic acid in water and a solution of methanol
and acetonitrile 65:35 (v/v) with 0,01% acetic acid.

Finally, we investigated the influence of flow rate, in the range 0.10-0.50 mL/min, and column
temperature, in the range 20—60 °C. The flow rate was set at 0.15 mL/min, because higher flow rates
lead to poorer peak shape and loss of resolution, and a temperature of 20 °C.

Figure 15 shows the chromatograms relative to the different analytes included in the method at

medium concentration (10MQL).
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Fig. 15. Total ion current chromatogram reporting the separation of all 11 analytes investigated. [365.69] > [349.03]
transition (1), [146.03] > [110.08] transition (2), [444.59] > [427.38] transition (3), [733.84] > [576.35] transition (4),
[444.62] > [428.20] transition (5), [253.63] > [155.99] transition (6), [237.12] > [194.05] transition (7), [216.34] > [174.02]

transition (8), [192.13] > [119.10] transition (9), [238.32] > [162.13] transition (10), [284.04] > [252.03] transition (11).

The analysis of residues in fatty matrices as mussels is still a challenging issue, because of the intrinsic
complexity of the matrix and the relatively low concentration. It is very difficult to purify the analyte
of interest avoiding the co-extraction of fatty material, which may hamper proper detection affecting
recovery and matrix effect. Furthermore, some of the pesticides we desired to quantify are fat-soluble
non-polar compounds (e.g. organochlorine) and tend to concentrate and accumulate in fat. Considered
the different chemical physical properties of the compounds analyzed here, and based on several
articles reporting similar approaches, firstly we essayed extractions with different pure solvents.
Among non-polar solvents we tested hexane, cyclohexane, and dichloromethane. Cyclohexane and
hexane showed similar recoveries for carbamazepine, sulfamethoxazole, and erythromycin but
cyclohexane showed much lower recoveries for all the other compounds. Between hexane and DCM,
we have comparable recoveries for pesticides but better recoveries of pharmaceuticals with DCM;
nonetheless DCM shows an increase in matrix effect for most analytes thus we choose hexane.
Considering the too low recoveries for some specific analytes (i.e. Sulfamethoxazole, Erythromycin)
and taken into account their specific solubility in acetone'?, we decided to also test acetone in the
extraction mixture. Pure acetone and a mixture of hexane and acetone 50:50 (v/v) were tested. The
latter proved to be the best solution providing a significant increase in Sulfamethoxazole recovery and
an increase in almost all other compounds. With this extraction we obtained acceptable recoveries
and matrix effects only for some of the compound desired, especially pesticides. Recovery and matrix

effect values obtained with single solvent and binary mixture extractions are reported in figures 16a
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and 17a. Recovery was calculated as percentage of our final method described in section 2.5 (dash

line) considered as 100%.
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Fig. 16. Recovery and relative standard deviation (RSD) of different extraction solvents: a) non-polar solvents; b) polar
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Figure 17. Matrix effect relative standard deviation (RSD) of different extraction solvents: a) non-polar solvents; b) polar

solvents.

To improve our results on antibiotics we tested two more solvents with higher polarity: acetonitrile

and methanol. Acetonitrile worked well for pesticides, with an acceptable matrix effect, methanol

drastically increased recoveries for pharmaceuticals, especially doxycycline and tetracycline, but also
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raised matrix effect for most compounds, by extracting more interferences. We found an acceptable
compromise between recoveries and matrix effect using a mixture (50:50 v/v) of the two solvents
(Figures 16b and 17b). Finally, two separate extractions with two different solvent mixtures
(ACN:MeOH) (50:50 v/v) and Hexane: Acetone (50:50 v/v)) on the same freeze-dried sample were
carried out.

Recovery and matrix effect of different solvent extraction and of complete extraction method are
shown in Table S1-S9.

