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Abstract

It is common knowledge thalhe marine environmens facing a great challeng®wadaysagainst
the smallestractionof marine litterknown asmicroplasticsfMP; < 5 mm)and nanoplastiog& 1um).

The Mediterranean Sea, due to its geographic conformation, is recognized as oneahtreas
with a highaccumulation obothMPsand nanoplastics. Throst affecteddompartmenseems to be
thesediments, especially those bordemmarinecoastal areas, which act as a kiagn sinkof legacy
andemerging contaminantd anthropogenic origirHow MPsandnanglastcs interact with marine
species anth particularwith benthic organisms aresearch topiciot yetcompletelyunderstood
This knowledgegap results in the absence ofiting ecological risk assessment with consequent
severe damages to the margesystemsAmong the benthic organisms of environmental concern,
the sea urchiRaracentrotus lividusould be a target of MPs and nanoplastics with consequences on
its ecological role and function in Mediterranean coastal are&swidely recognizedas the key
species of the Mediterranean benthic communige@sggrazerwho defines structural complexity as

well as the dynamic supply of energy, mass, and nusrigorh detritus to higher trophic levels.

In order to fill current knowledge gaps on tinepact and interaction of MPand nanoplastics on
benthic species populating Mediterranean coastal areaainthafthe present studyas to explore
mechanisms of uptake, biodisposition and cleararwpxicologicalresponsesf selected MBand
nanoplasticén different organs and celts the sea urchif. lividus In addition a special focus was
reserved on theanascale dimension of plasti€s100 nm) by looking at thenechanisms of the bio
nano irieractions between nanoplastics andseee urchinmmune cellsThe research described here
has been divided inehaptersn whichfindings onpolystyreng PS)MPs and nanoparticldBS NPs)

in P. lividus have been obtainda using3 approaches: gnin vivostudy has been designiedorder

to identify mechanisms of uptake, toxicity and immunological respohsghervirgin or colonized
MPs of different size2) anin vitro study has been performedewamire the cellular trafficking of
PS NPs havingegative surface charg@n immune cells coupled to the evaluation of immune
function and ultrastructural properti@ afield study was performet assesghe occurrence dWPs

in wild specimens collected from varioleationsin the Gulf of Naplegltaly). Concerning thén
vivo study,adults p e c i se& urchiss were exposed to two differentsafe?SMPs, 10 and 45
um (10 MPsmLY), for 72h. AsizedependenMPs uptakein sea urchins was observadhile the
smallestMPs resultedocated in the aquifer system, the largests were mainly found in the
digestive systemAs farasthe observed effects upon exposure, PS MPs regardless dfitfezent
size both affectedthe immune response in terms of quantity/quality of cells, antioxidant capacity,

reactive oxygen and nitrogespecies.Another importantfinding concernghe evidencethat the



naturaly occurringcolonized MPsare higher internalied by sea urchingompared tovirgin ones
after 48h of exposureColonized microplastics were obtained byvéek incubation in unfiltexd
natural sea wateNSW) collected from a coastal site in the Gulf of NaplBse biofilm formation
on MPssurface targets immune cells in termscotins and morphology as well as redox status
Therefore,jt can be concluded thablonizedPS MPsexhibit greateeffects on sea urchin immune
cells compared to virgin ones as thasest commoly used inecotoxicobgicalstudies These results
encourage the use ablonized rather than rgin MPs for a more environmentally relevant risk
assessmensince once released in marine waters MPs are sotonizedboth chemically and

biologically.

Regarding the bimano interactions, oum viros t udy wi t h s ea wconfonedthed s i
role of surface charge(negativevs positive as drivers of edoxicity. Precisely, immune cells were
exposed tanegatively charged PS NPs (E®OH; 50nm) (0, 5, 25 ug mt) and toPS NPs (PS

NH2; 50nm)(25ug mLY) for 4h.In detail,our studyshowedafast uptake by phagocytes of négely
charged PS NPand sequération into lysosomal compartments associatétl low acute toxicity

in comparison with their positively charged counterpastaminemodified PS NPs (RSIH>).

In thefield study,the occurrencef MPs, mostly microfiber{MFs), in adultsea urchirspecimens
sampled in four sites in the Gulf of Napless demonstratedMFs were found both in gonads,
coelomic fluid and digestive systeaf wild sea urchinsalthoughin the latterin higher amourst
Polyestetbased fibersverethe most abundanbgethemwith natural fiberssuchas cotton Potential
sources could be representedibliing linesandtextiles wholdibers could be released by the sewage
treatment plants

Overallthesefindings provided for the first tim¢heevidenceof the multisided interactiortsetween
MP<nanoplastics and the sea urcRinlividus with important ecological implication3his thesis
provided key answers to the scientifexisting gaps by establishing how MPs uptake and
biodistribution occur and how these are transformed according to irthsurface biolgical
characteristicsFurthermore, the key factors for estimating how the sea urchin immune response
counteract exposure to MPs as well as toxicokiftetiodynamic elements underlying the-
nancinteraction have been revealéithe use of the adult sea urchinlividusas a suitable model
hasbeenprovedto beinstrumental in shedding light on the potential effects oE&iiRl nanoplastics

on benthic marine grazer species thus stimuldtitige researcin deepening thenderstanding of

the potential impactsn marine communities and ecosystems
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Structure of the thesis

This thesis work begins with an introduction in which an overview of microplaatioplastic
pollutionwas provided with a particular focas the currensgituation in the Mediterranean Sea. More
deeply, a detailed description of the sea urélaracentrotus lividusthe model organism used in this

study, was added. As a matter of fact, the sea urchinkesyaspecies in benthic communities,
important not only foits ecological function but also for thégh commercial value. Ispiteof these
premises, prior to this thesis no research had been performed on the efferopfastics KPS
andnanoplastson t he adultodés sea wurchin. After the I
and the description of the content of each chapter are presented. The entire work is divided into 4
chapters. In detail, each chapter is characteriged general intsduction in which the research
context and research goals are described followed by materials and methods that consist of all the
methodologies used to achieve the set objectives. The results obtained were presented and discusse
either in separate sect®mor combinedresults and discussions. Afterwards, a concludemgarks
summarizing the results obtained by contextualizing them in future perspectives has been added at
the end of each chapter. Furthermore, supplementary material and a bibliographic research list are
provided. This thesis work ends with a general concludarggraph of the work carried out during

the 3 years, unravelling the objectives achieved and the future scientific challenges to be faced.

Part of the work presented in this PhD thesis has been published as manuscript, listed below:

- Chapter 1 Murano C., Agnisola C., Castellano 1., Casotti R., Corsi, I., Palumbo A. (2020).
AHow sea urchin face mi cropl astics: Upt a
r es p on £evisonmental Pollution 264, 114685.
https://doi.org/10.1016/j.envpol.2020.114685

- Chapter 2Murano C., Donnarumma V., Corsi I., Casotti R., Palumbo A. (2081). mpact o

Microbial Colonization of Polystyrene Microbeads on the Toxicological Responses in the Sea
Urchin Paracentrots lividus . Environment al Sci enc-800& Tec
https://doi.org/10.1021/acs.est.1c00618

- Chapter 4Murano C., Bergami E., Liberatori G., Palumbo A., Corsi I. (2021)l nt er p | a

Between Nanoplastics and the Immune System of the Mediterranean Sea Urchin
Paracentrotus lividug . Frontiers i n Mar i ne S
https://doi.org/10.3389/fmars.2021.647394



https://doi.org/10.1016/j.envpol.2020.114685
https://doi.org/10.1021/acs.est.1c00618
https://doi.org/10.3389/fmars.2021.647394

Introduct ion

1.1Plastic pollution at sea: sources, fate and impacts

Plastic pdution is not a recent issuiideed, the first research on plastic debris retrieved on the sea

is back in 1972, when for the first time the presence of polystyrene (PS) spherules byvescteria

and polychlorinated biphenyls was reported along the New England coasts (Carpenter et al., 1972).
At the same time, the first gyre of marine plastic debris in the central North Pacific Ocean was
documented (the Great Pacific Garbage Pawtiong et al., 1974). Currently, it is expected that 87k
metric tons of plastic items are floating on it (Lebreton et al., 2018). Up to now, plastics have
transformed our lives radically by changing our habits thanks to their low costs and versatility and
huge introduction in consumer products (e.g. packaging,-teégh and clothes industries, building

and medicine) (Andrady et al., 2009). Nowadays, the production of plastic is estimated to be around
368 million metric tons worldwide (2019) with a global piasnarket size of USD 579.7 billion in

2020 (Plastic Europe, 2020). Unfortunately, as a result of the plastic short lifetime and waste
mismanagement, the occurrence and accumulation of plastic debris in the natural environment is now
widespread (Jambeck al., 2015) including even the most remote regions of the Earth such as the
Arctic and Antarctica (Peeken et al., 2018; Suaria et al., 2020). Known as the ultimate sink of man
made pollutants, the sea is the environmental compartment most affected tiwygalthstion, in

which end up about 680% of the total plastic litter (Barboza et al., 2019). Reliable quantitative
estimations suggested that, every year, almost 8 million tonnes of plastics reach the ocean (Gallo et
al., 2018). Nevertheless, the predoamce of plastics in litter is not only due to thiecreasing use

but also to their exceptional durability and persistence into the environBessdgnling 2018).

Conventionally, plastic debris are classified according to dimensional criteria (Eetkabn2014):
A Macroplastics as above 200 mm

A Mesoplastics betweerZD0 mm

A Microplastics (MPsk 5 mm

A Nanoplastics1 pm

However, for the latter, a conventional definition is missing or is anyway under continuous debate
(Koelmans, 2019). According some authors, the nanoplastics definition should follow the common
criteria used foengineeredchanomaterialsgNMs) (<100 nm in at least one dimension) while others
consider the metric system more suitable for nanoplastics definition (Koelman81.4|.Gigault

et al., 2018; Harmann et al., 2019). Moreover, in the case of MPs, there is a further subdivision by
which they are classified in larddPs (5 mm) and smalMPs or submicron MPs (0.1 naimm)
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(Hartmann et al., 2019). In order to be clemathie following text, the following definitions are applied

here: MPs (<5 mm) and nanoplastics (<1 pm).

In recent years, both MPs and nanoplastics have attracted paratigiationin the scientific
community for theirphysicalchemical propertiesand he effects that they may exert on the
surrounding environment and associated wildlife. Depending on their origin, both MPs and
nanoplastics are currently classified as primary or secondary. Primary MPs/nanoplastics are defined
as plastics intentionally pdoiced at micro/nano scale for different applications such as drug delivery,
cosmetics and clothes (Alhawadi, 2020). Instead, secondary MPs/ nanoplastics are the results of
the fragmentation and degradation of larger plastic debris by chemical, phgsidahbiological
processes (Singh and Sharma, 2008; Gago et al., 2016; Andrady, 2017; Horton et al., 2018). Late
evidence suggests that most of the plastics that are found in the environment are secondary and have
a landbased rather than seased origin (Kutsodendris et al., 2008; Galgani, 2013; Pasquini et al.,
2016). One of the most current challenges for the scientific and technological research of
MPs/nanoplastics is the improvement in the detection technologies. Indeed, the current data relating
to the amount of plastics in the seas and oceans includes only fragments with dimensions greater than
330 um (manta mesh size) with the exclusion of smaller fragments and fibers below such size.
Therefore, while there is a partial view of the global abundaht&Ps, very little is known about
nanoplastics (<1 pm) whose information can be only inferred from controlled laboratory conditions
(Gigault et al. 2016; Lambert & Wagner, 201.80nly in 2018, the presence of nanoplastics in sea
water from the North Atlaiic Subtropical Gyre was reported for the first time (Ter Halle et al., 2018).

Environmental lifecycle of plastic

Over the lifecycle in the aquatic environment, MPs and nanoplastics undergo a series of
transformations, which set their environmental fate, bioavailability as well as toxicity for marine
organisms (Figurel). In detail, these transformations involve theurface properties (shape,
roughness, charge) that play an important role in determining their ecological impacts driving the
rapid changes in seawater (Galloway et al., 2017). However, also the features of the surrounding
environment (pH, temperature,nic strength, natural organic matter concentration) affect the
transformations of MPs/nanoplastics in water (Sharma et al., 2021). As far as for NM, the interactions
occurring with natural biomolecules and chemical substances present in the naturanaegdiatied

to the formation oftheso al | edoMm@em@o ( Canesi and Corsi-, 201
corona formation concerns the surface of MPs/nanoplastics that acts as a magnet towards substance:
from the surrounding environment including ural organic matter (NOM), nutrients and toxic
chemicals (Galloway et al., 2017; Paul et al., 2020; Kihara et al., 2021). NOM, humic acids and



exopolymeric substances (EPS) produced by microalgae attached onto the surface of
MPs/nanoplastics alter theirmi@ty and aggregation as well as the surface charge that is expected to
be negative in marine environment also for the weathering processes (Fotopoulou and Karapanagioti,
2012; Gigault et al., 2016; Andrady, 2017). Deeply inside in this concept of abdasmed,
MPs/nanoplastics provide a suitable substrate also for hydrophobic contaminants and heavy metals
contributing to their release and transport in sea water and in biological systems (Koelmans et al.,
2013; Lee et al., 2014; Wang et al., 2019; Yuwalet 2019). In the case of nanoplastics of lower
dimension below 100 nm, another important aspect is the formation of the fmotena. This is a

kind of process at a finer level, which involves the interaction of nanoscale polymeric particles with
protans that characterize biological fluids (serdragmolymphcoelomic fluid) whereby the surface

of the nanoparticke(NPs) adsorbs the surrounding proteins on its surface creating the bridge at the
bio-nano nterface (Corsi et al., 2020R7s fitting frame, MPs surface represents a new pelagic
substrate rapidly colonized by different microorganisms such as bacteria, fungi, diatoms and algae
including potential fish and human pathogens which together form toteasb | ed " PIl as't
(Zettler et al., 2013). Ae effect of biofouling/coverage surface together with the contribution of
marine snow aggregates promote significant variations in density with consequent vertical transport
of MPs/ nanoplastics towards the seafloor (Porter et al., 2018; Kvale et &), ROfact, there is a
conspicuous disparity between the quantities of plastic potentially introduced and that actually found
on the surface, generally referred to as the
al., 2017; Choy et al.,(19). This suggests that all these transformations over the time, that allow the
MPs/nanoplastics transfer up to the deep waters and sediments, play a fundamental role in their fate
(Figurel). Resuspension patterns from the seafloor due to natural prea@s® the contribution of
bioturbators cannot be excluded but are currently poorly understood (Bulleri et al., 2021).
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Figure 1. Conceptualization of the MPs/nanoplastics dynamic transformations in the marine environment.

How microplastics andanoplastics affects marine biota

A growing concern worldwide is related to the MPs/nanoplastics interactions with marine organisms
that can occur at the cellular/molecular level up to the community/ecosystem level. Generally, the
downsizing of any type gdarticle involves an increase in the surface area with a consequent increase
in chemical, physical and biological reactivity (da Costa et al., 2016). This concept supports the notion
that at the nanoscale level the characteristics of particles will difiestantially from macro and
micro-sized ones also in terms of the hazardous effects/biological interaction according to the NM
paradigm (Klaine et al2012). The ingestion of MPs by biota and eventual accumulation in the food
chain is well documenteddm zooplankton to fish and large mammals (Fossi et al., 2012; Romeo et
al., 2015; Bellas et al., 2016; Guven et al., 2017; Compa et al., 2018; Digka et al., 2018; Duncan et
al.,2018; Phuong et al., 2018; Giani et al., 2019; Lefebvre et al., 2019). Diffargsical effects are
reported following the ingestion of varying size particles (20 nm to 1 mm) that affect feeding
performance and food intake, tissue damage, mortality (Chen et al., 2011; Chua et al., 2014; Paul
Pont et al., 2016; Peda et al., 20%6ssarellu et al., 20)6Translocation events of MPs/nanoplastics
across biological membranes were demonstrated in laboratory studies for particles less than 10 pm
(Browne et al., 2008; Magni et al., 2018). However, the harmful effects not only depehgsizap
impairments but also on chemical aspects due to the polymeric nature and the leaching of plastic
additives and adsorbed pollutants on therfaces (Wang et al., 20;l1€hen et al., 2021). Available
literature underlines that both MP/nanoplastias cause cytotoxicity (e.g. especially nanoplastics



<100 nm nominal size), developmental toxicity, neurotoxicity, and immunotoxicity as well as
genotoxicity (Marquessantos et al., 2018; Tallec et al., 2018; Begami et al., 2019; Calle 2020;

Eliso etal., 2020 (Figure2). Beyond these aspects, the lethal andlstiial effects reported in
various marine organisms, belonging to different trophic levels, seem to indicate that oxidative stress
and the activated pathways, including inflammatory responsmsld represent key events in
MPshanoplasticsoxicity (Hu & Palic, 2020).
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Figure 2. Summary of MPslanoplasticdnduced effects in aquatic organisms at the cellular/molecular level up to the
community/ecosystem level. The adverse effects are summarized with emphasis on the oxidative stress subsequent to the

increase of reactive oxygen species, the key event in/ M&soplasticsoxicity (modifiedfrom Hu & Pralic, 2020).

1.2  Mediterranean Sea: the case in point of plastic pollution

With its 46.000 km of densely populated and urbanized coastlines, the Mediterranean Sea has always
been identified as one of the mosiluted areas in the world (Danovaro, 2003; Deudero & Alomar,
2015). Showing a serginclosed geographical configuration with limited outlet flow in the Atlantic
Ocean, it has become over the years the sixth gyre with accumulation of plastics compdhaible t
found in the inner Subtropical Gyres (Cozar et al., 2015; Suaria et al., 2016; Macias et al., 2019;
Everaert et al., 2020) (FiguB®. The Mediterranean area hosts a large number of important freshwater
rivers (such as Po, Nile, Ebro, Adige) that discharges into the sea contributing for almost half (40%)
of the mean annual water discharge into the sea of plastic waste (Guerran20®ISchmid et al.,

2021). Precisely, recent estimates have identified the presence of approximately

3.2 x 102-28.2 x 162 small plastic particles floating on the sea surface of the Mediterranean Sea (van
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Sebille et al., 2015; Suaria et al.,, 2016).eTéxisting data on MPs highlighted geographical

differences between Mediterranean-tasins (Cincinelli et al., 2019).
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Figure 3. Plastic pollution in the Mediterranean Sea. (A) World map for global count density (MPdégend on the

right) from the modelresults in two size classes (0i3300 mm, 1.004.75 mm). In the yellow box is highlighted the
Mediterranean Sea. Image modified from Eriksen et al., 2015. (B) Concentrations of plastic debris in surface waters in
Mediterranean Sea. Colouredat@s indicate mass concentrations (legend on the left). Image modified from Cozar et al.,
2015.

The presence of nanoplastics in Mediterranean Sea still remains unknown even if a first study from
Schirinzi et al. (2019) reported for the first time the pneseof nanesizedPS(1.08-136.7 ng L j

in estuarine and surface waters of the West Mediterranean Sea. The predominant plastic type collected
in surface waters includes fragments, films, beads, fishing thread/1Bsdubiquitous shape of
emerging concerfCozar et al., 2015; Suaria et al., 2020). Regarding polymer type, polyethylene
(PE), (PS), polypropylene (PP), polyamides (PA) are the most abundant (Suaria et al., 2016; Baini et
al., 2018). The management criticalities of plastic waste mainly residarfdbased sources. In

fact, half of the annual plastic input originates from various sources (deriving from domestic,
industrial, business, and touristic activities), while 30% comes from river channels and 20% is from
the seamainly cruise liners anfishing activities(WWF 2018; Cincinelli et al., 2019). In turn, plastic
loading from rivers depends on the massive production of plastic waste that is quickly dumped into
landfills and across rivers, stormwater and runoffs ending then to the sea (8hain2021). In
populated coasts where the input of plastics can reach very high levels,-basdeél studies
evidenced that species with smaller home ranges are more likely to be exposed to plastic compared
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to species with larger home ranges. Moreovencerning the habitat type, demersal species (benthic
and benthopelagic) are at a higher risk of ingesting marine plastics than pelagic ones (Compa et al.,
2019). Indeed, in the benthic environment of coastal areas, the concentrations of MPs are much high
than in the rest of the basin due to the close proximity to the potential sources (Navarro et al., 2021).
As a matter of fact, sediments are suggested to be longgiks for MPs (Cozar et al., 2014, Fries

et al., 2014; Nuelle et al., 2014; Courtelumes et al., 2017). In Mediterranean coastal sediments,
MPs show a heterogeneous distribution, with abundances between 480 + 9 and 2052 + 746'MPs kg
of sediment (Alomar et al., 2016; Abidli et al., 2018; Sir8anchez et al., 2019) with the Eastern

areamore contaminated than the Western one (Lots et al., 2018) (Bigure

I B> 1 1 FeRST TS

’ '\«,&
1
[] <50 MPs/ kg sediment I 200-500 MPs/ kg sediment
[ 1 50-100 MPs/ kg sediment I 500-800 MPs/ kg sediment Il <2000 MPs/ kg sediment
[ 100-200 MPs/ kg sediment I 800-2000 MPs/ kg sediment

Figure 4. Mediterranean map summarizing the maximum concentrations (MPs/kg sediment) reported for marine

sediments (lagoon and canal, beach, coastlines, stesKlnodified fromMartellini et al., 201§.

Given the extraordinary richness of the Mediterranean Sea as a biodiversity hotspot, such levels of
plastic highlight the potential risk for marine species up to marine coastal areas and benthic
environments. However, in spite die growing concern about MPs/nanoplastics pollution, the
interactions and the effects on the benthic organisms that populate the coasts of the Mediterranean
Sea are overlooked. However, the most employed benthic organisms in laboratory studiestof the las
three years are mostly molluscs such as mussels and oysters (Brandts et al., 2018; Tallec et al., 2018;
Rist et al., 2019; Sends al., 2020; Cole et al., 202Capolupo et al., 203. Instead, field studies

in the Mediterranean area mainly concernagel and demersal species such as fish and large
mammals (reviewed by Fossi et al., 2018).
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Benthic species play a fundamental role in sediment bioturbation and in the dynamic supply of
energy, mass, and nutrient from detritus to higher trophic I¢Reiscell, 2019). Climate change,
overfishing and human activities have been shown to have severe consequences on benthic species
and consequently on ecosystem health, especially in coastal zones (Griffiths et al., 2017). For these
reasons, further knowledgof how MPs/ nanoplastics interact with these species is needed to shed
light on ecological risks and to improve our actions to mitigate their effect preserving ecosystem

functioning.