The use of CHAPS as zwitterionic surfactant was found to be of detrimental importance to analyze
the entire oily residue, we proved to contain a non-negligible quantity of analytes. The formation of
this residue was reported in literature and it was simply discharged. Since none of the pretreatments
described above (SPE and QuEChERS) were satisfactory in avoiding oil formation in the dried
sample, an aqueous solution with CHAPS 0.6 % (m/v) instead of FM was used to re-dissolved the
oily residue. CHAPS is a mixture of zwitterionic detergents that are particularly well suited for mass
spectrometry. The use of a substance with detergent properties is aimed at helping the re-dissolution
of analytes trapped in the fatty oily residue. The use of chaps improved recoveries especially for
pesticides (i.e. Deet, Atrazine, Atrazine-Desethyl-Desisopropyl, Metolachlor) while we obtained
comparable or slightly worse results for pharmaceuticals such as Tetracycline, Doxycycline (figure
5b). Recovery was calculated as percentage of our final method recovery (section 2.5, dashed line)
considered as 100%. However, the significant decrease in matrix effects that occurs in almost all cases
makes the method using CHAPS the best, among those tested, for the extraction and purification of
these compounds in mussel samples (Figure 18). Recoveries and matrix effect at medium
concentration can be found in section 3.2.2 and in Table S16 (low to high concentration) in

supplementary information.
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Fig. 18. Matrix effect and relative standard deviation (RSD) of different methods

Calibration curve parameters for all the considered compounds, in the specific concentration range
for each analyte, were obtained by plotting the peak area of the spiked sample solution against their
theoretical concentration through a linear least-square regression analysis.

Linearity was assessed through six-point calibration curves in matrix-matched curve due to the
presence of medium or high matrix effect for most analytes. The calibration curves for analytes the
ratio between analytes peak area and IS peak area was used. The resulting calibration curve equations
were in the form of Y = a (+ da)X + b(+ 8b). Calibration curve determination coefficients (r?) were >
0.995 for all molecules in the linearity ranges (0.002-500 ng/g). Table S17 reports the regression
coefficients and the linearity range for each analyte.

Accuracy was defined as the deviation of the measured mean concentration from the spiked
concentration, expressed in percentage, as described by Muiioz et al. whereas precision was expressed

as the relative standard deviation of the measured concentration.
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Accuracy values ranged between -7 and 12% at three different concentrations levels. RSD values for
the intra-day analysis (repeatability) ranged between 1 and 6% while they were between 2 and 6% for
the inter-day analysis (reproducibility). This demonstrates the repeatability and reproducibility of the
method with an error below 20% and therefore its effectiveness for quantification purposes. Table
S18 reports the results obtained.

MDLs and MQLs for all the analytes ranged from 9E-4 ng/g to 10 ng/g and from 3E-3 ng/g to 30 ng/g
respectively. Table S19 resumes the results obtained.

Using the optimized method we obtained a significant decrease of MLOD for pharmaceuticals,
amoxycillin, sulfamethoxazole and carbamazepine, respect previously reported methods developed
by R. Fernandez-Torres et all® and by R. Cueva-Mestanza et al.

Higher MQLs than our method was described by A. J. Ramirez et al., for the extraction of
pharmaceuticals from fish muscle using LC-MS/MS (i.e sulfamethoxazole, carbamazepine,
erythromycin). For the same compound we obtained similar MDLs respect the method developed by
D. Alvarez-Muiioz (sulfamethoxazole, erythromycin, carbamazepine) using UHPLC—MS/MS in the
same matrix (Mytilus galloprovincialis, Mediterranean mussel) and by W. Li et al. (sulfamethoxazole,
erythromycin) using HPLC-MS/MS but both using more time-spending method (PLE and SPE).
A.-Munoz et al. have published a second most recent paper without consider tetracycline and
macrolides antibiotics. They have reported comparable results in terms of MDLs for sulfamethoxazole
and carbamazepine. On the other hand, their procedure involved the use of ACN that we have
investigated for all of our compounds with poor efficiency specifically for penicillin and tetracycline
antibiotics in our method.

Interestingly, Martinez Bueno et al. have reported a method for the extraction of two anticonvulsants
and their transformation products in marine mussels comparing PLE and Quechers extraction. In this
paper they obtained better results with Quechers extraction reporting MLOD for carbamazepine

higher than ours.
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Compte et al. reported a method for the determination of antibiotics and their metabolite in seafoods.
They obtained better result for tetracycline and comparable for sulfamethoxazole.

For pesticides and herbicides, the method developed by A.-Mufioz showed similar MDL compared to
ours for atrazine, while sensitivity for metolachlor was improved in our method.

Geng-Ruei Chang et al. reported LOQs higher than our MQLs for herbicide residues in hard clam and
oyster using Quechers method in the case of metolachlor and atrazine, and comparable in the case of
alachlor.