1.3 Sea urchirParacentrotus lividus

The deuterostome invertebrate seehinParacentrotus lividugLamark, 1816) is a shallow subtidal
species belonging to Echinodermata phylum in the class of Echinoidea. Sea urchins are mainly
distributed throughout the Mediterranean Sea and in the {dadtern Atlantic and in areas waer

water temperatures range in winter from 10°C to 15°C and in summer from 18°C to 25°C
(Boudouresque & Verlaque, 2020). They are herbivorous inhabitants of seagrass nizgidarsa
oceanica kelp beds and other assemblages of macroalgae and intertllapaols. Like other
echinoderms, sea urchins are broadspsivners and development starts through a dispstesge
planktonic larva gluteug, which exhibits bilateral symmetry and swims and feeds through the
activities of surface cilia and the ciliaband. Metamorphosis occurs when the larva descends to the
benthos and everts the adult rudiment into a juvenile with a pentameric radial symmetry. In
Mediterranean benthic communities they play a key role in the general functioning of ecosystems
controlling the abundance and distribution of multicellular photosynthetic organisms and also as
scavengers of decaying matter on the seaf|{Bafa et al., 1998; Yorke et al., 2018etween the

algae forests and the sea urchins grazing activity there is a sygmugicession of equilibrium states
that alternate between copious algae forests
(Bulleri et al., 1999). In addition to their ecological relevance, the sea upPcHimidusis known
worldwide as sef ood f or Its gonads (both male and fe
fishery and sushi market, and this makes them the most exploited in the Mediterranean and Atlantic
Europe. In particular, France is the second largest consumer of searaecimrihe world (100 tons

of sea uchin per year) only after Japaim Italy, even if there is a heterogeneous utilization in the
southern regions, especially in the Sardisland,the consumption oP. lividushas a significant
socialeconomic impactvith an annual praapita value of about 1.1 kg (about four times the
Japanese consumption) (Carboni et al., 2012; Furesi et al., 2014). Human impact has compromised
the abundance dP. lividus in different ways: not only declining wild stocks by reducitg
abundance through harvesting (Addis et al1,32®ut also contributing to the collapseRflividus
populations by altating the physical environment through direct and indirect introduction of
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contaminants (Yeruham et al., 2015). In order to quieamamarket demands and the protection of

wild specimens, and promote the restoration of local populations, the interest in the aquaculture
technologies for sea urchins increased over the years improving rearing methods, natural and artificial
diets, andhe selection and improvement of strains (Yokota et al., 2002). However, to date, the key
challenges are to obtain an optimal gonadal state in terms of biomass and organoleptic properties

through a highly nutritional and cesffective diet (Grosso et ak021).

Anatomy

P. lividusis a regular sea urchin that shows a peculiar rounded and spiny skeletal structure with highly
variable colour: blaclpurple, purple, redbrown, dark brown, yellovbrown, light brown or olive

green (Boudouresque & Verlague, 2020jiginating from spines, the pedicellariae are another type

of appendage that covers the body of the sea urchins with various functions including cleaning
processes and physical defence against parasites and predators (Coppard et al., 2012). The pentamer
radial structure is characterized by five sectors called ambulacrum plates containing a row of tube
feet which alternate with regions without it called irdenbulacrum. The tube feet are the final part

of the water vascular system (WSV), the distiretigature of echinoderms and in particular of sea

ur chi n. Il ndeed, the WSV confers t o-autohomouss e a
hydraulic system which is used for adhesion, locomotion, feeding and respiration. The sea water
enters through a tmareous opening called madreporite, from which a series of channels start: first
the stone canal, then the ring canal until it ends at the ampullabutielike structures at the base

of the tube feet. The contraction of the ampullae results in asasiag hydraulic pressure that
protrudes the tube feet, provided that the valve is closed. The tube feet seem to be also involved in
light sensitivity due to the presence of five ossicles in the terminal discs that act as photoreceptors
(Lesser et al., 24t Ullrich-Luter et al., 2011). At the lateral edge of the stone canal, there is the axial
organ, a small sack conformation by as yet unknown functions. Recent evidence highlighted the axial
organ as a site of coelomocyte proliferation and a centre fatazalemoval and recycling (Golconda

etal., 2019). In the oral side of the animal, there is the mouth, commonly known as Aristotle's Lantern.
This particular structure consisting of pestanmetric conical shape is a complex of interconnected
plates (pyamids) that allow protraction and retraction of the teeth. Unlike other echinoderms, the
digestive tract seems not to begin with the pharynx but with esophagus, which runs back down the
outside of the lantern continuing with siphon and stomach runnintigbdmahe gut at the beginning

of the intestine (Holland2020). This latter ends with the rectum from which the faeces are then
expelled through the anus which opens at periproct area. On this opposite aboral side around the
madreporite, other plates are arranged in each of which there is a gonoporehéeavsty through

which the gametes (male and female) are spitted out during spawning. The gonads of the sea urchin
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are five and disposed radially in the coelomic cavity along ambulacrum plates, each of which is
characterized by a gonoduct that carriesgametes up to the gonopore (FigbyeAlthough the sea

urchins are not cephalized, they show a hardly organized nervous systems composed of 5 segmentec
radial nerves forming a nerval ring and appendages that appear to have an independeit sensory

internewoni motor system (Cobb et al., 188urke et al., 2006).

Gonads Perip(f)ct Madreporite
Stone canal and axial complex
Gonoduct
‘!] ’ :

Tube feet
Ampullae

Gut

Pedicellarie

, £ Pongs
%{ = Nerval ring
Esophagus . d

Ring canal Aristotle’s Lantern
Figure 5. Schematic illugation of sea urchin anatomy.

Immune system

Sea urchins exhibit a peculiar immune system whose functions are very similar to -tgaptve

system or the innate systeof vertebrates and can be considered the baseline of the original
deuterostome ancestor (Smith & Davidson, 1992; Pancer et al., 1999). Like any other innate
immunity system, the one of sea urchin is a very complex network based on cellular and humoral
factors which together act to counteract pathogens, foreign substances and other kinds of
environmental challenges (Smith et al.,, 2010). The humoral defence consists of various soluble
factors such as lectins, opsonins, hemagglutinins, hemolysins, cyg@sngell as molecules with
antimicrobial properties (Chiaramonte & Russo, 2015). In the coelomic cavity, the immune cells of
the sea urchin, named as coelomocytes, circulating freely in the coelomic fluid also reaching tissues
and organs, control the calihr response (Buckley & Rast, 2019). Generally, these are classified
simply on the basis of morphological characteristics distinguishing as follows: phagocytes, red and

white amoebocytes and vibratile cells (Fig@ye
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Figure 6. Immune cells oParacentrotus lividusinder optical microscope diluted 1:2 with anticoagulant (a). Scale bar:

20 um. (b) phagocytes; (c) red amoebocytes;(d) white/colourless amoebocytes; (e) vibratbealelsr: 5 um.

Being the main effector of the sea urchin immawsystem, phagocytes represent the most abundant
morphological type (about 80%). Specifically, they are involved in the main functions of cellular
response such as phagocytosis, encapsulation and rejection of foreign materials and cytolytic and
cytotoxicactivities. In detail, there are two different morphotypes of phagocytes that are involved in
two main different pathways: petaloid phagocytes widely implicated in phagocytosis and in migration
toward the sites of injury and filopodial phagocytes whichrarelved in clotting formation (Pinsino

& Matranga, 2015). As a matter of fact, osmotic changes, differences in calcium concentration and
coelomocytes handling could result in transformation of large petaloid phagocytes to a filopodial
morphology (Smith tal., 2019). The vibratile cells of sea urchins constitute about 7.5 % of the total
cell population (Matranga et al., 2006). Thanks to a long flagellum, they are able to move in a
helicoidally pattern and for this reason they are thought to be involvedllilar homeostasis.
Although their function is still poorly understood, they seem to be involved in the release of clotting
proteins following degranulation of their body (Smith et al., 2016). Red and white amoebocytes
compose 13% of the total cell pdation. The amoebocytes, so called for their fast change of shape,
regul ate the first phase of pathogen i mmobili
they show a granulated body while white spherule granules differ in the electrary ffensithe red

ones, probably are the same cell type in different cell division stage (Branco et al., 2014; Deveci et
al., 2015). The distinctive red colour of amoebocytes is due to the presence of cytoplasmic granules
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containing 1,4napthoquinone pigmekhown as Echinochrome A, a substance with high bactericidal
activity due to their irorchelating properties, that might play a role in innate immune defence (Smith

et al., 2006). Specifically, red spherules are able to respond to pathogen associatesi(patie as

PAMP and LPS) by undergoing exocytosis through a mechanism most likely involvihinflia

(Coates et al., 2017). Interestingly, the ratio between red and white amoebocytes is widely recognized
as the healthy status index of sea urchins (Matranga et al., 2005; Pinsino et al., 2008). Indeed, an
increased incidence of red cells is relatedvound healing, the loss of spine and defense against
bacteri al or fungal infections (Arizza et al
immune cells generated great interest as a prominent biosensor for environmental monitorityg not

for their features but also for the sea urchin's strategic phylogenetic position. Indeed, thanks to the
availability of the full sea urchin genome sequence (Sea Urchin Genome Sequencing Consortium,
2006), an extraordinary and also unexpected relstip to humans was disclosed. In particular, these
strong similarities between sea urchin and humans mainly involve the immune system in terms of

alternative adaptive and anticipatory immune functions (Hibino et al., 2006; Rast et al., 2006).

Beingrecognized as sensitive tools for investigating sea urchin health status, coelomocytes have been
used for studying environmental status, such as ocean acidification, marine pollution including
emerging contaminants as NPs (Falugi et al., 2012; Pinsiho 2055; MarquesSantos et al., 2018;
Migliaccio et al.,2019; Alijagic et al., 2020; Milito et al., 2020). Despite the growing interest in MPs/
nanoplastics pollution and the ecological relevance of the sea urchin as well as its high commercial
value, ncstudies have been performed on sea urchin adults and very few papers appeared in literature
on the effect on sea urchin immune cells and embryo's development (Della Torre et al., 2014; Pinsino
et al., 2017; MarqueSantos et al., 2018; Messinetti et aD18). These studies highlight that both
nanoplastics and MPs are able to strongly interfere with the sea urchin embryos development in terms
of accumulatiorand modulating proteigéne profile (Della Torre et al., 2014; Pinsino et al., 2017)

as well as ofmmune cell function (MarqueSantos et al., 2018; Messinetti et al., 2018). Moreover,

the percentage of papers documenting the ingestion of plastic debris from 1988 to August 2019 in the
Mediterranean Sea concerns only 3% of Echinodermata, among whyckeancucumber has been
explored (Alomar et al., 2016; Anastasopoulou & Fortibuoni, 2019). Representing a native sensitive
species, the sea urchif. lividus might be expected to be gradually damaged by extreme
anthropogenic pressures related to tempegaige, ocean acidification, predator hyaéundance,

toxic algae bloom and pollution (Yeruham et al., 2015). Therefore, all these observations suggest the
clear requirement of wdepth investigations on the interactions between MPs/nanoplastics and
bentic species such as the sea urchin, especially in relation to its key role in the structure of benthic

communities and in the balance of ecosystem dynamics.
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Objectives of the PhD thesis

Up to now, there are still several sciéntissues to be addressiedunderstanding MP and nanoplastic
toxicity for marine benthic species such as sea urchin. Translating this knowkgugen the
biological impacts of both MPs/nanoplastics on one of the key species of the Mediterranean Sea, this
PhD project aims to exple the impacts of MPs/nanoplastics on the sea urBhifividus by
investigating mechanisms of uptake, biodisposition and clearance, toxicological outcomes in different
organs and cells and concerning the nanosize fraction (<100 nm) tharfmonteractios occurring

at the base of the observed toxic effects.

The present thesis aimed to achieve the following objectives:

1. Assess the uptake and tissue distribution of MPs in adult speciménhdiwfiusand their
potential impact on immune cells accordindheir size

2. Evaluate how naturally occurring lofilm processes (plastisphere) couldfect the
toxicological responses of MPs in adult specimeR.dividus

3. Investigate the occurrence of MPs in wild adult specimerP.ofividus caught in the
Mediterranean regions

4. Evaluate the role of surface charges of polymdftsas PS NPs as proxy for nanoplastics in
the observed toxicity towarda lividusimmune cells

The first step was to analgzhe sea utin's capabilities to internakk MPs, to establish if there was
a sizedependent effect and if internalization could cause immunological alterations by exposing
adults sea urchin to P8Ps (10 and 45 pum, 10 MPs/ mL) for 72h (Chapter 1).

In Chapter 2 the hypothesis that biofilms natyraccurring on PSMPs could affect uptake,
biodistribution, organ, and immunological responses was tested. In this case, adult specimens of sea
urchin were exposed to coloniz8&MPs ad virginPSMPs (45 um, 10 MPsL™) and to only

NSW (control) for 8h. After exposure, uptake of MEPs, egestion rate, digestive system stress
status, and immune response were asseBsethermore, to get an overview of what happens in the
marine environment, a preliminary study was conducted to evaluate the MPs noeunrevild sea

urchin specimens collected from the Gulf of Naples (Tyrrhenian Sea) (Chapter 3). In particular, four
distinct points (Rocce Verdi, Capo Miseno, Ischia, Nisida) were selected for the sampling of the sea

urchins, to evaluate the MPs contangonads, coelomic fluid and digestive system.

Last but not least, Chapter 4 concerned the evaluation of the célhifaoking of negatively charged
PSNPsCOOH (0,5, 25 pgmL™) and subsequent effects on immune cell functions (cell viability,
lysosonal destabilization and phagocytic activity) after agateitro exposure (4h).
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As a proxy to study MPs and bi@no interactions, in this woBSMPs/nanoplastics were employed.
In detail, as MPs we used fluorescéattelled polystyrene microbeads (mid?&) (44 1excitation/486
emission) of 16 45 um while as NPs we used s with positive NH2) and negative surface
charge {COOH) of 50 and 60 nm, respectiveBee Tabld for furthers details.

Table 1. PS MPs/nanoplastics employed in this thesis. The information repletesivere provided by the manufacturers
and are also available dttps://www.polysciences.com/default/catalpipducts/microparticleparticles/fluorescent
microspheres (microoPS 10 and 45 um) and

at https://www.bangslaficom/products/polystyrene

microspheres/functionalizegiolystyren PSCOOH and PSNHy).

micro-PS micro-PS PSNH:2 PSCOOH PS-COOH
Catalog ID 181402 182422 PAO2N PCO2N FCDGO001
Diameter (um) 10 43.2 0.050 0.060 0.050
Density (g/cnf) 1.03 1.03 1.05 1.06 1.06
Solid Content 25 25 10 10.1 1
(%)
Number 4,55 x 10 4.99x 16 1.46x 106° 7.68x 104 1.46x 104
particles/mL
Suspension milliQ only milliQ only milliQ only MilliQ MilliQ
0.1%SDS 2Mm NaNs
0.05% NaN 0.01%Tween20
Fluorescence Yellow green Yellow green - - Dragon Green
(441, 486) (441, 486) (480,520)
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Chapter 1

AHow sea urchins face micropl asti

I Mmmune system responseo

Abstract

Plastic pollution represents one of the major threats to the marine environment. A wide range of
marine organisms has been shown to ingest microplastics due to their small dimensions (less than 1
mm). This negatively affects some biological processes, ascfeeding, energy reserves and
reproduction. Very few studies have been performed on the effect of microplastics on sea urchin
development and virtually none on adults. The aim of this work was to evaluate the uptake and
distribution of fluorescent lableld polystyrene microbeads (mieRS) in the Mediterranean Sea
urchinParacentrotus lividuand the potential impact on circulating immune cells. Differential uptake
was observed in the digestive and water vascular systems as well as in the gonads based on
microbeads size (10 and 45 um in diameter). Treatment of sea urchins with particles of both sizes
induced an increase of the total number of immune cells already after 24h. No significant differences
were observed among immune cell types. However, tie lvatween red and white amoebocytes,
indicative of sea urchin healthy status, increased with both particles. This effect was detectable
already at 24h upon exposure to smaller mR& (10 pum). An increase of intracellular levels of
reactive oxygen and tnogen species was observed at 24h upon both fRiBrexposure, whereas at

later time these levels became comparable to those of controls. A significant increase of total
antioxidant capacity was observed after treatment with 10 pm +RiSrcOverall datarpvide the

first evidence on polystyrene microbeads uptake and tissue distribution in sea urchins, indicating a

stressrelated impact on circulating immune cells.

Main findings

The uptake and distribution of polystyrene microbeads was found to be pereddat in adult sea
urchins with stresselated impacts on circulating immune cells

Keywords: Coelomocytes, microplastics, nitrosative stress, oxidative stress, sea urchin
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1.1 Introduction

Over the last decade, the anthropogenic pressure on the reaximenment has resulted in the
widespread occurrence, distribution and accumulation of mismanaged plastic waste in both abiotic
and biotic compartments leading to a growing concern on their ecological impact (Cozar et al., 2014;
Eriksen et al., 2014; Geyet al., 2017). According to recent modielsed projections, large rivers
(>100 Kn¥) represent the major sources of plastic (91%) into the sea, thus marine species living in
coastal areas could be more at risk than those living in thesgae(Lebreton &ndrady, 2019).
Semienclosed basins as the Mediterranean Sea are considered among the most polluted areas with
estimates of a range between 873 and 2576 tons of plastic particles floating on sea surface, among
which between 3.2 x #9and 28.2 x 1¥items of a small dimension, i.e. microplastics (<1mm,
Hartmann et al., 2019) (Cozar et al., 2015; van Sebille et al., 2015; Suaria et al., 2016). Recent plastic
fate models show that the distribution of micamd nanoplastics (<1um) on the sea surface,rwate
column, and sediment is driven partly by polymers size and density, which affect their sinking or
floating behavior/capacity (Kooi et al., 2017). Once in natural waters, biofouling, chemicals
adsorption (including contaminants) and incorporation intalfpellets, and marine aggregates can
significantly affect their buoyancy or precipitation to seafloor (Qian et al., 2007; Lobelle & Cunliffe,
2011; Rochman, 2015; Cole et al., 2016). Moreover, due to environmental conditions, polymer type
and weatheringragmentation of plastic can originate smaller particles, down to nanometer (nm) size
(nanoplastics), as those recently detected in seawater below the North Atlartiopstdd gyre
(Andrady, 2017; Ter Halle et al., 2017; Ekvall et al., 2019).

Microplastic exposure could pose a high risk to marine species, according to their ecological and
behavioural traits (home range and feeding strategies), as well as their position in the food web
(pelagic, demersal or benthic). Microplastissociated effects onamne biota have been increasingly
investigated, especially for what concerns the mechanism of interaction at the cellular level (Prinz &
Korez, 2020). Sizelependent effects have been reported in different organisms sDelmiasrerio

(Lu et al., 2016)Brachionus koreanygJeong et al., 2016Mus musculugDeng et al., 2017),
Paracyclopina nan&Jeong et al., 201 7;aenorhabditis elegar(tei et al., 2018) in terms of uptake,
oxidative damage and neurotoxicity. Several impairments have been associated with microplastic
ingested both in larvae (development and survival) (Sussarellu et al., 2016) and in adult stages
(inflammation, growth andecundity) (Lee et al., 2013; Besseling et al., 2014; Cole et al., 2015).
Species living in highly urbanized sites in which domestic and industrial sewages exist together with
other local sources (tourism, fishery, aquaculture) are likely more threatgngathomicre and
nanoplastics. In particular, Mediterranean coastal species are considered at higher risk of microplastic
ingestion than those living in the open sea according to the model of Compaamt@s (2018),
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based on data on plastic ingestiepecies distribution, and plastic dispersion. Small home range
species are more exposed to plastic closer to their habitat, whiledngg migrating species will

catch those more highly distributed in the environment.

Mediterranean benthic marine spEchave been overlooked for plastic ingestion compared to filter
feeders, fish, and large mammals (Fossi et al., 2012; Romeo et al., 2015; Bellas et al., 2016; Glven
et al., 2017; Compa et al., 2018; Digka et al., 2018; Duncan et al., 2018; Phuongt&IGiani

et al., 2019; Lefebvre et al., 2019). The few available studies reported the presence of plastics in biota
from a Norwegian fjord and in deep sea invertebrates, belonging to different phyla, including
cnidarians, echinoderms, arthropods andlusos (Taylor et al., 2016; Bour et al., 2018; Cau et al.,
2019; Courtendones et al., 2019).

Among the benthic species, sea urchins are key grazers structuring kelp forest ecosystems and
represent an important element of trophic cascade (Steneck, ROfERX, when sea urchin predators

are scarce, the number of sea urchins greatly
limiting the extent of seagrass beds (Sala et al., 1998; EKI6f et al., 2008). Recently, sea urchins have
been shown tact also as shredders, in capturing and converting the coarse kelp litter to fine fragments
utilized by benthic detritivores (Yorke et al., 2019).

The abundance @ . lividushas been reported in Northwestern Mediterranean Sea, in the area around
Corsicaand Tuscany (Palacin et al., 1998; Sala et al., 1998; Jacinto et al., 2013; Duchaud et al., 2018).
The growing demand and market values of gonads as food significantly affect both sea urchin
abundance and population size in the Gulf of Naples, that escevrestrial inputs from a highly
urbanized area, with over 2 million inhabitants. Urban, industrial and agricultural discharges exert a
strong pressure on the coastal area, including the contribution of the Sarno river, one of the most
polluted riversm Europe (Montuori et al., 2013). Therefolkre,lividuspopulation living in the area

is continuously threatened by a variety of pressures, acting alone or simultaneously, including
microplastics. Data on floating microplastic concentrations in the Gilapfes are scarce. In 2017,

a cruise along the Italian coasts sampled at coastal (Portici) and offshore (Punta Campanella) stations,
reporting 3.56 and 0.26 items pef KCNR-ISMAR, 2017). Distribution appears to be strongly
affected by the general watarculation and residency times, being strongly spatially and seasonally
variable. These concentrations lie within those reported from other areas of the Mediterranean Sea,
ranging from 0.15 to 7.68 items3nfCincinelli et al.,2019), and are strongly inénced by
hydrodynamic features such as currents, vertical movements, gyres and fronts. However, thus these
data refer to microplastics greater than 2080 pum depending on the mesh net used for sampling
(Cincinelli et al., 2019). A few papers have hitbeeported the effects of microplastics on sea urchin
embryo development. However, no studies have been performed on adults. Contrasting results have
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been reported on sea urchin embryo development probably due to differences in the type,
concentration ansize of the polymers as well as in the developmental stage chosen for the treatment
(Kaposi et al., 2014; Martineg2émez et al., 2017; Trifuoggi et al., 2019). The possible toxicity of
microplastics has been related to different processes like larvaionjethe absorption of
contaminants, or the release of plastic additives (Kaposi et al., 2014; Nobre et al., 2015; Martinez
Gomez et al., 2017; Beiras & Tato, 2019).

Adult sea urchins could accumulate microplastics via at least two different pathwad/gdestion

and water vascular system, with putative differential impacts on the animal physiology and on the
highly sensitive immune system, known as a sentinel of environmental stress (Pinsino & Matranga
2015). In addition, sea urchip. lividus show dstinctive features for macilastic fragmentation
producing smaller plastic pieces (Porter et al., 2019). The aim of the present study was to investigate
the uptake and tissue distribution of polystyrene microplastics of different sielindusaduts

and their potential impact on immune cells.
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1.2 Materials and Methods

1.2.1Sea Urchins collection and maintenance

Adult specimens d®. lividus(Lamark 1816) (diameter 4.68 + 0.46 cm) were collected in in the Gulf

of Naples from site¢ 4 0A46 6500 N 14A1206 0 Dwnednpr priotected in @any e  n
way, according to the authorization of Marina Mercantile (DPR 1639/68, 09/19/1980, confirmed on
01/10/2000). Sea urchins were acclimated for two weeks in glass tanks filledreutlatong natural
seawater (temperature 18 + 1°C; salinity 38; tlissolved @ 7 mg/L; pH 8.1; all the parameters
remained constant during the experiment) and fed ad libitum Wiita lactuca Although no
authorization is required for sea urchins, allgeures were performed according to the European
Directive 2010/63/EU on the protection of animals used for scientific purposes by reducing at

minimum the number of specimens used and any pain orgdisif@nimals during exposure.

1.2.2 Sea urchisin vivoexposure

1.22.1 Morphologyof P. lividusmadreporite

Before starting uptake experiments, the pore size of sea urchins madreporite was determined using
scanning electron microscopy available at the Advanced Microscopy Center (AMC), at Stazione
Zoologica Antan Dohrn of Naples. The madreporite was removed using scissors from three sea
urchins with same dimensions of those used for the experiments. Madreporite specimens were washed
two times in deionized water and then placed overnight in a NaClO solutiom @efbhnized water)

(Tamori et al., 1996). After further washing in deionized water, they were placed in a 70% ethanol,
air dried, sputter coated with gold, using a Leica ACE200 vacuum coater (Leica Microsystems, Inc.
Bu al o Grove, | L.forod with a SEMISMY00F (JEOE USA, IIpcePeabody,

MA).

1.2.2.2 Polystyrene microbeads

Fluorescentabelled polystyrene microbeads (mid?&) (441 excitation/ 485 emission) of 10 um and

45 um were purchased from Polysciences (Warrington, PA, U.S.A.hrdiog to the supplier, the
particles were packaged as 2.5% aqueous suspension without biocides or stabilizers. Besides, the
fluorophore was embedded inside the patrticles, thus providing the fluorescent beads high stability
and resistance. MicfBS workingsolutions (16 particles mL*) were prepared in deionized water

and then added to filtered natural sea water (0.22 um) to reach the final concentration of 10 particles
mL™. Stock and working solutions were vortexed for 3 minutes prior to use. Sizeagsda$micre

PS was further confirmed by light microscopy (Supplementary data, Figure S1.1).

40



1.22.3 Experimental design

Control and micrePS exposed treatments (10 particlesmivere set up by placing sea urchins in

4L experimental glass tanks¢lpeci men per | i ter) supplied wit
in a closed flowthrough system, constantly aerated. Waters were renewed every 24h. Sea urchins
were exposed for 72h and not fed. Experiments were run three times. In absence efdaiabh

the environmental levels of MPs in the size range, 10 um and 45 um, we chose to expose the animals
to 10 particles mt, on the base of the mic®S concentrations used in the last 5 years in similar
ecotoxicological studies (see Supplementapa,daable S1.1). This concentration also ensures that

detectable MP amounts could be resolved following uptake and organ distribution by sea urchins.

1.23 Extraction and quantification of microplastics from sea urchin tissues

After 72h, the abundance ofeno-PS was examined in various organs, including the digestive system
(esophagus and gut), the vascular system (ring canal, stone canal and ampullae), and the whole
gonads. Sea urchins were sacrificed by cutting off the peristomal membrane. Digestive axer
vascular system and gonads were removed, weighed and kept at 4°C until further processing.
Microplastics were extracted from organs according to the method of Kiihn et al. (2017) by placing
fresh tissue in KOH 1M (1:20, w: v) at room temperaturetivo days under continuous orbital
shacking (IKA KS250). After 48h, the obtained solution was filtered on cellulose acetate membrane
filters (0.45 um) and then analysed under optical microscopy to quantify-RP&r(&@upplementary

data, Figure S1.2 and S). As quality control of measures, a recovery test of the extraction method
was performed as follows: a known aliquot of the working mR& solution (equivalent to 200
particles) was added to KOH 1M, and treated as the tissue extracts; at the eicdtfrRSnquantified

on the filter.

1.24 Coelomic fluid collection and analysis

Every 24h, 1mL of the coelomic fluid was withdrawn from each specimen (control and treated)
through a puncture (needle 26 gauge) in the peristomial membrane using anticcajutiant CCM

2X (NaCl 1M, MgCh 10 mM, EGTA 2mM, Hepes 40 mM, pH 7.2) at a ratio of 1:1 (anticoagulant:
coelomic fluid) (Pinsino & Matranga, 2015; Migliaccio et al., 2019). Coelomocytes were immediately
counted. Aliquots of the coelomic fluid was usedrteasure ROS and RNS, according to protocols
described below. At the end of the exposure period (72h), coelomic fluid was again withdrawn from
each specimen (control and treated) and observed under a fluorescence microscope to assess the
presence of micr®’S (Zeiss Axioscope). An aliquot of coelomic fluid was washed twice in CCM

1X and the pellet was stored-80°C until toth antioxidant capacity analysis.
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1.2.4.1Coelomocytes counts
Coelomocytes were then counted using Neubauer chamber (BmghHemacytometer) under
optical microscope (Zeiss) and cells were morphologically identified according to Pinsino &

Matranga (2015) as phagocytes, vibratile cells, white and red amoebocytes.

1.2.4.2Reactive Oxygen Species (ROS) and Nitrogen Species (RNS)

Intracellular levels of ROS and RNS were determined using a specific fluorescent probeI2CFH

( 2 Miichfodjhydrefluoresceindiacetate) and DAPA (4-amino5-methylamine2',7-
difluororescein diacetate), respectively. Sea urchin coelomocytes (abouf)lvéet® incubated for

1h in the dark at room temperature with 20 uM DGBA or 20 uM DAFRDA in 1mL of CCM
anticoagulant. Control samples (1.5216oelomocytes) were incubated with DMSO. After
incubation, cells were collected by centrifugation at 8000 rcf for 10 min at +4 °C, briefly rinsed twice
with CCM1x without DCFHDA/ DAF-DA and stored at80°C. An aliquot of coelomocytes
suspended in CCM1X wsaused in order to verify the specificity of the intracellular signal through
observation with a fluorescence microscope (Zeiss Axioscope). Frozen cells were suspended in
0.5mL Trig HCI buffer 40 mM, pH 7.0, vortexed for 1 min, and finally centrifugedLfamin at 8000

rcf at +4 °C. The supernatant was harvested, and the fluorescence was measured using the
spectrofluorometer (Tecan) at ex 488/em 525nm for DORHand at ex 495/em 515 nm for DAF

DA. Fluorescence values were normalized by subtracting theflaotescence of unlabeled extracts
(DMSO). For the detection of ROS and RNS 16 organisms were used for each experimental group
and triplicate measurements for each sample were performed. Results are expressed as fluorescence

intensity referred to 1.5-f@ells.

1.2.4.3Total antioxidant capacity (TAC)

TAC was determined according to our previous study (Milito et 2020) evaluating the
decol or i z a-azinabie3-ethylbenzathjazli®-sulfonic acid (ABTS) radical cation
(ABTSA+) , gxe&datienroBABESdwithbhydrogen peroxide in the presence of horseradish
peroxidase, by scavenging ability of antioxidants in the samples. The TAC is quantified by measuring
the absorbance at 730 nm using as a reference standard curve of ascorbiclaqidijland then

the values were normalized versus total protein content. Total proteins were measured at 595nm
according to Bradford (1976) using a Tecan spectrometer and bovine serum albumin as standard.
Also in this case, 16 organisms were used for eaphrerental group and triplicate measurements

for each sample were performed.
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1.2.5Statistical Analysis

The data on qualitative and qualitative analysis of coelomocytes were analyzedwsyhaoalysis

of variance ANOVA followed by Bonferroni's multipleomparisons test. Intracellular levels of
ROS/RNS and TAC were analyzed by tway analysis of variance (ANOVA)pfvalue< 0.05)

foll owed by Tukeyds multiple comparison test.

performed using GraphPad Prisersion 7.00 for Windows.

1.3 Results

1.3.1Madreporite pores size
SEM analysis performed on three madreporite samples revealed that the mean diameter of pores is
bet ween 65em and 70&em ( FiP§seleaed for.thke $tudy wielte 6fdne f or e

and 45 pm, thus able to pass through pores.

Figure 1.1 Aboral views ofParacentrotus lividusnadreporite examined with scanning electron microscope (SEM).

1.3.2Uptake and accumulation of microplastics in sea urchin tissues

Micro-PS contentanalysis in sea urchin organs showed a-deggendent uptake and a different
distribution among tissues (Figure 1.2 and Table 1.1). A greater abundance eP®&iaras found
in sea urchi ns -MPs([04.65%+d3.3particksSyhalenfresR $sue) than in those
exposed t 0-PI(86.1% 28.4 particlas'gvhole fresh tissue) (Table 1.1).
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Table 1.1Abundance of micrd®S (10 um and 45 um) in the organdoflividusupon waterborne exposure (72h). Data

shown as mean + SE.

particles/ g
10 pm 45 pm
Esophagus 8.2512.24 3.86%1.76
Digestive system 13.5+3.67 61.39+27.9
Ring Canal 28+7.34 15.09+6.81
Stone Canal 33+8.98 00
Ampullae 2.14+0.64  5.54+2.57
Gonads 1.24+0.57 18.17+£8.27

The bigger micrePS (45 pum) resulted highly present in the digestive system (mainly in the gut 67.5
%), followed by the ring canal, the ampullae of the vascular system (20.3 %) and finally in the gonads
(12.2 %) (Figurel.2). No 45 um particles were fouil the stone canal. By contrast, smaller micro

PS (10 um) were mostly found in the ring and stone canal of the water vascular system (74.1%) than
in the digestive system (24.8%) in which they were equally distributed between esophagus and gut.
Very low amaint of 10 pm micrePS was found in the gonads (1.0 %). Apparently, no particles were
found in the coelomic fluid after 72h of exposure to both mR®(10 and 45 pm). The recovery

effectiveness of particles using the KOH microplastics extraction methodhbeat 75.25 + 6 %.

45 um 10 pum

Bl Esophagus

E Gonads

B Ampullae

[ Stone canal

[ Ring canal

[ Digestive system

Figure 1.2 Abundance of P3/Ps in different tissues of sea urchins after 72h of exposure. The results are expressed as

percentage of particles found in tissues normalized by the weight of fresh tissue.
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1.33Sea urchi n&esponsemune cel |
Coelomocytes total count showed a significant increase already after 24h of exposure in both
treatments compared to controls regardless the rfSrsize (45um and 10um) (Figure 1.3).

Total cells 10 um Total cells 45 um
1.0x107+ sk 8.0x10°%+
g _T_ I @B Control
6 e o Treated
8.0-10 6.0x10° o o
*k
T 6.0x10% E
o B 40410
2 4.0x10° 8
e 2.0x10%
0- T T T 0- ¥ T
~N X o
W W A ¥ w AV

Figure 1.3Total immune cells count of sea urchin at different time of exposure teMFR$10 um and 45 pm). All data
were analyzed by Twway ANOVA followed by Bonferroni postest compared with the respective control. Bars

represent mean +SD. Asterisks indiceddues that are significantly different from the control, **P < 0.01, ***P < 0.001.

Phagocytes resulted the most abundant immune cells in bothiR8camd controls (Figure 1.4). No
significant differences were detected among immune cell types, exceph forcrease of red
amoebocytes, more evident in sea urchins exposed to smallern@gro ( 1 0 €& m) . |l ndee
between red and white amoebocytes (R/W) was significantly higher in specimens exposed to the
10um micrePS at all experimental times comparedcontrols (Figure 1.5). This increase was

detectable after 48 and 72h of exposure also in sea urchins exposedRsRS um (Figure 1.5).
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Figure 1.4 Immune cells morphology of sea urchin at different time of exposure teMF2S10 and 45 mm). &8s
represent mean + SD.
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Figure 1.5.Ratio between red (%) and white amoebocytes (%) of sea urchin at different time of exposureM@a PS
(10 and 45um). All data were analyzed by Fway ANOVA followed by Bonferroni postest compared with the
respective control. Bars represent mean +88erisks indicate values that are significantly different from the control,
*P < 0.05, ***P < 0.001.

1.3.4 Intracellular levels of ROS and RNS

An increase of intracellular levels of ROS and RNS in coelomocytes was observed after 24h exposure
to microPS egardless to their size. At 48h and 72h, the levels of both ROS and RNS in coelomocytes
were comparable in control and migP® treated animals (Figure 1.6, Supplementary data Figure
S1.4 and S1.5).
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Figure 1.6 Intracellular ROS and RNS levels at different time of exposure to-BIFPS(10 um and 45 pm). All data
were analyzed by Twway ANOVA f ol | o wetdst comparddukhethe Gespeagbive sontrol, **P<0.01,

***P < 0.001. Bars represent mean £SD.

a7



1.3.5Total antioxidant capacity
Upon exposure to smaller mieRS (10 um), coelomocytes showed a significant increase of total
antioxidant capacity compared to the controls. No effect was observed with-PS&dSum

treatment (Figure 1.7).
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Figure 1.7Total antioxidant activity of coelomocytes after 72h of exposure tMPS (10 pm and 45 um). All data were
analyzedby Twaway ANOVA f ol | o weeabt cimparet with éhg réspectiveocsrttrol, ***P < 0.001. Bars

represent mean +SD.

1.4 Discussion
The results reported in this study highlighted for the first time a-d@pendent uptake and
distribution of micrePS in the adult sea urchih lividusand their impact on circulating immune

cells throughn vivo exposure.

The different localization ofnicro-PS of different size is striking. While the 45 pum mi€&?8 were
particularly abundant in the digestive system, more than 70% of the smallefRSi¢i®d pm) were

found in the water vascular system. An important observation regards the higher afimggen
microPS (45 & m) in the sea urchiné gonads compa
could be due to a potential sorting action of the madreporite, facilitating the penetration, as well as
the consequent excretion, of the smaller mieEo However, also the dynamics of the mi&/®
retention and egestion processes as well as the capability of organs to retain the particles of different
size could play a significant role in the observed differential uptake. The presence eP&icrthe

sea urchind aquifer system may affect i mporta
although the continuous influx/efflux of seawater may reduce longer retention. Nevertheless, sea
urchins in comparison with other echinoderms show relatsiely circulation in the aquifer system

and therefore might be more affected by potential particles retention (Ferguson, 1996). As far as
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digestive system, a longer retention time could be predicted based on the estimates by Lawrence et
al. (1989) which a between 8 and 40h. No mielRs was detected in the coelomic fluid after 72h of
exposure suggesting that translocation across sea urchin tissues is unlikely. The ability of 10 pm
micro-MPs to penetrate biological barriers and to move in different tiseselseen already described

in both freshwater and marine musseldasissena polymorphéViagni et al., 2018) aniytilus
edulis(Browne et al., 2008). On the opposite, no translocation has been reported in the shore crab
Carcinus maenagpon waterborne @osure to micrd®S of same size (Watts et al., 2014). Despite
limited information, such processes appear to be spspisfic and uptake and translocation
dynamics might significantly affect mici®S distribution.

Despite the sea urchin is a benthi@zgr and not a filtefeeder, the micrdS retention inside
different organs clearly highlights potential ecological impacts (through trophic transfer) as well as
human risks associated for instance t oadpinedat
the Mediterranean area (Carbery et al., 2018). The comparison of sea urchi® Siretention with

what reported in other marine organisms (sea cucumbers, copepods, bivalves, crustaceans) is
challenging due to differences in feeding strategiesp®x@ scenarios, particles concentration and
size (Browne et al., 2008; Graham & Thompson., 2009; Cole et al., 2013, 2015; Setala et al., 2015;
Sussarellu et al., 2016; Welden & Cowie, 2016; Sun et al., 2017). On the other hand, our results
showed that searchin has a good ability to accumulate mi&®, considering that the total number

of micro-PS for each gram of tissue ranged betweenDX65 % initial concentration. This is still
relevant, even though it is less than what reported in other orgasisth as shore crab gills (0139

7.7% initial concentration) (Watts et al., 2014). The higher amount of the largern®ro ( 4 5 € m)
the gonads compared to the smaller mie® (10 um) may significantly affect the reproductive
success of sea urchin inaogy to what is reported in oysters, which showed negative effects on the

reproductive health indices, quality and quantity of gametes, and fecundity (Sussarellu et al., 2016).

Our study showed for the first time the ability of adult sea urchins toradate micrePS from sea

water and distribute them to various organs according to their size. Although no data are currently
available on the occurrence of microplastics in sea urchin specimens from the Gulf of Naples and
generally from the Mediterraneamr& such findings clearly suggest potential risk scenarios for sea
urchindéds | ocal population. In fact, coastal ai
as hot spots of microplastic pollution (Compa et al., 2019). In the coastal engirtai#n lividus

controls the dynamic, structure and composition of shallow macroalgal assemblages through its
grazing activity and represents also a food source for fishes and other animals, including humans. Sea
urchin predators which include gastropodsiore crabs, fish and star fish will then receive

microplastics from their prey and then transfer them along the trophic food web allowing
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bi oaccumul ati on and biomagniycation (Boudoure
The presence of MPs in the seafood might isgamea further threat to human health due to their
consumption (van Cauwenberghe & Janssen, 2014). Although sea urchin eggs consumption is
heterogeneously distributed along the Mediterranean countries, it has been reported for instance an
annual precapitaconsumption of about 1.1 kg in the Island of Sardinia, NW Mediterranean (Carboni

et al., 2012). Based on our findings (see paragraph 1.3.2) onthefn&ooccur rence i n
gonads (about 12% of the 45 um internalized particles/g fresh tisseeyean based consumption

of sea urchin eggs could be around-5%particles g fresh gonads. These findings are comparable

to similar estimates for shrimp annual consumption of about 175 microplastic particles per person per
year (considering scenarioath90% of microplastics will be removed) (Devriese et al., 2015). Van
Cauwenberghe & Janssen (2014) estimated that in Europe molluscs consumers ingest up to 11,000
microplastics per year, a larger quantity compared to results obtained in this studyrounsidg

the edible part of the sea urchin without considering ejection mechanisms. Nevertheless, an annual
dietary exposure based on species of high commercial value in the Mediterranean Sea, such as
mussels and gonads of sea urchins, raises the istueiofpact of microplastics on seafood quality,

even though it is still early for a proper risk assessment on human health. Field measurements of the
presence of MPs inside sea urchin wild specimens collected from Mediterranean coastal areas, more
denselypopulated as the Southern Thyrrenian coasts (i.e. the Gulf of Naples), will elucidate the real
exposure scenarios and will allow to assess any potential risk for sea urchin populations and human
health. Considering modélased projections, the coastalemeould be more impacted by MPs,
reaching up higher levels than predicted due to specific regional and local input (Jambeck et al.,
2015). For this reason, although egestion has not been investigated in the present study, we cannot
disregard that the olbseed accumulation and toxicological effects might describe a real scenario
under chronic exposure conditions.

An important outcome of this study is the analysis of the impact of MPs on immune cells. In sea
urchins, celmediated immune response is playby heterogeneous free circulating cells,
coelomocytes (Smith, 2010). The three cell types of coelomocytes, phagocytes, vibratile cells and red
and white amoebocytes, have been recognized to perform functions similar to those of the vertebrate
blood cells(lto et al., 1992; Smith et al., 1995; Pinsino & Matranga, 2015). Sea urchin immune cells
have been proposed as biosensors of several environmental stressors such as temperature shock, s¢
water acidification, UVB radiation, and more recently nanoplas({Msatranga et al., 2000; Matranga

et al., 2006; Marquedantos et al., 2018; Migliaccio et al., 2019). The major findings on the impact

ofmicroPS on sea urchindés immune cells underl i ne:i
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Although micrePS were not fouhin the coelomic fluid, the number of immune cells increased after
24h compared to the control for both mid?& suggesting the induction of proliferation. The increase

in the number of coelomocytes has been also reported for the seaSurphinpuratusas due to cell

release from hematopoietic tissues in response to specific immune challenges and to a lesser extent,
about 10%, to cell proliferation (Golconda et al., 2019). The higher increase of coelomod3tes in
lividus adults exposed to the smalleicno-PS (10 pm) than to the larger ones (45 pm) could be due

to their presence in the stone canal which could stimulate coelomocytes production by an unknown
mechanism. Indeed, the stone canal is located at the lateral edge of the axial organ whighizedeco

as one of the potenti al coel omocyte product.
Golconda et al., 2019). A significant increase in the ratio of red to white amoebocytes compared to
the controls was also observed after 24h of exposurect@-PS 10 um and after 48h and 72h to 45

pum microPS. These results are in line with previous studies showing an increase in the percentage
of red amoebocytes under stress conditions even though the total number of coelomocytes remain
constant (Matranget al., 2005; Pinsino et al., 2008). The significant increase of ROS and RNS levels
in coelomocytes after 24h and their subsequent recovery to control values upon exposure to both
micro-PS 10 and 45 um suggest that coelomocytes can cope with-R#cnmitgating the
concentration of these reactive species. Levels of ROS and RNS play an important role as regulatory
mediators in signalling processes (Gonzales et al., 2015; Di Meo et al., 2016). Although it is widely
known that MPs can induce ROS generati@ofg et al., 2016, 2017; Prinz & Korez, 2019), this is

the first report of an increase in RNS levels following mie® exposure. Increased levels of ROS
have been also reported in haemocytell oédulistreated with micrePS (2i 6 um) (PaulPont et
al.,2016). Similar results were reported for haemocytes of the blue nMgsels spp. after exposure

to a mixture of micro polyethylene and polypropylene (20 pum) at different concentrations (Revel et
al., 2019).

Generally, oxidative damage is the resdlthee imbalance between the formation of free radicals,
including ROS and RNS, and the production of antioxidants (Ghiselli et al., 2000; de Almeida et al.,
2007). When ROS and RNS are overproduced, they induce lipid oxidation/nitration and damage to
protans and DNA (Lesser, 2006; Gonzales et al., 2015). The observed differential increase in total
antioxidant capacity levels in coelomocytes of sea urchins exposed to 10 urP8itnan in those
exposed to 45um mic¥BS suggests a skrkependent reaction,ithi smaller particles inducing a
greater production of antioxidants than bigger ones. This could be due to the higher capacity of
smaller particles to interact or aggregate with other cellular or-egth@dar components. The
antioxidant capacity has a mgmic profile with increases or decreases depending on the time
exposure and concentration of the stressors (Lushchak, 2011). Indeed, increased antioxidant
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enzymatic activities have been reported after exposure to4R&nm gills and digestive gland of
Scrobicularia plana(Ribeiro et al., 2017), in the whole body Bfachionus koreanu§leong et al.,

2016), andParacyclopina nan@Jeong et al., 2017). By contrast, a decrease in the antioxidant enzyme
activities has been reported in the digestive systemusisels after exposure to mide& (Avio et

al., 2015; PauPont et al., 2016).