Matrix effects may severely influence sensitivity, linearity, accuracy and precision of quantitative LC
MS/MS determinations, particularly with complex matrices. All compounds included in this method
were subjected to ion suppression. Thus, 3 compounds (Erythromycin, Alachlor and Metolachlor)
showed no matrix effect (<20%, because this variation is close to the repeatability values), 4 analytes
(Doxycycline, Tetracycline, Deet and Atrazine) presented a medium effect (50-20%) whereas 4
showed a high effect (> 50%) (Amoxycillin, Carbamazepine, Sulfamethoxazole and Atrazine-
Desethyl-Desisopropyl). Coextracted matrix components were found to have maximum effect on the
analytical response of early-eluting analytes (i.e amoxycillin and atrazine desethyl- desysopropyl).
Our results are comparable with the method used by Alvarez-Munoz focused on pharmaceuticals for
sulfamethoxazole and carbamazepine whereas for erythromycin we have significantly lowered the
matrix effect.

Respect the method focused on pesticides, endocrine disruptors and pharmaceuticals we obtained
worst results for atrazine, metolachlor, carbamazepine and sulfamethoxazole. As already mentioned,
in our method, the presence especially of penicillin and tetracycline antibiotics did not allow the
exclusive use of ACN as extraction solvent and the presence of methanol significantly increases
matrix effect.

Considering our results, accurate quantitation of analytes in mussels extracts is not feasible using
calibration standards prepared in mobile phase. It was necessary to use matrix-matched calibration

curves, with addition of isotopically labelled internal standards when available.
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Recoveries varied between 32% and 95% with relative standard deviation (RDS) below 10%, which
indicates high reproducibility of the extraction. Only four analytes were extracted with less than 40%
of efficiency. In these cases, low RDS were observed too.

We obtained higher recovery respect to the method focused on pharmaceuticals developed by A.
Muiioz at al for sulfamethoxazole, carbamazepine and erythromycin. We have obtained lower
recovery respect to the second most recently paper of the same research group®rrore- Il segnalibro non ¢
definito. for atrazine, metolachlor, carbamazepine and sulfamethoxazole even if they didn’t consider
tetracycline antibiotics.

Comparable results were obtained for tetracycline and sulfamethoxazole with the method developed
by Compte et al. They tried to use d-SPE with Quechers during the extraction procedure, but no
significant results were obtained with the use of d-SPE, supporting our choice to exclude the use of
these chemicals.

M. Bueno et alErrore. It segnalibro non & definito. haye reported lower recovery for carbamazepine both for
different Quenchers method extraction and for PLE extraction from mussel samples.

Slightly better recoveries were obtained by Fernandez et al. for amoxycillin and sulfamethoxazole
even if they didn’t consider pesticides.

Considering the published papers so far, a comprehensive analytical method for the main chemicals
potentially present in mussels is an analytical challenge. Tetracycline and penicillin antibiotics,
pesticides and several other pharmaceuticals with different polarities does not make possible the
exclusive use of a single solvent extraction step. On the other hand, it is necessary to find the best
compromise between recovery method performance and matrix effect, obtaining the highest
sensitivity as described in our method. Table 2 resumes recovery, matrix effect and their respective

relative standard deviation (RSD) (n=3) for each analyte at medium concentration (10 MQL).

63



1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

1304

COMPOUND RECOVERY MATRIX EFFECT
Amoxycillin 35% + 6% -75% + 6%
Carbamazepine 72% + 5% -57% = 10%
Sulfamethoxazole 37% + 8% -60% = 10%
Erythromycin 67% + 3% -20% + 4%
Doxycycline 32% + 5% -31% + 8%
Tetracycline 35% + 7% -45% £+ 6%
Deet 86% = 9% -40% £ 9%
Atrazine 58% + 10% -35% + 4%
Atrazine-Desethyl-

Desisopropyl 95% + 10% -69% = 10%
Alachlor 51% £+ 9% -16% + 8%
Metolachlor 46% + 5% -20% = 7%

4.4.2 Analysis in real samples from Adriatic Sea

The method developed was applied for the determination of pharmaceuticals and pesticides in
Mediterranean mussel collected form Adriatic Sea. The results obtained after the analysis of these
samples are presented in Table S20. Seven out of the 11 contaminants included in the method were
determined at concentrations above their respective MDLs.

Two pesticides, atrazine desethyl-desisopropil and alachor, and two pharmaceuticals, amoxicillin and
doxycycline hyclate, were under the detection method limit. Among pesticides and herbicides,
metholachlor and DEET (N,N-Diethyl-m-toluamide) were founded at concentrations near to the

MQL, while the concentration of atrazine was 7 time higher than its MQL. Among pharmaceuticals,
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carbamazepine was founded at a concentration near to the MQL, while the concentrations of
Sulfomethoxazole, Tetracycline and Erythromycin were much higher than their MQLs.