Overall our results on ROS/RNS and total antioxidant capacity suggest that the sea urchin is able to
restore basal redox homeostasis at the level of coelomocytes aftarrg2hBSMPs exposure.

1.5Conclusions

Although microplastic pollution has received considerable attention in recent years, no study has been
carried out on their potential effects on adult sea urchins. In this context, this study acts as a pivotal
investigation to understand the key factomat tthetermine microplastics accumulation in sea urchin,
thus providing also the necessary background for future biomonitoring campaigns. Precisely, the
present study shows for the first time how sea urchin may represent suitable model organisms to
highlight different uptake routes and toxic effects caused by the exposure teR&avb different

sizes. The outcomes of this work provide first insights into the effects of MPs on marine benthic
grazers with potential implications at ecological and human hkalgis. Also, these results will
provide the basis for future studies to investigate how other particle sizes, polymers, and the biofilm

may influence the uptake and biodistribution as well as imrneaetivity inP. lividus
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Chapter 1-Supplementary material

Polystyrene microbeads

Working solutions (10particles mtY) of microPS( 10 e&em and 45&gm) were pr
water and then added to exposure sea water to reach the final concentration of 10 parficles mL
Stock and working solution were vortexed for 3 minutes prior to use. The shape and size of
microplastics stated byhe supplier were confirmed by microscopy analysis. In Figure S1.1,
fluorescent labelled mickBS images obtained by using ApoTome Axio Cam Brfgid (left) and

503 GFP filter (right) were used for further confirmation of their dimension(fd5and 10um(B))

and fluorescence (441 excitation/ 485 emission) as declared by company.

h

Figure S1.1.Fluorescentabelled polystyrene microbeads (441 excitation/ 485 emission)@f)4hd 10um(B). Images
were captured using ApoTome Axio Cam Bridieid (left) and 503GFP filter (right).
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Figure S1.2. Representative images of fluoresctatielled polystyrene microbeads (45um) on cellulose acetate
membrane filters (0.45 um) after digestion process. Images were captured using ApoTome Axio CafieBirigk)t
503-GFP filter (B), merge channels (C).

Figure S1.3 Representative images of fluoresekitelled polystyrene microbeads (45um) on cellulose acetate
membrane filters (0.45 um) after digestion process. Images were captured using ApoTome Axio CaifieBirigk);
506-mono filter (B), merge chanre(C).
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Table S1.MPs concentration used in ecotoxicological studies performed in the last 5 years using different aquatic model

organisms

Model system
Danio rerio

Mytilus edulis

Mytilus spp.

Eriocheir sinensis

Coastal invertebrate
community
Xenopus tropicalis

Artemia
parthenogenetica,
Chlamys farreri
Paracyclopina nana
Cladocopium goreaui
Neomysis japonica

Mytilus

galloprovincialis
Danio rerio

Mytilus edulis

Ostrea edulis
Mytilus edulis

Crassostrea gigas
Danio rerio

Calanus

helgolandicus

Dicentrarcus labrax

Mytilus edulis

Polymer
PS

PS

PS

PS

PS

PS

PS

PS

PS and PS
COOH

PS and PE

PS and HDPE
HDPE

PE and PLA
PE and PHB
PE and PP
PE,PA,PS,PVC,
PP

LDPE, Nylon,
PET

PET

PVC

Size
5 um and 20 um

10, 30 a

2 ymand 6 pm

5em

10 &m

1 and 10

10 e&m
2 um

0.05, 0.5, and 6e m
1 &m
5 &m
<100 em
90 %
50 %
10%
< 50
<6 3
8 0 %, <

<90 ¢
<50 ¢
<25 ¢
em =
em = ¢
80

10190 e m
<400 em

PA, PE, PVC, PF
(<200 pm)

PS (0.1, 1, 5 um)
LDPE (1020, 2627,

27- 32 pm);

Nylon (20, 10x40, 23
x100 pm);
PET(17x60; 23x 70
pHm)

i5 em di a
1 to 75 ¢
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Concentration

20 mg/L (2.9 x 1BMPs mL' *for 5-
um, 4.5 x 16 MPs mL! 1

for 20-um)

MiX: 10 € {50 MPs mL 3},

30 nM(50MPs mL' }

90em (L0MPs mL },

Final: 110MPs mL' *

32 pg/L (1800 MPs mL *for 2 um,
200 MPs mL for 6 um,

final: 2 x 1¢ MPs mL }
40egg/ L 2MPsméd ), 10
400eg/ L3MPSmL4Y] 10
4000cg/ “MRsBnL ¥ 1T 1
40000¢ g/ IMP§rBL Y4 1T
5,50, 250MPs mL !

10,1¢, 1 MPs mL for 1em;
0.1, 10, 18MPs mL %or 10em

1 and 10MPs mL !

125ug Lt

10 eigt mL
9.0x10MPs LT 1
10, 50,2501 2 5 0, 6'250
15gL1?

100 'dgo0dleg L

25gml?

low (0.8eg L' 3
high (80gg L' }
1000MPs ml' !
0,0.008,100 00 '¢g L
0.001, 0.01, 0.1, 1.0, 10 mg'L

100 MPs mL 1

0. 26 " iviPsldw) and
0. 69 ' MPshigh)
20 MPs mL !

Reference
Lu et al., 2016

Van Cauwenberghe ¢
al., 2015

PautlPont et al., 2016

Yu et al., 2018

Setédla et al., 2015
Hu et al., 2016
Wang etal., 2019
Xia et al., 2019
Jeong et al., 2017
Su et al., 2020
Wang et al.,2020
Avio et al., 2015

Limonta et al., 2019
Von moos et al., 2018
Green, 2016

Magara et al., 2019

Revel et al., 2020
Lei et al., 2017

Coppock et al., 2019

Barboza et al., 2018

Li et al., 2020



ROS production inimmune cells
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Figure S1.4 ROS production in immune cells of sea urchins. Representative images of immune cells after 24h sea urchin
exposure to PMPs: (A) Control group, (B) PMPs 10 um treatment, (C) P8Ps 45 um treatment. Detection by the
ROS sensite dye DCFDA. Images were captured using ApoTome Axio Cam Bright (left) and 503GFP filter

(right).

56



RNS production in immune cells
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Figure S1.5RNS production in immune cells of sea urchins. Representative images of immune cells after 24h sea urchin
exposure to PMPs: (A) Control group, (B) PMPs 10 um treatment, (C) P8Ps 45 um treatment. Detection by the
RNS sensitive dye DAIPA. Images wereaptured using ApoTome Axio Cam Brigheld (left) and 503GFP filter

(right).
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Chapter 2

Al mpact of microbi al coloni zati ol

toxicological responses in the sea urdRaracentrotus lividus

Abstract

The sea urchifParacentrotus lividusvas exposed to either virgin or biofdoovered polystyrene
microbeads (micrdS, 45um) in order to test the effect of microbial colonization on the uptake,
biodistribution and immune response. The biofilm was dominated by bacteria, as detected by
Scannirg Electron Microscopy and 16S rRNA sequencing. A higher internalization rate of colonized
micro-PS inside sea urchins compared to virgin ones was detected, suggesting a role of the
plastisphere in the interaction. Colonized and virgin mR& showed theasne biodistribution
pattern by accumulating mainly in the digestive system with higher levels and faster egestion rates
for colonized. However, a significant increase of catalase and total antioxidant activity was observed
only in the digestive system oblonized micrePS exposed individuals. Colonized mi¢?& induced

also a significant decrease in the number of coelomocytes with a significant increase in vibratile cells,
compared to control and virgin micRS exposed animals. Moreover, a general -tigeendent
increase in red/white amoebocytes ratio and reactive oxygen species and decrease in nitrogen ones
was observed upon exposure to both colonized and virgin 4R8r@verall, micrd®S colonization

clearly affected uptake and toxicological respondeth® Mediterranean sea urchih lividusin

comparison to virgin micr®S.

Main findings

The naturally occurring colonization of polystyrene microplastics affects uptake, biodistribution and
the organ and immune cells response in the Mediterraneanck&@aRaracentrotus lividus

Keywords: biofilm; coelomocytes; microplastics; plastisphere; sea urchin

70



2.1 Introduction

The widespread occurrence of microplastics (<5 mm, MPs) in the marine environment from the coast
to offshore, from surface to tlikeep sea, from most urbanized to remote regions is the result of their
continuous production, dispersal and long persistéBesgmann et al., 2017; Cincinelli et al., 2017;
Lebreton & Andrady, 2019; Suaria et al., 2020Jjith its confined borders, touristtractions and
extremely populated coastlines, the Mediterranean Sea is recognized as the sixth great accumulation
zone for marine litter worldwide and consequently a hotspot for MP poll(Redrotti et al., 2016;
Suaria et al., 2016; Cozar et al., ZDCincinelli et al., 2019)n particular, the Mediterranean seafloor

is considered a lontgrm sink for MPs and coastal areas the most affected by plastic po(Ritiam

et al., 2014; Clark et al., 2016Jhe interactions between the hydrophobic surtddelPs and the
seawater significantly affect their properties, density, size and their position along the water column
and enhance their bioavailability to benthic organiémgirady, 2011; Galloway et al., 201These
interactions lead to the formati@ithe sec al | ed Acoronaod, a dynamic
surface which for nanoparticles is formed by proteins or metabalit@sfor larger particles is
represented by microbial biofilfChetwynd et al., 2020; Tan et al., 20285 a matter of fet, as

soon as MPs enter the sea their surface is immediately colonized by microbes (heterotrophs,
autotrophs, predators, and symbionts) which together form the microbial members otéiledo

" Pl ast i(Ztbeh etrak, ®2013) The Plastisphere hasts distinct communities from the
surrounding frediving representatives, thus representing a new marine Cicielle et al., 2011;

Zettler et al., 2013;,0Oberbeckmanret al., 2014, 2015)One of the key species of benthic
Mediterranean habitats is the sea ur¢hamacentrotus lividugn terms of its trophic peculiarities and
ecological contribution to ecosystem functioning. Sea urchins possess an extraordinary immune
system formed by a hetegeneous cell population, the coelomocytes, which mediate the effects of a
variety of environmental stressdidatranga et al., 2000, 2006; Pinsino & Matranga, 2015; Smith et

al, 2018; Migliaccio et al., 2019; Milito et al., 202M0loreover, due to thespostatic diet selection

and intense grazing activity, sea urchins control the organization, structure and composition of
shallow macroalgal assemblag¢éBoudouresque& Verlaque, 202p This feeding behavior
contributes to plastic fragmentation, also icitg the release of secondary MPs in the marine
environment as observed for other benthic spd€ies et al., 2019; Porter et al., 2019p to now

there is only a study showing MPs occurrence in wild specimens of some sea urchin species, in
particular inthe gut, coelomic fluid and gonaffseng et al., 2020)n our previous work, we showed

for the first time a sizelependent uptake of virgin microbeads (10 and 45 pum) in the digestive, water
vascular systems and gonadsRof lividus and impact on immuneells (Murano et al., 2020)
Although the growing attention to MPs pollution and the several investigations of microbial biofilm
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are thriving (see Amaralettler et al., 2020 for a review), its role in MPs uptake, biodisposition and
impact on marine orgasins, is barely knowrHere, we tested the hypothesis that biofilm naturally
occurring on micrePS could affect uptake, biodistribution, organ and immunological responses in
the sea urchi®. lividus Colonized micrePS (45 um) were obtained upon incubatiomatural sea

water in order to resemble an environmental realistic colonization scenario. Microbial biofilm grown
on micrePS was characterized and their role in MP uptake, biodisposition and impact on sea urchin

organ and immune cells investigatadivo by comparison with virgin mice®S exposure.
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2.2 Material and Methods

2.1 Experimental design

The experimental design is summarized in Figlile Fluorescenlabeled polystyrene microbeads

(441 excitation/485 emission, mieRS)of 45 um in diameter were purchased from Polysciences
(Warrington, PA, U.S.A). To confirm the polystyrene core composition and particle size the fourier
transformed infrared spectroscopy () and Scanning Electron Microscopy (SEM) analyses were
performeal (see Supporting Information). Colonized mi€&t8 were obtained by oiveeek incubation

(7 days) in unfiltered natural sea water (NSW) collected from a coastal site in the Gulf of Naples and
microbial colonization of micrd®S was verified by SEM (FigureZ2A, B). Microbial communities

on colonized micrd®S were analyzed by DNA sequencing.

Sea urchinn vivoexposure was performed by using working solutions of virgin r@dq45um) in
distilled water from the manufacturer.

Adult specimens dP. lividuswere exposed to 10 particles rhof (i) virgin micro-PS, (ii) colonized
micro-PS and to (iii) NSW (control)Micro-PS uptake and egestion were assessed at day 2. The
following biochemical markers, such as catalase (CAT) and glutatSdransferase (GST)
activities and nitric oxide (NO) levels and total antioxidant capacity (TAC) were measured in the
digestive system. Effect on the immune system was assessed on coelomocytes by the total cell counts,
morphology and oxidative stress analyses (reactive oxggecies, reactive nitrogen species and
TAC) (For further details see Supporting Information). Each experiment was run at least three times.

For each experimental condition, 16 specimens of sea urchins were used.

2.2 Micro-PS colonization and SEM

Both virgin and colonized mick®S were fixed in paraformaldehyde 4% (final concentration) and
then dehydrated in a series of solutions with different percentages of ethanol: 10 min each in 70%,
85%, 95%, followed by 3 x 15 min in 100% ethanol. Samples there immediately critical point

dried using a Leica EM CPD300 (Leica Microsystems Inc., Wetzlar, Germany) and then-sputter
coated with 15 nm of platinum using a Polaron SC7640 (Thermo Scientific, Waltham, MA, USA).
Samples on stubs were visualized and iadagsing a JEOL 6700F microscope (JEOL Ltd, Tokyo,
Japan).

2.3 Microbial communities: DNA extraction and sequencing

DNA was extracted from colonized mieRS beads using a modified glass bbadting approach in
combination with the Puregene Tissue®dktraction kit (Qiagen, Valencia, CA). The sizes of DNA
extraction products were checked on 0.8% agarose gel electrophoresis. The extracted DNA was sent

to the CGBM Sequencing Facility of the Dalhousie University, Canada, for Illumina MiSeq
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sequencing o¥74/V5 hypervariable region of the 16SrDNA geffiicha et al., 2017and processed

as in Comeau et al., (2017) (For further details see the Supporting Information). All sequences are
deposited in the European Nucleotide Archive (ENA) under primary sucnessimber
PRJEB40656.

2.4 Uptake and egestion

After 48 h of exposure, sea urchins were sacrificed and organs processed for extraction and

guantification of micrePS by following the procedure previously describeiurano et al. (2020)

To assess egestion, each specimen was placed in a beaker filled with filtered NSW (0.22 um) and

every 24h water was collected and stored at 4°C. Quality control and assurance detailed experiments

were run including fluorophore leaching (see the Supmpttiformation).

2.5 Stress markers and immune cells response

In the cytosolic fraction of the sea urchin digestive system the following markers were analyzed: NO
levels, TAC, CAT and GST activities (For further details see the Supporting Informatioh2h,

24h and 48h, coelomic fluid was withdrawn from each specimens following protocols deaadbed
levels of Reactive Oxygen Species (ROS), Reactive Nitrogen Species (RNS) and TAC measured in
immune cells (coelomocyteqMurano et al., 2020)XFor furthe details see the Supporting

Information).

2.6 Statistical Analyses

Dissimilarity matrix, Nommetric multidimensional scaling (NMDS), Alpha diversity indexes, Venn
diagrams and Linear Discriminant Analyses were performed using Venmsopete online wasite

(Oliveros, J.C., 2002015) and Linear discriminant analysis (LDA) effect size (LefSe) (For further
details, see the Supporting Information). Data on coelomocytes were analyzedvsytdNOVA

followed by Bonferroni's multiple comparisons test (18j.4ntracellular levels of ROS/RNS were
analyzed by twaway ANOVA (p-value< 0. 05) foll owed by Tukeyds I
48). NO levels, TAC, catalase and GST activities were analyzed byayn&NOVA (p-value<0.05)

foll owed by pRwcompaitonsdest (nmdd).tData are presented as mean + SD and
statistics were performed using GraphPad Prism version 7.00 for Windows.
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2.3 Results and Discussion

2.3.1 Microbial biofilm characterization grown on mid?&

The infrared absorption spieum of micrePS confirmed the manufacturer's claim polystyrene as
reported in Figure &1. The average mictBS size distribution was also confirmed as 43 um (Figure
S22). Micro-PS incubated for 1 week in NSW from a coastal site in the Gulf of Napieso-PS
colonized) exhibited a consistent growth of a microbial community, mainly composed by bacteria
(Figure 22 A, B). Microbial diversity increased in mic®S both in virgin and colonized beads after
incubation with the sea urchins for 48h (migt8-virgin-post and micrd®S-colonizedpost) (Figure

2.2 C). Only <1% of the operational taxonomic units (OTUs) were shared by all bacteria in the three
conditions and the highest number of shared OTUs (6.4%) occurred between the &iengin

and colonizd, collected from the two tanks at the end of the experiment (FigRi) 2

Step 1 Step 2
Microbial biofilm formation In vivo waterborne exposure
48h
1;,,_*'5. 10 micro-PS mL?
Control : —_ Uptake of micro-PS
“.\19,6 ’/i'&’i :
CO\O O_QS 07/&, (]
o g
/- — Egestion rate
~
£ - )
"’/ N‘\"; LJ | . .
N\ Digestive system
Stress Status
\f Immune response

Microbial community
characterization

¥ Scanning Electron
Microscopy (SEM)
v" DNA sequencing

Figure 2.1 Schematic representation of the experimental design. Step 1 involved the formation of the microbial biofilm.
Step 2 consisted of in vivo waterborne exposure ofisehins to colonized and virgin miciS (10 micrePS mL?') and
to only NSW (control) for 48h. After exposure, uptake of miEi®, egestion rateligestive system stress status and

immune response were assessed.
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LEI 50KV X2000 WD 79mm

10pm

25800 WD 82mm _ 10pm

C)

Observed Chao1 Shannon

micro-PS-colonized 411.00 411.00 5.21
micro-PS-colonized-post 493.00 493.00 5.69
micro-PS-virgin-post 509.00 509.09 5.50
free-bacteria-colonized-post 90.50 90.50 4.04
free-bacteria-virgin-post 173.50 173.52 4.84
D) micro-PS micro-PS
colonized colonized-post

micro-PS
virgin-post

Figure 2.2. Microbial biofilm formation on micrePS. (A) SEM images of mictBS beads with no biofilm colonization

and (B) after 1 week in NSW from a coastal site, in a temperature anddigtiblled chamber. (C) Diversity indexes,

Observed, Chao and Shannon oftbacr i a |

communities. (D) Vennods

di agr ams

brackets) of OTUs shared by bacterial communities under the three conditionsP8icotonized are beads incubated

for 1 week in NSW from a coastal site under controlled dadi. MicroPS-colonizedpost and micre? Svirgin-post

are the beads recovered after 48 h exposure of sea urchins to colonized or virgiR Snicrspectively.

At the same time, the frd&ving bacteria present in the tanks showed similar composititarims of

dominant phyla Bacteroidetesand Proteobacterig, but very little number of OTU shared with

attached communities (Figur@ 3). Biofilm bacteria showed also higher alpha diversity and higher

number of OTUs compared to free bacteria (Figur2 @). Micro-PScolonized beads were

dominated byBacteroidetes(68%) and Proteobacteria(30%), with a minor contribution of

Planctomycete€l%). After incubation with sea urchins, the community of mie&colonizedpost

shifted to 45%Bacteroidetes46% Proteobacteria and 2%PlanctomycetesThe micrePSvirgin-

post showed a bacterial community formed by 52%Badteroidetes30% ofProteobacteriaand

1.8% ofPlanctomycete@~igure2.3 A). Both posttreatment bacterial communities showed over 5 to

7 times more OTUs belongingfarmicutesthan the ones colonized before treatm@ftien analyzed

at the family level, the bacterial community on mi€&8 incubated in NSW from a coastal sité¢he

Gulf of Naples showed

lower

evenness,
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Flavobacteriaceaedominating, together withAlteromonadaceaeand Cryomorphaceae and
Haliaeaceae and Sphingomonadaceaé1.9% each family) as minor contributors. Instead,
Marinilabiliaceaeemerged consistently as components of the bacteria incubated in presence of the
sea urchins, also witBaprospiraceaeRhodobacteracead-lavobacteraceaeand the uncultured

family of BacteroidetesvC 2.1 Bac22 (Figur&.3 B). Although thg were not dominant, it is
noteworthy that representatives of the gemam@bacter Vibrio, andColwellia, hosting potential

human pathogenic strains, were observed in theggmtriment attached communities, even though

they were not detected among thieially attached bacteria (or the fréiging onesi Figure2.3 B).

The use of different approaches allowed us to demonstrate and characterize bacterial colonization on
micro-PS beads. Alpha diversity values together with SEM analysis revealed balbiefiah
formation on beads incubated for 1 week in NSW from a coastal site in the Gulf of Naples. The
similarity of the diversity values reported in this study between virgin and colonized-R&cro
collected after incubation with sea urchins were congistéh the highest number of shared OTUs
(6.4%) under these conditions. By contrast, the very low value of <1% of the OTUs shared by all
bacteria in the three conditions indicated little overlap in bacteria in the different treatments. The
diversity valuesof our samples were similar to those reported in literature for, e.g. MPs retrieved at
sea(Zettler et al., 2013br incubation experiments with pellgif®berbeckmann et al., 2018)he
observed changes in the bacterial community after incubation witirg@as could derive from the
passage through the digestive system, suggesting that the animals and their released organic
compounds may promote the proliferation of specific taxa. This is supported by the increased
presence of OTUs belonging armicutes, one of the most abundant phylum belonging to the sea
urchin internal microbiomeLaport et al., 2018) supporting the hypoth
microbiome contribution to the beads community as for instance originating from the contact of free
micro-PSwith faeces in the exposure medium. As a further confirmation, the richness of families in
posttreatment micrd®S compared to the ones {freatment was consistent with previous
observations that the bacterial plastisphere offers favorable growth oosditi members of the-so
called Arare biosphereo which are wusually fol
micro-PS represent new niches allowing an adaptive advantage for specific some bacteria over some
others. Whether this is simply due byechanical support or interactions within the plastisphere
(increased nutrient availability, competition or mutualism) or if there is any chemical interaction with
the different polymers, is still under debétenaral Zettler et al., 2020)Among colonizig bacteria

there were some genus related to human pathogenic strair@olevgllia, which is also responsible

for the | nbaldseaurahindiseadd, | €« d oivn t o turn to green
loss of spines and other appendg@&sard et al., 2012; Boudouresque &Verlaque, 20d0erefore,
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in peculiar conditions, such as in the presence of high dissolved organic matter, also combined with
substrate specificity, potential pathogens might find favorable conditions for gf@¥itht etal.,
2020) A possible threat for marine species originating from it cannot be excluded as well as hazard

for human being due to their consumption.
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Figure 2.3 Composition of the bacterial community grown on miBx® or present in the seawater. (A) Rinyland (B)

Family composition. MicrePScolonized were incubated for 1 week in NSW from a coastal site under controlled
conditions. MicrePS-colonizedpost and micré®?Svirgin-post are the beads recovered after 48 h exposure of sea urchins
to colonized owirgin micro-PS, respectively. The free bacteria were the bacteria present in the seawater of the tanks after
48 h.
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2.3.2 Colonized micr®S accumulation in the digestive system and egestion

After 48h of exposure, the total number of internalized miR® was higher for colonized beads
compared to virgin ones, resulting in 156.5 + 34.0 £ 1.0 particles, respectively (Figure 4A).
The digestive system contained a higher number of A& ¢95.05 % colonizeds81.80 % virgin)
(Figure S4), followed by the ampullae of the aquifer system (2.38 % colovsZ€ti00 % virgin),

the gonads (1.67 % colonized 7.10 % virgin) and the esophagus (0.90% colonized.10 %
virgin). No beads were found in other parts & Hyuifer system (e.g. the stone and ring canal) and
in the coelomic fluid (Figur@.4 A) in agreement with our previous observation also regardless of
micro-PS size(Murano et al., 2020)However, the shape of both migR& (virgin and colonized)
resultedsignificantly affected by incubation with the sea urchins: the regular spherical Stea@pe (
Figure 22) turns into a hexagonal prism morphology (Fig2#eB). In terms of micrePS egestion,

after 24h reaching 60% of micieS were ejected from the digest system and up to 90% at 48h
(Figure2.4 C). By contrast, a higher number of virgin mid?& was still found in the digestive system
after 24h which decreased at 48h (approx. 30%) (Figdr€). The number of mick®S found in

NSW after 24h was highén specimens exposed to colonized beads compared to virgin ones (45%
vs11%, respectively) with a time dependent increase at 48h \83% % respectively) (Figur24

D). The time dependent increase was also observed in virgin beads although toextiessébout
50%) (Figure2.4 D). Although the use of fluorescent labeled particles (both of micro and nanoscale
dimension) was highly debated for translocation studies, unless specific protocols to avoid biases are
used(Catarino et al., 2019; Shur et,&019) here we further confirmed the suitability of our stock

to track both uptake and distribution of mig?& in sea urchinn vivo. The fluorophore was
demonstrated with no leaching of the dye as well as the efficiency of the extraction methoebfrom s
urchin tissues and organs (Figu2s.
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Figure 2.4.Uptake and egestion of virgin and colonized miE®. (A) Abundance of mic¥BS (virgin and colonized) in

different organs of sea urchins after 48h of incubation, expressed as percentage -6fSrficumd normalized by the

weight of fresh organs. (B) SENMhages of virgin (1) and colonized mieS (2) after 48h of sea
D) Egestion experiment. After 48h of exposure to virgin or colonized A& cthe abundance of particles was assessed

after 24h and 48h of depuration inside the sehurm 6 s di gesti ve syst emplo{r€jeseatsnd i n
median, mean, upper and lower quartile. For eachpbaty is indicated the % of mictBS eliminated (C) or mick®S

found in sea water (D) 24 and 48h of depuration compared to the @aftiaind at 48h after exposure.
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The main outcome of our study is to have demonstrated a higher uptake of colonizeB$nioro

virgin ones by sea urchin and therefore the possible role played by the plastisphere. The use of
chemodetection to find and eadrticles has been already shown by zooplanktonic grazers with a
preference towards aged beads over pristine ¢vie®om et al., 2017)While virgin particles
maintained a spherical size distribution, here we showed that the biofilm formation changed thei
shape and perhaps those properties (e.g. density, shape and aggregation) whiciveonétle them

more palatable (Lobelle et al., 2016; Rummel et al., 20Aafter et al. (2019) also reported that
biofouling of the MP surface increased its fragmeatatiy sea urchin. Therefore, the presence of
biofilm and prey seems to determine the choice of the sea urchin towards the assimilation of colonized
particlesvs virgin ones.The digestive system showed the highest abundance of-R&mith a

higher percetage of colonized beads over virgin ones in agreement with previous giWditis et

al., 2014; Lu et al2016; Murano et al., 2020By contrast, ampullae and gonads showed a prevalence

of virgin ones suggesting a different midP& distribution basedn their surface properties. The
absence of virgin or colonized mieRS in the coelomic fluid further confirmed our previous findings

in which only smaller micrd®S (10 pm) were able to translocate among tisd&msvne et al., 2008;

Farrel et al., 2013Vatts et al., 2014)in terms of micrePS egestion, colonized seemed to be faster
egested than virgin ones, suggesting low risk of their trophic transfer to predators including humans
by their consumption. In details, the excretion of virgin and colonmeiobeads was observed
already at the end of experiments, after 48h of depuration according to the estimatedPtilvedos
gut-clearance and 90% of fecal pellets productiopored to be between 21 and 33 h (Lawrance et

al., 1989).The gutretention time reported in this study for sea urchins was lower compared to the
time required byAurelia sp. ephyraéup to 72 h)Carcinus maenaé3 weeks) Seriolella violacea

(up to 7 weeksjFArrel et al., 2013; Ory et al., 2018; Costa et al., 20#2@)very @milar to what
reported foiMagallana gigasGasterosteus aculeat(about 4872h) (Graham et al., 2019; Bour et

al., 2020) However, as reported for bivalves, rejection, ingestion, and egestion of plastic particles
were strongly affected by particles pespes and food abundance, making it difficult to predict the

real rates in realistic exposure scenarios and the possible environmental consdeenardéez et

al., 2019)Si nce the sea wurchinds gut p sswroeuadedsfeds t h e
pellets in a relatively rapid continuous flow, even MPs may follow the same(t@vteence, 2020)

In fact, micrePS SEM images (Figur24 B) confirm the change in particle shape after exposure,
probably as a consequence of their interaction wittuseac hi ns 6 di gesti ve sys:
micro-PS are wrapped in a layer resembling the marine &¢yaelactucasignature (used to feed

sea urchin during acclimation before experime(Rgstma et al., 2018)he colonized micr®S are
covered with ahick mucus layer. Such differences suggest the stimulation of production of mucus

81



by colonizedmicr® S by the sea urchinds digestive tracHt
as a defensive response against stressors including polli@anitsetal., 2017; Liberti et al., 2020)

and therefore it could have facilitated the rapid egestion of colonized-P&itwy sea urchins. Our
preliminary findings support future studies aimed to underline the interactions, even mechanical, that

might occur betweemicroPS and t he sea urchinds digestive

2.3.3 MicrePS impact on digestive system and immune system

As a further confirmation of a higher interaction between colonized Sr@and the sea urchin
digestive system over virgin ones, higher levelSAEC (p-value= 0.015) and CAT activitiepfvalue

= 0.044) were found in the digestive system of sea urchins exposed to colonize® s eompared

to virgin ones and controls (Figure S2.6). No changes were found in the endogenous NO levels and
GST activiy. The greater accumulation in the digestive tract of colonized fRifngs virgin ones

may have resulted in the observed higher total antioxidant capability and CAT activities. Another
possibility, which requires further investigation, is that the biofiteelf interact with the gut
microbiome by stimulating an oxidative response. Altogether, our findings suggest that, after 48h,
colonized micrePS are apparently counteracted by the activation of defense systems, involving CAT,
a direct ROSscavenging ename, and the antioxidant cellular podlhese results are in line with the
literature in which the formation of ROS is recognized as a molecular initiating event of MPs
toxicity (Hu & Palic, 2020). In invertebrate species, the innate immune sysgss glkey role in
protecting the organism from the excessive generation of ROS triggered by MPs and the scavenging
system (CAT, SOD, GPx, vitamins and other enzymes) is involved to avoid any damage in cells and
tissues. Since the digestive system is re@sghas an active site in the immune response in sea
urchins and it plays a fundamental role in modulating the response towards various stressors (Buckley
et al., 2019), a close interplay with the immune system towards MP exposure is assumed (Rast et al.,
2006). In the sea urchin, the physiological homeostasis towards multiple stressors is maintained by
immune cells, known as coelomocytes, a heterogeneous population composed of phagocytes,
vibratile cells, and colorless and red spherule cells (Pinsino &akiga, 2015). They mediate
immune responses through phagocytosis, encapsulation of foreign particles, and production of
diffusible factors including antimicrobial molecules (Smith et al., 2018). In this study, we investigate
their responses towards the egpre virgin and colonized mici®S by measuring several parameters.
Only specimens exposed to colonized miE® already after 24h showed a significant decrease in

the total number of coelomocytes (2.£.207.4 10 cells mLY) compared to the control &)-10+

6.2-10 cells mLY), (Figure 2.5A) while no changes were observed in those exposed to virgin ones.
No significant changes in the amount of immune cell types were found, except for the red, white
amoebocytes and vibratile cells depending on time eatment (Figure 2.8). Vibratile cells
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increased in specimens exposed to colonized A&pcompared to control and those exposed to
virgin micro-PS (Figure 2.%).
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Figure 2.5 Morphological analysis of coelomocytes in sea urchins exposaiffexent times to virgin and colonized
micro-PS. (A) Total coelomocytes count. (B) Red to White amoebocytes ratios and (C) Percent distribution of cell types.

Bars represent meant SD. Asterisks indicate values that are significantly different fromttiog &bp-value< 0.01,
*** p-value< 0.001 (n=48).

Moreover, the ratio between red and white amoebocytes (R/W) was significantly higher in individuals
exposed to both mic¥BS particles compared to the controls, except at 24h for virginJeeadsed

animds (0.24 + 0.03vs control 0.31 + 0.19) (Figur@.5 B). Specifically, specimens exposed to
colonized micrePS showed a number of red amoebocytes about 2.5 times higher than whites ones at
12h, while virgin micrePS 1.4 times and the control group 0.4 titnigher.
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Figure 2.6.Intracellular redox state in coelomocytes of sea urchins exposed at different times to virgin and
colonized micrePS. (A) Reactive oxygen species (ROS) and (B) Reactive nitrogen species (RNS) levels at
12h, 24h and 48h of treatme(if) Total antioxidant activity (TAC) at 48h of treatment. Bars represent mean

+ SD. Asterisks indicate values that are significantly different from the conprelaltie<0.05, **p-value<

0.01, ***p-value< 0.001 (n=48).

ROS and RNS, as further indicators of immune cell stress response were also m{Qdteedet

al., 2005) In sea urchins exposed to colonized mie® intracellular levels of ROS showed a time
dependent increase starting from 5397 £+ 500 eseoptrd 3359 £ 713 a.u.) (12h) up to 9884 + 1883
a.u. scontrol 2328 + 997 a.u.) at 48h (Figlt® A). The same trend was observed only after 48h
for virgin beaddreated animals (7485 + 943 a.u.). Coelomocytes of specimens exposed to virgin
micro-PS exhibitd higher levels of RNS compared to controls at 12h and 24hl¢e< 0.0001),
whereas the increase was observed only at 12h for those exposed to colonized particles (31530 £ 2232
vscontrol 12039 + 3703 a.u.). At 48h decreased levels of RNS were obfarbeth beads (control:
13884+ 3210, virgin: 9383 + 3267, colonized: 4869 + 1739 a.u.) (FR)GE). The total antioxidant
activity significantly decreased after 48h in animals treated with colonized -RP&rp-value <
0.0001) (Figure.6 C). The obsered changes in the total number of immune cells upon exposure to

MPs is in agreement with previous findings in marine invertebrates, leading to an ilfvhecs®
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et al., 2020)r a decreaséSun et al., 2020)he significant decrease observed onlgjrecimens
exposed to colonized mici®S could be related to the presence of bacterial component such as LPS,
already reported to be able to reduce the total number of immune cells in sea urchin as well in other
i nvert ebr @irenzolet a. pl89&Remviantz et al., 2013; Chiaramonte et al., 2020

findings also revealed that the presence of biofilm markedly affected the coelomocytes profile
resulting in increased number of vibratile cells and in higher ratiovhete cells soon after 12h of
eXposur e. Such changes have been already desc
(Matranga et al., 2005; Pinsino et al., 20@8) significantly affected upon exposure to stressful
conditions(Arizza et al., 2007; Branco et al., 2014he hgher number of red amoebocytes in
specimens exposed to colonized miBY® is associated with the presence of a cytoplasmic red
pigment, the echinochrome A, which is reported to bear a high bactericidal activity. Therefore, the
presence of bacteria on thierface of colonized micfBS could have stimulated such immunological
responses with an increased production of the red pigment. Similar findings have been already
reported in our previous study upon exposure to only virgin rRGoegardless of theirzg(Murano

et al., 2020while no changes in coelomocyte soudpulations including reds white amoebocytes

were observed by shetermin vitro exposure of coelomocytes to PS nanoparticless@0Om)(Kirsh

et al., 2000)In agreement with previous findjs in other biological systems, the increasing trend of
ROS over time together and with the concomitant decrease of RNS found in coelomocytes of
specimens exposead colonized micrePS suggested NO scavenging by ROS through the formation

of peroxynitrite ly reaction between NO and superoxide afkdrsh et al., 2000; Tafalla et al., 2003;
Gallina et al.,, 2014)ROS levels increase in larvae, tissues and immune cells of some marine
invertelrate species upon MPs exposure (Lu et al., 2016; Jeong et al. J20h§; et al., 2017Dn

the other hand, NO is also reported to increase upon exposure to several stress was shown to be
produced by immune cells or developing embryos or tissues of different marine invertebrates in
response to stress age(@taviani etal., 1993; Gourdon et al., 2001; Tafalla et al., 2003; de Barros

et al., 2009; Romano et al., 2011; Migliaccio et al., 2014; Migliaccio et al., 20h&) observed
decrease of TAC in specimens exposed to colonized fRiSrafter 48h of exposure suggesirthe
inability to mitigate the oxidizing effects through regulation of coelomocytes metabolism. However,
we cannot exclude a potential compensatory effect and therefore activation of antioxidant response
during the first hours of exposure, followed by a dase in antioxidant activity afterwards, in

agreement to what has been reported in the bivalve mdgsikis sp(PautPont et al., 2016).
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2.4 Conclusions

In conclusion, the results of this study show, for the first time, that naturally occurring colonization
of micro-PS in NSW is able to affect uptake, biodisposition and the organ and immune cells response
in the Mediterranean sea urchin lividus Microbial colonization of micreéPS targets immune cell

count and their morphology as well as their redox status. The greater accumulation in the sea urchin
digestive system of colonized mieRSvsvirgin could be related to their greater palatability due to
thepresence of biofilm which is also to affect the antioxidant system of the organ. However, although
the sea urchin showed extraordinary ability to internalize r@&a@ompared to other marine species,

their fast egestion regardless of biofilm formationidgates that micrd®S might not be transferred

along food chains up to humans due to their consumption. However, the presence of potential
pathogens in the biofilm of colonized mieRS cannot exclude potential harmful implication in terms

of food securityand aquaculture purposes. Concerning the Mediterranean Sea in terms of realistic
exposure scenarios, currently projections suggest that in coastal areas concentration could reach
higher levels than predicted causing an exceeding of the toxicity thredbplegrine organisms
(Jambeck et al., 2015; Compa et al., 2019; Lebreton et al., 2019). In this contest, the outcomes of this
work provides the basis for future investigations on MPs ecotoxicity, encouraging the use of
colonized rather than virgin plastjaonsidering that colonization occurs as soon as plastics enter the

marine environment and are therefore their most realistic form.
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Chapter 2- Supplementary material
Methods
Fourier-transform infrared analysis

FTIR spectrum of MPs sample were recorded at room temperature by means of a Perkin Elmer
Spectrum 100 FTIR spectrometer, equippeth an attenuated total reflectance accessory (ATR).
MPS dispersion was cast at room temperature on a KBr disk, the disk surface was kept in contact
with the ATR crystal. The scanned wavenumber range wasi 8800cm’. The spectrum was

recorded at a reaation of 4 cmt, and 16 scans were averaged for each sample.

Polystyrene microbeads

Colonized micrePS was obtained incubating a dispersion solution of 4 fkl@rescent particles'L

! for 10 days in unfiltered sea water (eliter glass flasks) from a estal site4 0 A 49613 . 80
18 6 09 inThe GUf pf Naples. Incubations were performed in a temperaturiolled culture

cabinet chamber (Angelantoni, Italy), at 18+1°C, light u6tl; LD 12:12 cycle on an orbital shaker

in order to promote mictoal biofilm formation. Aliquots of colonized mictBS were taken for
scanning electron microscopy (SEM), sequence analysis and incubation experiments with sea
urchins. In this case, colonized beads were added to the tanks (final concentration 10 mpéarticles

For virgin micrePS, the working solution (f@articles mL!) was prepared in deionized water from
the manufacturerdés vial, vortexed for 3 minut

concentration of 10 particles L

Postsequencing processing

For the analyses chloroplastic, mitochondrial, eukaryotic and unknown sequences were removed.
Bacterial and archaeal sequences were randomly resampled in the Operational taxon{@ii¢J)init

file to enable comparison between samples, by normalizing the number of sequences between the
samples to the smallest number of sequences in one sample (h=2578), using R software (RCore Team,
2017). Dissimilarity matrix was computed (by vegdist fisrang vegan in R) using the Bria@urtis

analysis and used for subsequent analyses (clustering, ordinatiorjnétiocn multidimensional

scaling (NMDS) was performed using the metaNMDS function in vegan and the dendrograms
presenting hierarchically orgaeid samples were built with hclust and average method. Alpha
diversity indexes (Observed, Chao and Shannon) were calculated using R software. Venn diagrams
were obtained using the Venny opswurce online website (Oliveros, 20R@15). Linear
discriminant aalysis (LDA) effect size was performed with a standard LDA score (log 10) of 3.5.

Significance of different abundances was tested using Wilcoxon test by R software.
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Sea urchindés collection, maintenance and expo

Adult individuals ofParacentrotus livilus(Lamark 1816) (diameter 4.75 + 0.56 cm) were collected

in the Gulf of Naples according to the authorization of Marina Mercantile (DPR 1639/68, 09/19/1980,
confirmed on 01/10/2000), from a specifi-c sit
owned nor protected in any way. Although no authorization is required for sea urchins, all procedures
were performed according to the European Directive 2010/63/ EU on the protection of animals used
for scientific purposes by reducing at minimum the nunolbepecimens used and any pain or distress

of animals during treatments. Sea urchins were acclimated for two weeks in glass tanks filled with
circulating NSW (temperature 18 + 1°C, salinity 38 £ 1, dissolved @g/L, pH 8.1) and were fed

ad libitum with the green algadlva lactuca Specimens of adult sea urchin were placed in 4L glass
tanks (ratio of 1 specimen per |iter) supplie
Gulf of Naples (see alve) in a closed flowwthrough system constantly aerated. They were incubated

in presence of either colonized migP& or virgin micrePS, both at concentration of 10 rhar only

sea water (control) for 48h. Sea urchins were not fed during the experiarehesgch treatment was
repeated at least three times. Temperature, salinity, pH and disseleéSW remained constant

during the experiments.

Coelomic fluid collection and analysis

After 12, 24 and 48 h from incubation, the coelomic fluid from al wehins (controls and treated)

was collected from the coelomic cavity using a sterile syringe (5 mL, needle 26 gauge) containing
the anticoagulant solution CCM 2X at a ratio of 1:1 (anticoagulant: coelomic fluid) as reported in
Murano et al. (2020). Hategeneous coelomocytes were counted using a Neubauer counting chamber
(Bright-Line Hemacytometer) under light microscope (ZEISS Apotome.2) At the end of the
experiment (48 h) the coelomic fluid of sea urchins exposed to 1R8rwas visualized under an
epifluorescence microscope (ZEISS Apotome.2) to assess the presence eP#idob different

times, aliquots of the coelomic fluid were washed twice in CCM 1X and the pellet was ste8@d at

°C until levels of Reactive Oxygen Species (ROS), Reactive Nitr@pecies (RNS) and Total

Antioxidant Capacity (TAC) were assessed.

Digestive system extraction and analysis

The cytosolic fraction of the digestive system was prepared by following the method of Regoli et al.
(2002). The homogenization buffer (50 mMHPOQ:, 0.75 M sucrose, 1 mM EDTA, 0.5 mM DTT,
400 pM PMSF, 10 uM leupeptin, 1 M pepstatin A, 1 mgdprotinin) was added to the sample in
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1:2 (w/v) ratio. The solution was homogenized with an dlireax T-25 (IKA®-Werke GmbH &

Co. KG, DE) and théomogenate was centrifuged a&8®) x g for 25 min at4°C. The supernatant,

which represents the cytosolic fraction, was collected and then stor80 aC for subsequent
analyses, including determination of NO levels and TAC, as well as catalase tattigheS-
transferase activities. Total proteins were measured according to Bradford (1976) using a Tecan

spectrophotometer (Infinite M100 Pro) and bovine serum albumin as standard at 595 nm.

Extraction and quantification of micro-PS in sea urchin organs

After 48 h incubation, the individual sea urchins were killed by cutting off the peristomal membrane.
The digestive system (separating the esophagus from the remaining stomach and gut, collected
together), the water vascular system and the gonads weeetddsising a stereomicroscope with

GFP filter (LEICA M205C Microscope), weighed and then kept at 4°C before processing (Fig. S3).
A small portion of the digestive system (stomach and gut together), was keg@°@t until
biochemical analyses were perfad MicroPS was extracted from tissues according the method of
Kuhn et al., 2017. All fresh organs were added to 20 mL of KOH 1M (1:20, w: v) at room temperature
for 48 h under continuous orbital shaking (IKA KS250, IKA®erke GmbH & Co. KG, DE).
Successiely, the seobtained solution was filtered through cellulose acetate membrane filters (GVC,
47 mm CA 0.45 um) and the filters observed with an epifluorescence microscope (ZEISS Apotome.2)

equipped with GFRilter set in order to detect and count mié?8beads.

Control experiments for the extraction method and fluorophore leaching

To test the efficiency of the extraction method an aliquot of known concentration (206R8icvwas

added to 20 mL KOH 1M and then particles were quantified on the filter, obtaining a recovery of
about 75.25 +6%-or analysis of fluorophore leachintf)® micro-PS was added to 1 mL KOH 1M

and NSW for 48h and then centrifuged in centrifugal sample clarification units (Micredérkia)

to check if the KOH digestion and NSW would damage the beads causing the leaching of the
fluorophore. The fluorescence ingty of the resulting solutions was recorded through Tecan
spectrofl uor omet e re= @ KA BalSem).eAftek8I0 tirdughPLO kD3 filtgrso-

no detection of fluorescence in the filtrates was assessed, indicating the absence of leaohing of t
fluorophore beads in KOH and NSW (Figure S4).