The results obtained agree with other studies in fish. Bueno et al. reported a carbamazepine
concentration ranging from 0.5 -3.5 ng/g (dw) depending on the mussel sampling site.

Even though some antibiotics residues were found in mussels samples, their levels were far away from
the Maximum Residue Limits established by the authorities being between 100 and 600 ng/g (ww)

for the compounds detected in the analyzed sample.
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5. Discussion

In this thesis we investigate the impact of environmental stressors and pollution and how these can
alter mussels’ physiology and microbiota in terms of adaptive or maladaptive response. To better
dissect the possible contribution of the mussel microbiota to the host physiology, we specifically
explored its variation at the tissue scale. Interesting, the microbiota of each tissue was characterized
by a specific pattern of dominant families, suggesting a peculiar ecological propensity. The digestive
gland was then selected as the target tissue for further analysis, because it plays a major role in food
digestion, detoxification (Izagirre and Marigdmez, 2009) and recognized as the best organ to perceive
physiological changes in the natural environment. We then investigate the digestive gland microbiome
composition across season in order to find seasonal pattern, together with the physiological response
of the animal. We succeeded in find patterns in mussel responsiveness to environmental stressors by
showing differential regulation of gene transcripts that may be affected by natural environmental
variables and by endogenous factors, like the microbiome composition. Since this study provided
baseline information on the seasonal progression of M. galloprovincialis physiological traits in the
study area, we performed a broader study integrating regional trends to the seasonal stress gradient.
We analyzed, indeed, samples from 3 large farms located across the north western Adriatic Sea in 3
different seasons in order to find patterns of adaptative/maladaptive response to anthropogenic and
environmental stress, along a spatial and temporal stress gradient.

Lastly, we validated a method for pollution assessment of aquatic pollution levels together with the
bioaccumulation of xenobiotics in organisms inhabiting the specific environment. An optimized and
validated method for the determination of pharmaceutical and pesticides could be an important tool

to shed some light on the effect of a pollution environment on marine holobionts.
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5.1 Tissue-specific composition of M. galloprovincialis microbial ecosystems

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 taxa, the mussel
microbiota included well-known animal microbial commensals, such as Ruminococcaceae,
Lachnospiraceae and Bacillaceae, and possibly opportunistic ecosystems were more evident. While
showing a similar pattern of dominant families, which mainly encompasses microorganisms of marine
origin, such 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 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 (Pagan-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
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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 these
considerations, a recent study showed that an a-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
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metagenomes at the 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).

5.2 Mussels microbiome variation across seasons

Data reported in this study show the influence of both seasonality and gender bias on transcriptional
profiles and microbiota composition of M. galloprovincialis from the Northwestern Adriatic Sea.
Season related fluctuations of molecular and biochemical biomarkers in mussels can be expected, as
reported by a relevant amount of scientific evidence on this topic (Balbi et al., 2017; Benito et al.,

2019; Leinio™ and Lehtonen, 2005), and suggested to mainly depend on seawater temperature and
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salinity variations, which are considered among the main drivers of physiological regulation for
mussels and other intertidal marine invertebrates (Lockwood et al., 2015). Indeed, the BEST/BioEnV
analysis performed on the whole transcriptional dataset showed that temperature and salinity are the
best correlated environmental variables with the observed biological outcomes, together with pH and
chlorophyll-a variations. This finding suggests a more complex interaction with the environmental
conditions provided by the sampling area in the Northwestern Adriatic Sea, which are characterized
by a large river runoff from the Italian border and by highly variable meteorological conditions (Alvisi
and Cozzi, 2016). DG microbiome composition also followed a seasonal pattern, with Firmicutes and
Tenericutes characterizing winter and summer samples, respectively. The overall seasonal pattern of
gene transcription shows a general increasing expression from winter to summer, except for transcripts
encoding metabolic enzymes, that show both increasing (amyl) and decreasing (pk, idp) expressions
across season. Amylase is a key enzyme in carbohydrate metabolism; pyruvate kinases and isocitrate
de- hydrogenases are engaged in channeling glycolytic substrates toward aerobic metabolic pathways
(Canesi et al., 1999; Liu et al., 2017). On the whole, the relative expression patterns of these gene
products suggest a lower aerobic capacity of the mussels in summer, or, alternatively, an enhanced
occurrence of su