Determination of intracellular levels of ROS and RNS

Intracellular levels of ROS and RNS in coelomocytes were determined at 12, 24, 48h using the

fluorescence dyes DCFB A  ( -Bidtlor@higirefluoresceind ac et at e, >ex = 488,
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and DAFDA (4-amino5-methylamine2',7d i f | uor or e s exei nt 9.8+ Blbant),at e,
respectively, as reported in Murano et al. (262®luorescence values were normalized by
subtracting the autofluorescencaiofabeled extracts (DMSQO). Results are expressed as fluorescence
intensity of 1.5-16cells.

Determination of NO levels

The endogenous NO levels in the digestive system were measured by monitoring nitrite formation by
Griess reaction. An aliquot of 150 af cytosolic fraction of the digestive system (stomach and gut),
diluted 1:6 in the homogenization buffer, was incubated for 1h with 150 puL of mix reaction (NADPH
0.6 mM, nitrate reductase 1U mMLFAD 100 uM). The sample was then incubated for 10 mih wit
sulphanilamide 1% (w/v) in 5% phosphoric acid. Subsequently, the solution was incubated for 10
min with N-(1-naphthyl) ethylenediamine (NED) 0.1% (w/v) in deionized water. The absorbance was
determined at 540 nm using a spectrophotometer (Agilent, 8&t&B}the molar concentration of

nitrite in the sample was calculated from a standard curve generated using known concentrations of
sodium nitrite (0100 puM).

Determination of TAC

After 48 h of exposure, TAC in coelomocytes was determined accordidigitano et al. (2020).
Aliquots of immune cells, collected in CCM as described above, were centrifuged at 8000 rcf for 10
min at + 4 °C, briefly rinsed twice in CCM and stored&¥C. Frozen cells, suspended in PBS 1x

(1:2; w: v), were centrifugd at 1400 rcf for 30 min at +4C and the supernatant was used for the
assay.For the digestive system, the cytosolic fraction prepared as described above was used. The
reaction mixture contained 0.1 mM ABTS, 20 uM hydrogen peroxide and 0.25 mM horseradish
peroxidase type Il (Sigma) in 50 mM glycirteCl buffer (pH 4.5). The ability of the extract from
coel omocytes or the digest isaznobssyeahlylleenzothiazolitei s ¢ o |
6sul fonic acid (ABTS) r adi c aationmABTSowith hfdioBen S A +)
peroxide in the presence of horseradish peroxidase, was measured by following the absorbance at 730
nm (Agilent). The TAC was quantified according to a standard curve of ascorbic-atidy) and
normalized to protein conteby Bradford (1976) using a Tecan spectrophotometer (Infinite M100

Pro) and bovine serum albumin as standard at 595 nm.

Catalase Activity

Catalase activity was measured by a spectrophotometric method evaluating the peroxidase activity
due to thadismutation of HO (0= 40 Mt cm™) at 240 nm accordinig Regoli et al. (2014)Aliquots

of 10 pl of cytosolic fraction of the digestive system (diluted 1:10 in homogenization buffer) were
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added to 100 mM of phosphate buffer (pH=7) and 150 miKin phosphate buffer). The kinetics
of hydrogen peroxide decomposition was recorded using an Agilent spectrophotometer (Agilent,
8453). The activity Oymis'ugproeinessed as emol of

Glutathione-S-transferase activity (GST)

GST activity vas evaluated accordingtiabig et al. (1974)The formation of dinitrophenyl thioether,

formed by reaction between reduced glutathione (GSH) and CDMBI¢to-2,4-dinitrobenzene),

was detected spectrophotometrically at 340 nm, using a Bpeatrophotometer with a microplate
reader. The reaction mixture contained CDNB 1
buffer, 0.1 M phosphate pH 7.42, and 20 gL of
in absorbance at 340 nm sveneasured before and after 3 min of incubation at + 20 °C. The activity

was expressed in pmol CDNBSH conjugated mihpg prot.
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Figures
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Figure S2.1 Fourier transform infrared spectra of fluoresektteled polystyrene microbeads (441 ittton/485
emission, micrePS) from Polysciences (Warrington, PA, U.Scakt on KBr disk. The absorption bands at 3084, 3060
and 3024 cit are assigned to aromatid 8 stretching vibrations, while the bands at 2920 and 2850 ama due to
asymmetric and symmetric stretching vibrations of methylene gidtigs The bands at 1601 and 1586 &are ascribed

to the inplane ring breathing modes of carbboarbon stretches in the aromafitie absorptions at 1492 thand 1451

cm tare also due to carbdnarbon stretching vibrations in the aromatic riag1069 and 1028 chhthere are the in
plane G H bending of the phenyl ring. The pattern of the-afuplane (oop) CH bending bands in the region 9@&¥5

cnm lis also characteristidf the aromatic substitution pattern, being intense at 695 and 75 7aspectively.
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Figure S22 Analysis of size distribution of fluorescelatbeled micrePS beads (441 excitation/ 485 emission). Images
were captured using ApoTome Axio Cam Bridield and processed with ImageJ software. Scale bar 45 um. The beads
size is in agreement with the data sheet provided by the manufacturer

(https://www.polysciences.com/german/fluoresbyitemicrospheregi50n).

micro-PS free-bacteria
virgin-post colonized-post

micro-PS free-bacteria
colonized-post virgin-post

Figure 23 Vennds diagrams showing the number and percent a
communities. MicrePScolonizedpost and micréP?Svirgin-post are the beads recovered after 48 h exposure of sea
urchins to colonized or virgin micfBS, respectely. Freebacteriacolonized post and frelgacteriavirgin-post are the

corresponding bacterial OTUs present free in the seawater of the corresponding tanks.
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Figure S2.4 Representative images of fluoresciaiieled polystyrene microbeads (45um) inditke digestive system of
sea urchinP. lividus. Images were captured using Leica M205C Brfigid (A), 503GFP filter (B). Orange arrow
indicates the gonads, the green and the white arrows indicate the middle and the final parts of the digestive system,

respectively.
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Figure S2.5 Fluorescence intensity of the filtrates after centrifugation of N8Mfo-PS and KOHmicro-PS in

centrifugal sample clarification units of 10 kDa.
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Figure S2.6.Nitric oxide (NO) levels, total antioxidant capacity (TAC), catalase and glutatddrensferase (GST)
activities in the digestive system of sea urchins after 48h of exposure to virgin and colonizeB $niBars represent
mean + SDAsterisks indicatesalues that are significantly different from the contrgd;value<0.05; **p-value<0.01

(n=48).
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Chapter 3

AMIi croplastics occurrence i n tfF

Paracentrotus lividus | ong t he Gul f of Nap

Abstract

Nowadays, it is well established that plastic pollution has become a problem of global concern.
Serious gestions remain stilunexplored regardinghé interaction between living organisms and
plasticdebris includingPs (< 5mm). Here,the aim of this study was to assess ttesence of MPs

in sea urchingaracentrotus lividugrom a coastal area of Southern lItaly, the Gulf of Naples, to
monitor the extent of MP contamination in | oc
risks for the species as well as for humans due to their consumfti@data revealdtie ocarrence

of MPs, mody MFs(>90%), in adult sea urchin specimens sampled in four sites in the Gulf of Naples
(Ischia, Rocce Verdi, Capo Miseno, Nisid&)Fs were found both in gonads, coelomic fluid and
digestive system, although the latter is more afteoteall sampling site Altogetherthe 100sea
urchin specimengollected and analygd for the 4 collection sites of the Gulf of Naplskspweda

total of 260 fibers with an average of 2.6 items/ individiak highest number of fibers was found

in thoseretrieved from Rocce Verdi (4.88 itemadividual) followed by those from Nisida (3.28
items/ individual), while the lowest inthose from Ischia (0.60 itemshdividual). The most
representativé1Fs colourswere: black, grey and blbut red, green andansparent fibers were also
found in smaller quantitie§.ourier Transforninfrared spectroscopy {gETIR) analysigevealedhat

both polyester and cottapased fibers were foundhe origin of suchpolymerscould bemainly
attributable tofragmentation bfishing lines and/or release of sewagkscharges from municipal
sewage treatment planiEhis study actsis a pivotal investigation tanravel the occurrencd MPs

in wild-caughtsea urchis from Mediterranean coastal areéisus providingthe key elenentsfor
future biomonitoringnvestigationsOverall,thesea urchins represensaitable bioindicator to easily
monitor the presence of MPs and in particiliis in a benthicecosystem

Main findings: MF were found in the soft body of wichughtsea urchis collectedalongvarious
sites of the Gulf of Naple€ither of synthetic (polyester) and natural origin (cellultsey showed
a different disposition with digestive system keeping the highest amount compayeocatisand

coelomic fluid

Keywords: biomonitoring, microplasticsea urchin, microfibepolyestey cellulose
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3.1 Introduction

The interaction of plastic debris with marine organisms can occur through different routes either in
single cell organisms or through contact with gills and body. It is widely recognized that the main
route having a significant impact on marine life isresggnted by ingestion (Anastasopoulou &
Fortibuoni, 2019). Sincéhefirst scientific observations reported by Kenyon & Kridler (1969) and
Carpener (1972) in wildlife, evidenchas exponentiallyincreasedand the presence ofore than 90
species which hee ingested plastic items $ideen documentech critical areas, such as the
Mediterranean Se@eudero & Alomar, 2015; Fossi et al., 2018). The highest amount of plastic

found in species that mainly populate benthic and benthopelagic habitats, rtheeefmgnized as

being at greater risk of MP contaminatidrnis is amplified even more in coastal areas, where the
presence of river and land runoffs make them hotspot areas for cumulative anthropogenic impacts
(Compa et al., 2019; Navarro et al., 20Hield observation and bendtale studies documented

that the most commonly reported harmful implications in marine organisms upon ingestion of plastic
items (mostly MPs) include predator avoidance, satretyction, intestinal blockage, inflammation
andphysial damagesReda et al., 2016; Alomat al.,2 0 1 7 ; J etala 20b8Giari ¢ al.,
2018;Chan et al., 201%olomandeet al., 2020 Chenet et al.,2031In point of fact not only MPs

thus represent a threat by themselaes A pl ast i ¢c 0 bpolymertabddiéivesp(e.@ s en c
bisphenols, phthalategdsorbed contaminants and pathogens on MPs (e.g. heavy metals, persistent
organic pollutantyibrio) could contribute to their ecological risks (Rochmanal.,2013; Zettér et

al., 2013, Koelmans et al.2016 Obebeckmann,et al.,, 2018 Moreover, the transferand
accumulatiorof contaminants and pathogesisng food webs from prey tagdators up to humans

is of greater concerfCarbery et al., 2018; Ribeiro et,&019.

In this framework, lte shellfish consumptiosppeardo begreater compared to that fish (Garrigo

et al., 2020). Indeed, whilshellfish (including various species of molluscs, crustaceans, and
echinoderms) are usually eaten as whole soft batiyput gut removale.g. oysters, mussels, clams)

the digestive tract of fishes, commonly recognized as the organ mostly affected hgriedization

of plastic items, is discharged. Moreoyerhile fish of high commercial value such &ardina
pilchardus Mullus barbatusandMerluccius merlucciusontain less than 3 MRsdividual (Compa

et al., 2018; Digka, 2018; Giani et al., 2018), the concentrations found in Mediterranean stallfish
range from 2 up to 12 MHsdividual (Avio et al., 2017; Bordir et al., 2018; Cau et al., 2019;
Wakkaf et al., 2020)Seafood is anmportant part of theMediterranean diet and shellfish
consunption in some area, for example in Italis expected to exceed5 g/day per capita
(EFSA2014). According to estimates by ah Cauwenberghe & Janssen (2014), the European
shellfish consumers can ingest from 1,800 to 11,000 MPs per year although it is not yet regulated
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(Ziccardi et al., 2016)Globally, the estimated average number of MP ket&rom shellfish ranged
from 2602 b 16288 items/capita/yedBenathirajah et al., 2021)

I n the Mediterranean ¢ o a sh lwitlusimameng the most ecasurued ¢ h i
seafood products, mostly in France and Southern Italy (Stefdnsson et al., 2017). Annual global
production is estimated at 60,000,000 tonnes per year (FAO, 2016). It is not surprising that among
shellfish for human consumptiosea urchin is one of the species highly subjected to intensive
harvesting by official and thuscontribuing io thecartinuéus s h e |
depletion of natural stockP4is et al., 202Furesi et al., 2016%ea urchin playa key role in benthic
communities in the organization and structure of shallow macroalgal assemblages (Boudouresque &
Verlaque, 2020). Being a voracious herbivore, sea urchin ingests daily large amounts of algal biomass
and it represents also an importamiergetic link from shallowwater macroalgae to benthic
communities (Dethier et al., 20LDespite its high ecological relevance and its importance as a sea
food, the interaction between plastic debris and sea urBhilngdusare overlooked Based orthe

current knowledgean vivoandin vitro laboratory studies reported the first indications of the harmful
effects of the MPs and nanoplastics exposure in sea urchin from the early stages of development up
to adults(Pinsino et al., 2017Beiras et al.2019; Murano et al., 2020; Bertucci & Bella&021;

Murano et al., 2021). Howeverpu t o now, few data are avail abl e
specimens of the Mediterranean sea uréhilividus. Recently MPs concentratiom the sea urchin

P. lividus from Aegean Sea (Greecepsreported to bel.95 + 1.70 §* (Hennicke et al., 2021)
However, this quantificatiortould have overestimated the real MPs concentrdigecause the

polymer characterizatiowas not performed

In light of the limited @ta available and the importance to assess the occurrence of MPs in wild
caught specimens &. lividus the aim of this study was to assess the presence of MRdividus
from a coastal area of Southern Italy, the Gulf of Naples, to monitor the ektdiRt contamination
in | ocal sea urchindéds populations and assess

due to their consumption.
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3.2 Materials and methods

3.2.1. Sampling area

The Gulf of Naples (Campania Region, Italy) is locatetthe southeastern Tyrrhenian Sea (western
Mediterranean Sea) with a coverage of 870 km2 and an average depth of 170 m (Carrada et al., 1980).
It is widely recognized as a biodiversity hotspot and hosisge marine protected area (1128 ha)
"Punta Camanella” located in the Sorrento Peninsula. From a hydrological point of view, the Gulf

of Naples showed typical features of both oligotrophic and eutrophic systems (Cianelli et al., 2012).
Here, thesciaphilic hard bottom habitats shale highest biophysal and economic value in terms

of marine natural capital stocks (Buonocore et al., 2020). On the external side of the Gulf are located
the 3 most important islands of the Campania Region: Ischia, Procida and Capri. Between Ischia and
Capri, thereistheami n opening of the Gulf named fABocca
exchanges between the Gulf and the Southern TyrrheniaB$eantrast the communication with

ot her neighbouring basins, Gulf of ccBla'laedralsoo a n
Ischia and Procida channels. Despite the relatively small extension of the Gulf of Naples, this area is
known as one of the most strongly anthropized urban areas in South Italy with over 1 million
inhabitants living along its coasts (Alieo et al., 2018). Different inputs @xisting the area thus

having a strong pressure including plastic pollution from various sources (e.g., extensive touristic,
maritime and commercial activities and urban, industrial and agricultural wastewatersll{@ia

al.,, 2012). In particular, the NorBastern part of the Gulf is considered thesshaffected by
anthropic pollution due to a considerable presence of industries linked to the sectors of food
preservation, textie | ot hi ng production and | eather tann:e
the area flows the Sarno river, one of the npadiuted rivers in Europe, which collects not only the

spill of tannery and canning factories but also a large amount of plastic from laatf (Montuori

et al., 2013).

3.2.1.1 Sea urchin sampling

Within the Gulf of Naples, four sampling sites remsitive of the common habitats f lividus
were chosen: Rocce Verdi (RV), Nisida (NS), Capo Miseno (CM) and Ischia (I) (Fduréable
3.1). The sampling period was betweknly andDecember 2020 thanks to the precious support of all

the scuba divingtaff of the Stazione Zoologica Anton Dohrn of Naples.
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Figure3.1.Sea urchinés sampling sites in the Gulf of Naples,
(NS) and Rocce Verdi (RV). Scale bar: 6 km.

In each site, 25 adult specimensRoflividus (>4 cm sizeshell diameter without the spines) were
collected manually, stored in a cool box covered with aluminium foil and immediately transferred t

the Palumbods | aboratory of Stazione Zool ogic

Shelldiameter (cm, without the spines) and whole body wegjhtvére recorded individually (Table
3.1) before dissection and the following tissaed organs were removed under stereomicroscope
Zeiss KL1500 LCD): coelomic fluid, gonads and digestive syst&ex was determined only when

the organism was sacrificed by observing the color of the gonoducts undeerdmmicroscope.

The coelomic fluid was immediately filtered on Whatman filter papers (41, Ashless, 47 mm), the
gonads and the digestive systemaverwr apped i n aluminium foil ar

processing for MPs isolation and analysis
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Table 3.1 Geographicatoordinates of sampling sites apdrameters of sea urchin specimens (weight, diameter and
sex).

Area ID Coordinates Depth (m) Weight(g) Diameter Sex
(cm)

Rocce Verdi RV 40A47.8¢C 7-12 44 +9.48  4.8+0.47 13 F
14A12. 0¢ 12 M

Capo Miseno CM 40A46. 7: 6-10 40+4.38 4.1+0.33 14 F
14A5. 41 11 M

Ischia I 40A42. 3¢ 5-7 60+123 6.3+1.44 14F
13A57. 3¢ 11 M

Nisida NS 40A47.6¢ 6-9 526+15 49z%0.71 11F
14A9.97 14 M

3.2.2 MPs analysis

Tissue and organs digestion

Sea urchin's tissues (coelomic fluid) and organs (digestive system and gonads) were processed
according to the digestion methofl Li et al (2016) with some modifications. Fresh gonads and
digestive system were inserted into a glass flask anttgated with 0.3% Trypsin (25 mL) at 45°C

for 1h. Subsequently, tissue samplésl(g) were digested with 50 mL o6&, (10%) added teach

sample and placed in arsallator batch at 65°C for 48fhe digestion process was considered
complete only when the solution appeared clear with no traces of tissue. After 48h only for gonads,
100% ethanol (previously filteredn 0.45glass filters)was added in the ratio 1: 2 to avoid lipid
saponification according to the protocol reported by Dawson et al. (2020). A further step with
saturated NacCl flotation technique was performed, adding 350 mL of NaCl (1.2 filtemed 0.45

pum) overnight. Sooamfter, the entire solution was filtered on Whatman filter papers (41, Ashless, 47
mm) to avoid the loss of potential plastic items. All filters were observed and photographed using a
stereomicroscope LEICA M205FA with image analysis system Leica Applica&ute (LAS)

software.

Items isolation and recovery

As reported irBesseet al. (2019), the retrieved items were recorded according to their shape (fibers,
fragments, films, beads), colour (black, grey, red/pink, blue, green, white/translucent) and size
according to the following criteria taking into account the size limitsraonly used for suimicron,

micro- and meseplastics (<1 mm; b mm; >5mm respectively. A subset of 20 filters was used in
order to perform Nile Red staining (stock solution in acetone 5 Mgatcording to Shim et al.,
(2016). Filters are embedded iretNile Red solution (1:100 in acetone) in a glass petri dish at room
temperature for 4h. All the suspected items were then removed to be further identified by Fourier

transform infrlARepd microscopy (¢

110



MFs characterization

The current COVIBL19 pandene situation and related mitigation measuoe$y allowed us to carry

out a preliminary characterization of the fibers found in wild specimépRs lividus The attention

was focused on representatiigers samplegmostly found)and not present ilaboratory blanks.

The measurements were carried out by Dr. Lisa Vaccari and Dr. Giovanni Birarda at the Synchrotron
Infrared Source for Spectroscopy and Imaging (SISSI) laboratories of the ELETTRA Synchrotron in
Trieste.MF samples (n = 4)Higure 3.5) were identified under a stereomicroscope, isolated, rinsed

in ultrapure water and analyzed individually by microseopepled Fourier Transformed Infrared
spectroscopy (FTIR). For the measurements, the individivérs were compressed on a diamond

cell (Diamond EXPress Compression Cell, -8dpan) and examined under the Hyperion 3000
microscope, connected to the Vertex 70v interferometer (Brugics) and to a Mercuradmium

Tellurium detector.To determine the homogeneity of the sample, measurements veele am
different points in the sample. Each measurement corresponds to 256 scans made at a frequency of
40 KHz and a resulting spectrum. As a reference, a reference spectrum was acquired in a region of
the diamond cell without the sample prior to each mnessent. The polymeric composition of the
MFswas determined by the analysis of the spectra acquired threE@iRuthanks to the experience

of the operators and a reference library on the instrument (BioRad KnowltAll software).

Quiality assurance anquality control

During all phases of this study the operators worked under controlled conditions to reduce the
interference from laboratory contamination (e.g., air) or other inputs. The most critical phase for
possible contamination concerns all gheps starting from the dissection to visual identification. For
this reason, the air circulation in the laboratory has been minimized from this point. All surfaces,
dissecting equipment and instruments were washed with ethanol (70% filtered 0.45 pung) and n
synthetic and coloured clothing was worn during the experiment. All glassware used for digestions
was washed first in distilled water then in hydrochloric acid (2%) and again in distilled water and
stored,covered by aluminium foih places free of coaminants. Procedural blanks (run in parallel)

and recovery test using PE fragments as briefly described in Table 3.2 according to recent literature
(Prata et al., 2021) were run. The sample digestion took place following the recurring @attern:

samples3 blanks, 3 controls were processed for each batch (Table 3.2).
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Table 3.2 Quality Assurance Procedures Applied during Sample Processing

Type Action Replicates Total numbers
Control Clean filter exposed to air of Atmospheric 32 3 black fikers
laboratory during sample contamination
filtration
Blanks Reagents used for tissue Reagents 32 4 black fibes

digestion processed at same contamination

way of the samples
Internal 30 PE fragments treated in  Recovery 8 98% recovery
Standards same way of samples

3.23 Data Analysis

The Shapireest was first used to assess data distribution. Since the data did not conform to the
normality distribution assumptions, a nparametric analysis of the data was performed using the
Oneway analysis of vaance (ANOVA) (KruskatWallis) (p-value< 0. 05) fol |l owed
multiple comparison test. Data on plastic abundance are presented as mean, min and max. All
statistics analysis and Pearson correlation were performed using GraphPad Prism version 7.00 for

Windows.
3.3Results

3.3.1 Morphological characteristics and plastic items abundance

A total of 260 fibers and 1 fragment was fdunith an average of 2.6 itenrsdividual in the 100
specimens of sea urchin collected and analysed for the 4 collection sites of the Gulf of(Nables,

3.3). For a better representation of the results obtained, the cordésgobackground values
(controlblank) for each site have been sabted from the samples. The recoveffectiveness of

MPs using the extraction method previously described confirms the validity of the method with a
recovey greater than 98% (Table 3.2).

Table 3.3Shape and abundance of plastic items in coelomic fluk),(@igestive system (DG) and gonads (G) of sea
urchins.

Area Shape ltems ltems items Total number Total number of
(CF) (DG) (G) of items items/individual
Rocce Verdi  99.2% fibres 9 69 44 122 4.88
0.8%
fragment
Capo 100% fibres 17 12 13 42 1.68
Miseno
Ischia 100% fibres 3 8 4 15 0.60
Nisida 100% fibres 29 31 22 82 3.28
Total - 58 120 83 261 2.61

By looking at MPs in specimens site by site, the highest number of fibers was found in those retrieved

from Rocce Verdi (4.88 items/individual) followed by those from Nisida (3.28 items/individual),
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Capo Miseno (1.68 items/individual) and the loweghose from Ischia (0.60 itemebividual). The

highest amount of fibers is found in the digestive system, containing 46% of all the fibers retrieved.
The gonads also presented a fairly high number 31.8% while the coelomic fluid was the lowest 22.2%.
Figure 32 shows the individual variations in the number of fibers found in tissue/organs and among
sampling sitesAs for the coelomic fluid, specimens from Nisida showed the highest amount of fibers
with an average of 1.16 items/individual while the lowest weteaved in those from Ischia where

only 3 fibers were found, (p<0.05). In the case of the digestive system, the highest individual average
was reported in the Rocce Verdi (2.76 items/individual) and Nisida sites (1.24 items/individual) and
in both caseshie maximum number of fibers per individual was n = 8. In fact, the internalization
differences in the digestive system of the specimens sampled in the Rocce Verdi is statistically
significant compared to the others. Instead, in the gonads, only the Rextiesite reported a high
average and with individuals internalizing up to n = 10 fibers. Also specimens from Iscivadsho

the lowest number of fibers
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Figure 3.2Number of fibers retrieved in the 25 individuals from each sampling site (RV, CM, NS, | in the coelomic fluid,
digestive systems and gonads. Data are represented as floating bars (min, max and mean). Asterisks indicate values that
are significantly diffeent from each otherptvalue< 0.05, *** p-value< 0.001.

In addition, from the Pearson correlation analysis between the numbers of fibers found in the different
samples comparing the different tissues, it emerged that there was a very strong possstsocor
between the number of fibers found in the digestive system and those in the coelomic fluid of
specimens from Nisida%#0.98).A positive correlation &r=0.60)was also foundetween fibers

found in the coelomic fluid and those in gonadspecimens from Capo Miseno and Ischia sites
(Figure S.3.1L Finally, in the Rocce Verdi site, no statistical correlation was found between

internalized fibers and the gonads, coelomic fluid and digestive system.
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3.32 Size and color of plastic items in sea urchins

Examples of the most common fibers retrieved in sea urchin specimens from the Gulf of Naples are
shown in Figure 3.3and Figure S 3.ZThe fibers showed an irregular shape with a structure similar

to bundlesof filaments and in some cases these appear to be knotted together. In terms of size, the
half of ingested plastics were in the micron category <5 mm ¥&3fdllowed by meso and macro

(>5 mm) (46.6%) (Figure S.3). The colwo classification highlight animportant factor: the colo

pattern was preserved in the different organs os#me site (Figure 3.4). By contrast the same

organs there was a clear difference among the sampling sites. In detail, the most representative colours
in the Rocce Verdiige are: black (360%) and blue (2@3%). Similarly, Capo Miseno showed a
pattern in which black (468.9 %), blue (5.834%) but also grey (83.5%) were the most abundant
colors. Nisida, instead, presented more grey-33%) and blue fibers (286 %). Ischia was a
particular case due to the few fibers found which are mainly black (620%6) and green (25%).

Green colour was found in very low percentages also in the digestive system of sea urchin from Rocce

Verdi (3%) and in the coelomic fludigestive system of sea urchin from Nisida.

Figure 3.3.Examples of fibers found in sea urchin adult specimens retrieved from 4 sites located in the Gulf of Naples.
Scale bar: 2.5 mm. Images were obtained using a stereomicroscope LEICA M205FA witlaitages system Leica
Application Suite (LAS).
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Figure 3.4. Percentage fibers colour in coelomic fluid, gonads and digestive systems at different sampling points.

3.3.3 Chemical composition of fibers

FT-IR analysis of aepresentativeubsampl®f MF retrieved from wildcaughtsea urchingrom the
4 sitesrevealed the presencepdlymers of either natural and synthetic oridimdetail, the analysis
revealed polyestdsasedMFs as the most abdant(synthdic) (Figure 3.5A) and cellulosebasel
MFs presumably of natural origifFigure 3.1).
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Figure 3.5.Fourier transform infrared (FIR) spectra of dominant MFs: A) example of red fibers identified as polyester
based; B) example of blue fibers identified as celliloasged. The spectra are compared with their respective reference
spectra.

3.4Discussion

The present study, to the best of our knowledge, represents the first insight on the prelgéis;e of
in particular MFsin wild specimens of the sea urchidividus caught in differensitesof the Gulf

of Naples.MFs were found in gonads, digestisgstem and agdomic fluid of the sea urchinslot
surprisingly, the organ most affected in terms of the presence of MFs was the digestive system with
a total of 120 fibers found in 100 specimemsalyzed The MFs overall average wasf 2.6
items/individual ranging from 0.60 items/individual (Ischia site) up to about 5 items/individual
(Rocce Verdi site)Cross contamination during dissection and digestidrihe biological samples
was negligible sinceubstantial differencesere foundoetweerof the number oitemsretrieved in
thesea urchins sampl€260 fiberg and in control/blanké7 fiberg, respectively (Table 3.2)

A subsample of ingested fibers was amati/through pFTIR revealing a predominance of polyester
based MFs and delosebased MFgonsisting indyed natural cellulose (cottphriThe presence of
this type of synthetic and nesynthetic fibersvasin line with the fibers most recently found in the
sediments of the Mediterranean §&8anchez/idal et al., 2018)Data available in the scientific
literature reported thdibers are the majority of MP$ (80%) foundin otherMediterranean species
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asdemersalnd pelagidish (Mullus barbatus Sardina pilchardus Engraulis encrasicolusZeus
faber, Lepidopus caudatyg¢Bottari et al., 2019Compa et al., 2018), green ci@arcinus aestuar)i
(Piarulli et al.,2019)the most commonlyin particular,the majority of fiber were made @btton,
polyester, polyacrylamide and polypropyletrgerestingly, Feng and eauthors (2020) highlighted
the presence of polyester/polyethylene MFs (>90%) in the digestive sgbfeur different species
of sea urchinsollected along the coast of Chijelemicentrotuspulcherrimus, €mnopleurus
reevesiiStrongylocentrotughtermedius,Temnopleuruhardwickii).

By comparing the number of MF found in our study watherfield studiesusingwild-caught sea
urchins, they resulted significantly lower in number (our st2@ty fibers in 10&pecimens v4038

in 210 specimens byeng et al(Feng et al.2020 According toFengand ceauthors,MFs are
internalizedby sea urchinthrough the peristiomal membrane and then pass into the fluid and gonads
therefore it cannot exclude thaMFs will enter throughite madreporitéself as we showed for PS
MPs (see chapter 1)ndeed, the madreporitefisrmedby pores large about 630 um (Murano et

al., 2020) which wouldgtill allow theentryof MFs below this diameter asownin other echinoderms
such as holothurians (lwalaye et al., 2020; Mohsen et al., 2021). Conversely, in the heart urchin
(Brissopsis lyrifery, a very low number of MP was found (1 per eautividual) and90% as flakes

and the remaining 10% as fibers (Betial. 2018).

Consideringthe amount of MFs internalize@portedin this study, the sea urchin being a benthic
grazer hasetained lesthan expectedonsidering the averagenountof MPs found in the sea surface
and sediments of the Mediterranean Seapectively in theange from 0.15 to 7.68 itemsm
(Cincinelli et al., 2019and from10 and 15 MFs per 50 mL (Woodal et al., 30More recent data
reported34.8 + 18.3 per 50 mL (equivalent to 6.965 + 3.669 microfibrés confirming the deep
environment as the major MFs sirtkahchezVidal et al., 2018).

The low number oMFs found in specimens analgd in our studyould be explained bgpato-
temporal factors, hydrodynasm of marine coastal areteatures and above allreflecs the low

risk posed by them to the sea urchins livinghase(Woodal et al., 2015 A high elimination rate

of MFs by the urchingan be thus be hypothesized since based on our previous findings at bench
scale leveP. lividusshowed a marked capacity @gest MPs (microbeads like naturally occurring)
up to 90% after 48 h (Murano et al., 202Hpwever, it cannot be ruled out thataugh surface,
length-aspectratio and norspherical shape of MFs couidcreaseintestinal retention timevith
higherprobaility of causing harmful effects (Welden & Cowie, 2016; Gray et al., 2017). High MFs
retention time not only could cause greater toxicityddsincrease the possibility of tramsfalong

the trophic chain (Mishra et al., 2018mong the most commongutators of the sea urchin there are

two demersal fish speciesea brean{Diplodus vulgari$ and rainbow wrassdCoris julis) both
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actively controllingby predationsea urchin populations and in turn represent species of high
commercial value (Sala & Zabala, 1996; Guidetti & Mori, 2005). Regarding the risk associated with
the direct consumption of the sea urchin gonbm¥g,risk can be assumed for human consumption
Indeed, taking into account that the average valueviét found in the gonads was 0.83
items/ individual and t twashbouh4bigindividualylrkgdideaudéckin g o n
gonads consumed per yaaay transfeabout 166207 fibers/per year. This quantity is very low if
compared with the quantities found in other types of sea food or other shellfish Mmthtesranean
musselgM. galloprovincialig for which about 20.8 + 8.88 MFs per individual are reporteddAt

al., 2020) corresponding to 15@800 fibers/per year (if a consumer eats 1kg of mussels). However,
overallresults, do natake into accounteither the elimination of tHédFs nor the possible difference

of any seasonal changes MF exposureconcentrations. Although it is currently impossible to
establish thexactamount of MPs/MFs ingestdtrough seafood consumptiohuman exposure is

certainly undeniable.

Currently, both synthetic and n@yntheticMFs are thecontaminantef major concernfGago et al.,

2018) In spite of the fact that nesynthetiatemsmay be less persistent than syntheties both are
manipulated similarly with additives or dyes which may interact negatively with biota in aquatic
environments (Compa et al., 2018). @Qgito their smalkize, naturafiberslike synthetic fibercan

adsorb chemicals as well as bacteria (pathogens) onto their surface (Remy et al., 2015; Compa et al.,
2018). Globally, the total production of textile fibers is about 60% of synthetic fitodisyed by

30% of cotton and 10% of other materials. Among the synthetic ones, the polyester fibers sale
accounts for approximately half of the total global fiber market (Carr, 2017). As a matter of fact, the
wastewaters discharged by textile industaesl domestic laundering are the main pathways that
allow MFs to enter the oceans making it the most common contaminant in sediment and sea water
(Liu et al., 2021; Oldenburg et al., 2021). As revealed in a recent studythiepaf synthetic MFs

from amospheric fallout and domestic washtiewastewater treatment plant contribthie entry of

2.6x 1671 3.7 x 1d MFs/m?® in Mediterranean Sea (Pedrotti et al.,2021). Remarkdtifg like those
reportedin our study showed a density greater than sea \{@ittion and flax, 1.5 g/ctnpolyester,

1.4 g/cnd), thus suggesting themovements towards the bottom and their availabilityhe benthic

environments.

In ourstudy,RocceVerdi and Nisidaesulted theites where the urchins presented the highest amount
of MFsin their soft tissueslnterestingly, these two sites are very close to each other and are also
close to BagnolCoroglio area, an area heavily exposed to pollution for over a century due to the
presence ofhe industrial district fometallurgical productioiGiglioli et al., 2020). Rocce Verdi is

an area highly interested by tourism, seaside activities and densely popwlated\isida is a
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circumscribed area (a sort of appendage of the gulf) interested mostly by residential activities.
However, botlsitesare affected by the presenedandischarges one linked to the Wastewater Lift
Station outflow (Nisida) and Rocce verdi to a sewer owerflthat elude the wastewater treatment)

(https://www.arpacampania.it/web/quest/databgsareferenziatgcarichicostier). By contrast

Capo Miseno coastlisedisplay only drain discharges. Interesting is the case of the Ischimsite,
which sea urchins showetthe lowest amount ofMFs. The perimeter of the island is covered by
submarineoutfallsandnaturalthermalvent. These drainage points are far frdine coast (or where

the sea urchins usually reside) and the presence of special diffusers in these pipes favour the dilution
in sea water of any contaminants, including MFs (Sinopoli et al., 2020). All these observations
suggest that the MFs presence ia sechins may strongly depend on the presence of these discharges
that convey these MFs into the sea water, in particular at the Rocce Verdi and Nisiditositever,

since their lower density (in comparison to grain of sand for example) as well asysieafth
structural characteristics, thdFs arepresumably subjectetb both water and wind transport in
longer range and larger scale (Brahney et allpO2erefore, the presence of fibers could also derive

from nonlocal but more dispersed sources.

3.5Conclusions

Our studyprovided the first insight othe occurrence of MF iwild specimens of theea urchirP.
lividus collected from th&ulf of NaplesThe results revealed that the sea urchin interrchfizanly
MFsin gonads, coelomic fluid, ardigestive system, averaging abolé ®Fs / individualsThrough

a preliminaryu-FTIR analysis, these fibers wepelymerseitherof natural (cellulose) and synthetic
origin (polyesteryhe presence afuch MFssuggest a common origin froorbanwastewaterand
fishing lines Given the presemcof MFs in wild ®a urchinssuggest thabther benthicspecies
including small pelagic fistcan be exposed them.Although the low amount of s found in the
gonads of the sea urclimay pose low risk to human healtthe data presentea this studyconfirm
thatMFs currentlymayaffect seafoodjuality.
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Chapter 3- Supplementary material

Coelomic fluid Gonads Digestive system
Coelomic fluid 1 0.12 -0.20
Digestive system -0.20 -0.11 1
g Coelomic fluid Gonads Digestive system
Coelomic fluid 1 -0.15 0.95
Nisida Gonads -0.15 1 -0.24
Digestive system 0.95 -0.24 1
& Coelomic fluid Gonads Digestive system
Coelomic fluid 1 0.66 0,19
Ischia Gonads 0.66 1 -0.69
Digestive system 0.19 -0.69 1
g Coelomic fluid Gonads Digestive system
Coelomic fluid 1 0.60 0.29
Capo Miseno Gonads 0.60 1 -0.34
Digestive system 0.29 -0.34 1

Figure S3.1 Results of the Pearson correlation between the match of fibers and the differentrotgarmsfferent
sampling sites. In the blue boxes the cases of high positive correlation are highlighted while in the yellow ones the
negative correlation.
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Figure S32. Examples of fibers treated with Nile red. In the upper box A was reported a red fiber irfiet@jtdicated
by a black arrow (a), under red (b) and green (c) fluorescence. In the B box, instead, were represented two translucent
fibers in brightfield indicated by a black arrow (d) and blue fluorescenceS@le bar 250 um.

Bl <imm
 1-5mm
1 >5mm

Figure S33. Representation of the average length of the fibers expressed as a percentage referring to 3 length classes:
<1lmm; 25 mm; >5 mm.
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Chapter 4

Al nterplay between nanoplastics and th

urchinParacentrotus lividug

Abstract
The present study highlights for the first time the interplay between model nanoplastics, such as the

carboxytmodified polystyrene nanoparticles ®O0H, 60 nm) NPs and the coelomocytes of the

sea urchirParacentrotus lividusa benthic grazer widely dributed in Mediterranean coastal area,
upon acutén vitro exposure (4 h) (5 and 25 pg ML Insight into PSCOOH trafficking (uptake and
clearance) and effects on immune cell functions (i.e., cell viability, lysosomal membrane stability and
phagocytosisare provided. Dynamic Light Scattering analysis reveals that PS NP suspensions in CF
undergo a quick agglomeration, more pronounced fe€ERP®H (608.3 + 43 nm) compared to-PS

NH2 (329.2 + 5 nm). However, both PS NPs are still found as-seale agglomates in CF after 4

h of exposure, as shown by the polydispersity index > 0.3 associated with the presence of different
PS NP size popul ati ons i npotertisd up@hsuspeistorein GEf.$ er v e
+ 3 mV and-12.1 + 4 mV for PSCOOH am PSNH2, respectively) confirm the formation of a bio
corona on both PS NPs. Optical fluorescence microscopy and fluorimetric analyses using
fluorescently labelled REOOH (60 nm) reveal a fast uptake o-€89O0H primarily by phagocytes

within 1 h of expogre. Upon transfer to PS NRee CF, a significant decrease in fluorescence signal

is observed, suggesting a fast cell clearance. No effect on cell viability is observed after 4 h of
exposure to PEOOH, however a significant decrease in lysosomal memiztbdity (23.7

4.8%) and phagocytic capacity (63.43 + 3.4%) is observed at the highest concentration tested.
Similarly, a significant reduction in cell viability, lysosomal membrane stability and phagocytosis is
found upon exposure to H: (25 pg mLY), which confirms the important role of surface charges

in triggering immunotoxicity. Overall, our results show that, although being quickly internalized, PS
COOH can be easily eliminated by the coelomocytes but may still be able to trigger an immune
respnse upon longerm exposure scenarios. Taking into account that sediments along Mediterranean
coasts are a sink for micrand nanoplastics, the latter can reach concentrations able to exceed

toxicity-thresholds for marine benthic species.

Main findings: A fast uptake by phagocytes and sequestration into lysosomal compartments has been
demonstrated, with associated low acute toxicity in comparison with their positively charged

counterparts under worsase scenarios
Keywords: sea urchin; nanoplastics; petyrene; surface chargeamune cells; Mediterranean Sea
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4.1 Introduction

Being a semenclosed and convective basin, the Mediterranean Sea is a high plastic accumulation
region, from where plastic debris can hardly elude (Cézar et al., 2015; Suarj2@18&j.Macias et

al., 2019). One of the latest basicale surveys estimated that 11.5 million of plastic pieces are
floating over the entire Mediterranean region (Lambert et al., 2020). Through weathering, these
plastics undergo chemical, physical anoldgical transformations, breaking down into microplastics
(MPs, size <1 mm) and nanoplastics (size < 1 um) (Andrady, 2017; Hartmann et al., 2019). Such
physicachemical changes dictate both horizontal and vertical transport of plastic pieces of different
size, which eventually sink to the seafloor, where they may significantly affect benthic communities
(CourteneJones et al., 2017; Kane et al., 2020). Estimates of marine litter density in the seafloor of
the Mediterranean Sea range from 0.25 to 30 iter8s0'2 with macroplastics representing up to

98% of the waste (Angiolillo et al., 2015; Macic et al., 2017; Consoli et al., 2018). In Mediterranean
coastal sediments, MPs show a heterogeneous distribution, with abundances between 480 + 9 and
2052 N 724 setent (Mogar et al., 2016; Abidili et al., 2018; Sin®anchez et al.,

2019). Spatial risk assessment studies highlighted that marine organisms living along the
Mediterranean coasts are at higher risk of ingesting plastics, especially thosewyitbtility and/or

small home range, compared to ofs&a species (Compa et al., 2019). However, despite the growing
concern related to MPs presence in coastal seafloor, only few studies investigated MP ingestion in
Mediterranean benthic species belondimglifferent phyla (i.e., Mollusca and Chordata) (Abidli et

al., 2019; Vered et al. 2019). Avio and-aothors (2017) found synthetic microfibers in benthic
organisms as the most abundant MPs, with a polymeric composition of polyethylene, polystyrene
(PS) and nylon films. Nanoplastic contamination in Mediterranean marine ecosystems is still
unknown, although a first study from Schirinzi et al. (2019) reported traces ofsimPS, in the

range of 1.08 136.7 ng L! in estuarine and surface waters of West Mediterranean Sea. Such
findings raise concern due to the unique nanoscale properties of nanoplastics (i.e., high surface
volume ratio associated with remarkable biological, chemical and physical reactivity) that allow them
to interact with the cellar machinery (Hewitt et al., 2020). As a result of the weathering process of
plastic debris, occurring once released in sea water (e.g., changes in crystallinity and surface
oxidation), nanoplastics are expected to acquire oxygenated moieties, sudhoaglicagroups {

COOH) and thus a negative surface charge (Fotopoulou and Karapanagioti, 2012; Gigault et al., 2016;
Andrady, 2017). Therefore, the resulting behavior of nanoplastics in dynamic and stochastic systems,
such as in seawater and in biologiaalieus, depends on naispecific properties (e.g., surface
charge, size, chemical composition, functionalization) and those of the receiving environment (e.qg.,

pH, ionic strength, natural organic matter content and hydrodynamic conditions) (Cors2@2@).,
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The combination of these conditions defines nanoplastic ecological and ecotoxicological outcomes
(Lowry et al., 2012; Mattson et al., 2018). Specifically, functionalization and surface charge are
responsible for the interfacial dynamics and thusirtkeractions with living systems (Corsi et al.,

2020 and references within). In recent years, laboratory studies on nanoplastic impact assessment in
marine species have investigated the effects of PS nanoparticles (PS NPs) as a proxy for nanoplastics.
Themost commonly tested ones are carbduyictionalized {COOH) and amindunctionalized {

NH2) PS NPs that exhibit a negative and positive surface charge, respectively. WNite BiSplay

a striking toxicity in many marine models, leading to physioldgittarations (Bergami et al., 2016,

2017; Varo et al., 2019), oxidative damage (Feng et al., 2019) and developmental impairments (Della
Torre et al., 2014; Pinsino et al., 2017; Tallec et al., 2019; Eliso et al., 2020), the negatively charged
counterpar{fPSCOOH) is generally less harmful (Bergami et al., 2017; Manfra et al., 2017; Eliso et
al., 2020). At first, the PS NPBiological interactions occur through the external surfaces of exposed
organisms with potential routes that include ingestion, passemegh gills, adsorption on body skin

(Lead et al., 2018). At the cellular level, an interplay between PS NP surface charges and proteins
and other biomolecules adsorbed onto NP surface has been elucidated, mainly focusing on the
formation of the protektorona, which is considered the bridge at therf@ino interface (Grassi et

al., 2019; Canesi and Corsi, 2016; Canesi et al., 2016). Grassi -authoos (2019) identified the

hard protein corona on surface charged PS NPs upon incubation in sea urdrhie @&thors showed

that such biecorona was dominated by the toposome precursor protein (TPP), a modifibeksson

C&* binding transferrin known as a biotic and environmental stress target (Castellano et al., 2018).
This latest study has been conduabedthe Mediterranean Sea urclilaracentrotus lividusa key

species in the organization of benthic communities across Mediterranean coastal areas, controlling
shallow macroalgal assemblages either as opportunistic generalist herbivore or as pregusr vari
taxa (Barnes et al., 2002; Boudouresque and Verlaque, 2020). Thanks to its grazingRudiiiitys

has been identified as a bioeroder of plastic items, able to generate 92 + 34 MPs over a 10 d period
(Porter et al., 2019). Plastic ingestion hasrbesported in sea urchins collected along the coastal
areas of northern China (Feng et al., 2020) as in other echinoderms such as holothurians and sand
dollars (Graham & Thompson, 2009; Taylor et al., 2016; Plee & Pomory, 2020). However, to date
no data ee available on the presence of plastic debris in wild specimens of the seaRurhiotus

in the Mediterranean Sea. The findings of our previous laboratory based research showed PS MPs
(10-45 um, 72 h) internalization and distributionn lividusorgans (gonads, digestive and water
vascular systems), together with changes in the total number of immune cells (coelomocytes), and an
increase in reactive nitrogen species (RNS) and ROS (Murano et al., 2020). Sea urchins show a

distinctive immune system gekxned by coelomocytes, which are considered as prominent biosensors
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for environmental monitoring (Pinsino and Matranga, 2015) and for studying environmental and
anthropogenic challenges, such as ocean acidification, disused industrial activities, llasiton p

and engineered NPs (Falugi et al., 2012; Della Torre et al., 2014; Pinsino et al., 2015; \dargoss

et al., 2018; Migliaccio et al., 2019; Milito et al., 2020; Murano et al., 2020; Alijacic et al., 2020).
Recent investigations addressed thenumotoxicity of positively charged PSH2 on sea urchin
coelomocytes, with apoptotiike nuclear alterations, reduction in cell viability and destabilization

of the lysosomal membranes (Marqigmntos et al., 2018). Although negatively charged
nanoplastis are likely the most common ones found in marine waters, their toxicity towards marine
benthic species has been overlooked. The aim of the present study is to investigate the interplay
between negatively charged€®0OH (60 nm), as a proxy for natural aogng nanoplastics, arfel
lividuscoelomocytes to unravel bizano interactions at cellular level and predict ecological damages.
Positively charged PSIH. (50 nm) at 25 pug mt have been tested as a surface charge counterpart.
Following shoriterm expoare (4 h), the results obtained revealed a low acute toxicity- 3®SH

in comparison with P8IH,, as well as a fast uptake of £®OH by phagocytes and their

sequestration into lysosomal compartments.
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4.2 Materials and methods

4.2.1 Polysgrene nanoparticles and physicleemical characterization

Unlabelled (60 nm, FCO2N) and yellegveen fluorescently labelled carboxylodified PS NPs (RS
COOH, 60 nm, PCO2N) (480/520 ex/em) as well agabelled aminemodified PS NPs (RS8IH>,

50 nm,PAO2N) were purchased from Bangs Laboratories Inc., Fishers, Habdgtied PSNH2 and
PSCOOH were used fan vitro exposure, while fluorescently labelled R®OH were used only

for uptake and translocation experiments. Details about PS NP stock ctompdabeling and
surfactants/stabilizers content are reported in the Supplementary Material. With this regard, a rebuttal
to the study of Pikuda et al. (2019) regarding the presence of stabilizers in PS NP stocks used in the
present and our previous siesl (Bergami et al., 2016; 2017; Della Torre et al., 2014; Pinsino et al.,
2017) is also provided in the Supplementary Material. PS NPs stocks were briefly bath sonicated
(bath sonicator CEIA CP316, at 600W, 40 kHz, 3 min) and working suspensions (10 Hhgate

in 0.22 um millkQ Water (mQW). In order to investigate PS NP behavior under the experimental
conditions, hydrodynamic diameter-&erage, nm) and polydispersity index (Pdl, dimensionless)
were determined by Dynamic Light Scattering (DLS), wigHeotential (mV) was determined by
electrophoretic mobility (EM), using a Zetasizer Nano ZS90 (Malvern Instruments). PS NP stock
suspensions (25 mg ). were prepared in mQW and in immune cell exposure media (CF) and

measurements carried out at O h artdraf h at a constant temperature of 18°C.

4.2.2 Sea Urchin collection and immune cell culture

Fifty adult specimens oP. lividus were collected from the Tuscany coasts (42°26'10.99"N,
11°09'13.74"E, ltaly), in an area not privatelyned nor protected, according to the authorization of
Marina Mercantile (DPR 1639/68, 09/19/1980, confirmed on 01/10/2000). Specimens were
acclimated whout feeding for 10 days in glass tanks filled with circulating natural seawater (NSW,
39 N 14 salinity, pH 8, 18AC).

In vitro primary cultures of sea urchin coelomocytes were obtained following the protocol reported
in MarquesSantos et al. (2018) aras previously described in Matranga et al. (2002). CF, used as
exposure medium, was collected following the procedure reported in MeBquéss et al. (2018)

from a pool of 8 individuals, displaying active movement and low number of red amoebocytes with
respect to the whole coelomocyte population. Soon after collection, CF was stored in Protein
LoBind® Eppendorf tubes kept on ice prior to centrifugation at 600 x g for 20 min at 4°C. The
supernatant was then stesfikered with 0.22 um cellulose acetatgringe filters ad stored at80°C

until use.Sea urchin coelomocytes, were obtained by using a 1 mL sterile syringe preloaded with

CMFSW-EH anticoagulant solution (calcium and magnesium free seawater with EDTA and HEPES)
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at a ratio of 1:1 to prevent ctotig (NaCl 460 mM; KCI 10.7 mM; EDTA 70 mM; Hepes 20 mM;
NaeSQs 7 mM; NaHCQ 2.4 mM, pH 7.4) following the protocol of Smith et al. (2019). Cell
suspension was obtained after CF centrifugation at 600 x g for 5 min at 4°C and suspension in 0.22
um filtered CF, obtained as described above.

The composition of the heterogeneous coelomocyte population (i.e., phagocytes, vibratile cells, white
and red amoebocytes), based on Pinsino & Matranga (2015) was evaluated using Luna Il Automated
cell counter (Logos Bigstems Inc., see Sl for instrument settings) and further confirmed under
optical microscopy using FastRead® 102 chamber.

Coelomocytes suspensions in CF (f-t6lls mL') were exposed to diabelled PSCOOH (5 and

25 pg mLY) and PSNH; (25 pg mL2) in sterile 24 well plates (final volume of 1 mL) at 18°C in the

dark. PSNH2 was used as a positively charged counterpart (25 ) nlased on previous findings

from MarquesSantos et al. (2018). After 4 h incubation, cells were collected for viabiliysdysal
membrane stability and phagocytosis assays. Each experiment was run 3 times. The tested
concentrations of PS NPs for acute exposure were chosen according to our previous studies with sea
urchin coelomocytes (Bergami et al., 2019, MargBantos etla 2018). Here, the acute exposure
conditions tested can be predictive of warase scenarios in Mediterranean coastal areas and crucial

to improve our knowledge of the effects of PS NPs for environmental risk assessment purposes.

4.2.3 Cell viability

The trypan blue exclusion test was performed following the protocol of Strober (2015). At each time
point (0 and 4 h), coelomocytes in CF were collected @lcéils mLY), centrifuged at 600 x g for 10

min at 4°C and then incubatedigpan blue in PBE.X (0.4%) for 4 min and examined after adhesion

on glass slides under optical microscope (Olympus BX51, Tokyo, Japan). Percentage of viable cells
in the whole coelomocyte population was calculated as the number of viables¢ce#snunber of

total cells. For each experimental group, the assay was performed in triplicate and run three times.

4.2.4 Lysosomal membrane stability

Neutral red retention time (NRRT) assay (Lowe et al., 1995) was adapted to coelomocytes following
the protocol dscribed in MarqueSantos et al. (2018). The NRRT assay was carried out using the
NR dye as a marker of phagosome acidification in phagocytes (Pinsino et al., 2015), but it also stains
primary lysosomes of vibratile cells (Pinsino and Matranga, 2015) hwiece included in the assay.

After 4 h of exposure to PS NPs, 200 pL of cell suspensions were placed on a glass coverslip (22 x
22 cm) and incubated for 1 h in a humid chamber at 18°C in the dark. Cells were then incubated for
30 min at 18°C with 200 pLfoNR dye solution (final concentration of 40 pg rhrom a stock
solution of 40 mg mit NR in DMSO). The excess of the dye was removed using a buffer solution
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(20 mM Hepes; 436 mM NaCl; 53 mM Mg%QA2 mM KCI; 12 mM CaCl pH 7.5) and coverslips

placed onslide and sealed. Slides were checked every 15 min under an optical microscope (40X,
Olympus BX51, Tokyo, Japan) and the percentage of cells showing loss of NR dye into the cytosol
was counted. An average of 100 cells were scored at eacipadimeand ed-point set when 50% of

the cells showed signs of lysosomal leaking (cytosol becoming red and cells rounded shaped). The

assay was run in triplicate and three times.

4.2.5 Phagocytosis

The phagocytosis assay was run as described in Bergami et al., §201®)lowing the protocol by

Borges et al., (2002) with slight modifications, as reported below. Before the assay, fresh suspensions
of the yeastQaccharomyces cerevisjan 0.22e m f i | t ered NSW were prepa
counted using Luna Il &omated cell counter (Logos Biosystems Inc., Figure S1). The assay was
run using coelomocytes collected after 4 h of exposure, placing 200 uL of cell suspension on a
coverslip and incubating with yeast cells suspension for 1 h in a ratio 1:10 (phaggegttsin a

humid chamber at 18°C in the dark. Coverslips were then washed with filtered NSW, fixed in ice
cold methanol for 20 min, adried and then stained with Giemsa (6%). A minimum of 100 cells per
experimental group was observed under an optidatascope (Olympus BX51, Tokyo, Japan).
Phagocytosiselated parameters were calculated on the phagocyt@agubation according to
Borges et al. (2002): phagocytic capacity (PC, %) and phagocytic index (PI, %) as the number of
phagocytes internalizing gst on the total phagocytes and the number of yeast cells internalized

related to the number of phagocytes containing the yeast, respectively.

4.2.6 Cellular uptake of RGOOH

In order to evaluate the uptake of-E®OH in sea urchin phagocytegllow-green fluorescently
labelled PSCOOH (Dragon green labelling ex/em 480/520) were used. The fluorophore of labelled
PSCOOH was embedded within the polymer during synthesis (see Supplementary Material for
further details), thus preventing any leachof the dye during testing. However, as underlined by
the most recent literature, the stability of PS NP fluorophore should also be proven prior to use to
avoid artefacts when studying NP uptake and translocation by fluorescence imaging and confocal
laserscanning microscopy (Catarino et al., 2019; Schir et al., 2019). Here we further confirmed the
stability of PSCOOH fluorophore during the exposure study (4 h in CF) using the following protocol.
Labelled PSCOOH (25 pug mtY) were suspended in CF and ealied at time 0 and after 4 h,
centrifuged using Microcon® (10 kDa) tubes at 7000 x g for 30 min at 18°C and the fluorescence
signal measured using Tecan spectrophofluorotometer (Infinite M1000 Pro). CF alone was also

analyzed to determine the backgrountbeluorescence (see Figure S2).
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For the uptake study, monolayers of coelomocytes in CF {tdl® mL?!) on a glass slide were
exposed to fluorescently labelled £®OH (5 and 25 pg mtb) in the dark at 18°C in a humid
chamber. At different timgoints(0, 15 min, 30 min, 1 h, 4 h) cells were observed under an optical
mi croscope (Ol ympus BX51, Tokyo, Japdrn)mequip
Quantitative measurements of the fluorescence signal were also performed using fluoAnaatry.

to analysis, the fluorescence intensity signal of fluorescently labell€dT3H suspensions in CF
(without cells) was measured by using a mpléte spectrofluorimeter (Victor 3 Perkin Elmer 1420
Multilabel Counter) in PSCOOH (5 and 25 pg nit) incubated in CF for 4 h. Fluorescence (arbitrary
units, a.u.) was calculated subtracting the dlutorescence of CF alone.

Coelomocytes suspensions in CF (300 pL) were then incubated with fluorescently labell&{P5

(5 and 25 pug mt) following the sameprocedure described above. After 4 h, suspensions were
centrifuged at 600 x g for 10 min at 4°C, washed twice in CFsdipcated (30 sec 100 w, 1 cycle)

in an icecool bath at 4°C and centrifuged again at 13000 x g for 10 min at 4°C. The resulting
supenatant was transferred in @€ll black plates and the fluorescence (a.u.) measured by a multi
plate spectrofluorimeter (Victor 3 Perkin Elmer 1420 Multilabel Counter). Cell suspensions of control
groups (incubated in CF only) were processed alike. Eacling was run in triplicate. Fluorescence
(a.u.) was calculated by subtracting the dilitorescence of the control group.

Confocal laser scanning microscopy was used to asses30P&l uptake by coelomocytes.
Monolayers of coelomocytes suspensions in(CE® cells mL?! on coverslips) were fixed in 4%
paraformaldehyde (in PBS) for 1 h at room temperature, then washed three times with PBS and
incubated with Hoechst 33342 dye (10 pugthiand Red PhalloidinAlexa 555 dye (1:100 in PBS)

for 30 min. Coversps were then placed on glass slides and observed by a confocal laser scanning
microscope (Leica TCS SP8X) and images analyzed by the LAS X Life Software and ImageJ
Software (Wayne Rasband, Bethesda, MA). A control group of unexposed cells (in CF ordigovas
processed and analyzed. All images were acquired using the same gain and pinhole aperture in order
to assess the differences among the treatments, in terms of signal intensity at the same spatial
resolution, and to avoid the saturation or photodanedigets of the fluogscence signal (Pawley,
2006). A recovery experiment was also performed in order to estimate the clearanc&€ S

from coelomocytes. Cell suspensions in CF (300 puL) were exposed to fluorescently labelled PS
COOH for 1 h (5 and 25guimLY), as described above. Cells were then centrifuged at 600 x g for 10
min at 4°C, resuspended in CF (without NPs). After 3 h exposure to CF only, cells were washed in
CF and processed for the fluorimetry analysis as described above.
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4.2.7 Scanningral Transmission electron microscopy

Coelomocytes (1-Faells mLY) were exposed to CF only and to 25 pghuf fluorescently labelled
PSCOOH for 4 h. Coelomocytes (50 uL) were then transferred to a filter Swinex $yatehthen

fixed with 1% glutaraldehyde in 0.1 M cacodylate buffer in NSW (pH 7.5) at 4°C overnight and post
fixed with 1% osmium tetroxide in cacodylate buffer. Cells were washed three times in 0.1 M
cacodylate buffer in NSW, dehydrated through an ethsaras (25, 50, 75 and 100%), and dried in

a sputter coated with gold, using a Leica ACE200 vacuum coater (Leica Microsystems, Inc. Buffalo
Grove, IL). Observations were performed with a scanning electron microscope (SEM)708M

(JEOL USA, Inc. PeabodyMA). For transmission electron microscopy (TEM) analysis,
coelomocytes were transferred to an Eppendorf tube (2 mL) and fixed with 3% glutaraldehyde in 0.1
M cacodylate buffer in NSW (pH 7.5) at 4°C overnight. Samples were thetyposgs d over ni g
4°Cwi th 1% osmium tetroxide in cacodyl ate bu er
bu er and three times 1 n di sineltlajaeode. Saapgies were a n
finally dehydrated through a graded ethanol series and embeddpdxy resin (EPON 812). The
ultrathin sections were performed with Leica Ultracut ultramicrotome, stained with deasy{EMS

Catalog #22409) and lead citrate solutaod observed with a TEM LEO 912AR\I images were
processed with ImageJ Software (WayRasband, Bethesda, MA).

4.2.8 Statistical analysis

Statistical analyses were performed using GraphPad Prism version 7.00 for Windows. Distribution
of the data set was evaluated using a Shafiith test and transformed where suitable. Data obtained
from the NRRT assay were analyzed by @veey analysis of variance ANOVA followed by Tukey's
Posttest. Viability assay and phagocytic activity were analyzed by Krusladlis test followed by

D u n n 0 destpAb data were presented as mean = SD and wer&eosd statistically significant

atp-value< 0.05.
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4.3 Results

4.3.1 Agglomeration of polystyrene nanoparticle®itividus coelomic fluid

DLS and EM are widely recognized as suitable tools for the phgsiemical characterization of
nanoscal@articles in nanoecotoxicology (Corsi et al., 2020). They have been used to assess behavior
and stability of PS NPs (PSOOH and PS\H>) colloidal suspensions under conditions of optimal
dispersion in mQW and under more environmentadlgvant experimentaonditions, as those in

sea urchin CF used for primary culture of coelomocyié® DLS analysis revealed an optimal
dispersion and stability of both PS NPs in mQW up to 4 h, with NPrelaged parameters close to

their nominal size (560 nm), as showby Zaverage and Pdl values (Figyré& A, B). EM analysis
confirmed PS NP surface charge in mQW and over timé (0Oh ) , as ipotehtialqdraM) e d b
negative values for RGOOH (from-57.4 + 1.3 t0-42.5 £ 3.7 mV) and positive ones for R&l,

(from +39.7+ 2.1 to +45.8 £ 0.7 mV) (Figu#el). A different behavior was observed for PS NPs in

CF (i.e., the exposure medium), as indicated by the presence of large agglomerates (in the size range
of 300-600 nm) shown by DLS analysis, even soon after the pagpa of the suspension (at O h).
PSCOOH suspensions in CF were characterized by a heterogeneous size distribution (Pdl values >
0.5), forming large agglomerates with an average size of 600 nm at O and 4 h. Differeiht; PS
suspensions presented twaimpeaks in the size distribution (Pdl values > 0.3), corresponding to
two size populations at approximately 80 and 500 nm, thus forming smaller agglomerates (average
size of 330 nm) in CF and still stable up to 4 h. The EM analysis showed a generaitadigy of

PS NPs in CF compared to mQW.-E®O0H still maintained their negative surface charge over time

(0-4 h) (from-11.1 £ 2.7 t0-9.0 £ 1.2 mV), while P&NH> acquired a new negative charge (from

12.1 + 3.9t69.3 £ 2.1 mV) similar to the one 8SCOOH in CF.

Overall, DLS andSEM analyses confirmed the nanoscale properties of either anionic and cationic
functionalized PS NPs when suspended in mQW, with narrow size distributions centered in their
hydrodynamic diameter and preserved their negatRSCOOH) and positive (R8IH2) surface

charge. Such features, indicating an optimal dispersion, were lost once PS NPs were suspended in sez
urchin CF in which, regardless NP surface charges, they show an unstable multimodal size
distribution mostly releed to their known interplay with inorganic and organic molecules of the CF
(MarquesSantos et al., 2018; Grassi et al., 2019).
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unlabelledPSCOOH (A) and PSNH; (B) in mQW and coelomic fluid (CF) at time 0 and 4 h. Data are referred
t o 2 5'1af BS NR& and reported as mean = SD (n = 3).

4.3.2 Immunotoxicity induced by PS NPsBnlividuscoelomocytes

Coelomocytes are a heterogeneowaigrof circulating cells located in sea urchin CF, with a majority

of phagocytes (> 80%) and other cell sadpulations present in lower quantities, such as red and
white amoebocytes (a 13%) and vibratilohcetel s
subpopulation has key functions in sea urchin innate immunity, the immune response towards
external challenges can be first assessed through the count of coelomogyb@wakions (Branco

et al., 2013; Migliaccio et al., 2019). Total immune £elbunt showed no variations in coelomocyte
subpopulations, represented by phagocytes, red amoebocytes, white amoebocytes and vibratile cells
upon exposure to PS NPs. No significant differences in cell viability upon exposureX0®8 at

both concentrains tested were observed compared to the control group. Conversely, a significant
decrease in cell viability after exposure to-R8 (25 pg mLt) was found (Figurd.2) (Figure S3

A).
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Figure 4.2 Percentage of viablB. lividuscoelomocytewvstotal number of cells screened after 4 h of exposure to CF
(control), PSCOOH (5 anthad®PNHg( 2nbL €Yy Datalare reported as mean = SD (n = 9; Kruskal
Wal | i s t e s-test, p®w0i)n*disdicgeosmrificant differences withpest to the control group.

4.3.3 Lysosomal membrane stability decrease at the higheSOR® concentration

Lysosomes are cellular organelles involved in different membHraffecking pathways, including
endocytosis and phagocytosis of foreign particlEse NRRT assay used to assess lysosomal
membrane stability is based on the ability of phagocytes to accumulate the NR dye inside their
lysosomal compartments. Once lysosomal membranes are destabilized, the dye is then released inside
the cytosol (Lowe etla 1995). A significant increase in the percentage of destabilized lysosomes
was observed in coelomocytes exposed to 25 pg oflPSCOOH and PSNH. compared to the

control group, already after 30 min of incubation with the NR dye (Figu8k Differently, no
differences in the percentage of destabilized lysosomes were observed in coelomocytes exposed at
the lowest PSCOOH concentration (5 pg mi), compared to the control group (in CF only). In
general, the effects of PS NPs on the destabizaif the lysosomal membranes appeared to be
limited, since no experimental group reached 50% of lysosomal destabilization after 60 min of
exposure, which is commonly considered the toxicity-eoitht of this assay (ICES, 2010; Davies et

al. 2012).
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Figure 4.3Percentage of destabilized lysosomes scored ifP1@iduscoelomocytes after 4 h of exposure tc®SOH
(5 and HandPENHN{L2 5 &y Datalare reported as mean = SD (n = 6,-@reY , Tuktesf,6s po
**p<0.01, **p<0.001). Asterisks indicate significant differences with respect to control an@ H (5™Meg mL

exposure groups.

4.3.4 Phagocytosis activity is concentratiand surface chargdependent

Sea urchin phagocytes have a primary role in innate immunity, allowingclédting and
internalization of foreign particles, cytolysis and secretion of humoral factors (reviewed in Smith et
al., 2018). A change in the phagocytic activity of these cells, determined through the phagocytosis
assay, indicates their ability to cowéh a new immune challenge which may affect cell metabolism
and viability. Results on PC and PI are shown in FiguéeRhagocytes exposed to 25 pg taf
PSCOOH and PS9NH> showed a significant decrease in PC compared to the control group (Figure
S3-C). The lowest concentration of RSOOH led to a PC and a PI similar to the control group (Figure
$4.3-C). A significant decrease in Pl was found only for coelomocytes exposedNeiP@24.2 +

14.3 %) while no changes were found between those expof&IGOOH and the control group.
Overall, the results oR. lividuscell immune parameters in response to sterh exposure to PS

NPs show differences according to PS NP surface charg€Q&31 vs PS\H,). Negatively
charged PSCOOH did not affect cell viality but caused a destabilization of lysosomal membranes
only at the highest concentration (25 pg BiLFurthermore, PE£OOH provoked a reduction in PC,

but did not affect the quality of the phagocytes, in terms of Pl, as found insteadNt#PS
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Figure 4.4Phagocytic capacity (PC, %) (A) and phagocytic index (PI, %) (B) calculatBdlidusphagocytes after 4
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control group.

4.3.5 Fast uptake and compartmentalization 60¥H in phagocytes

The use of yellongreen fluorescently labelled REOOH allowed us to evaluatieir uptake,
translocation and clearance in the phagocytes, the most abundant coelomopyipwation ofP.

lividus, having a key role in innate immunity. Optical fluorescence images of coelomocytes exposed
to PSCOOH at both concentrations (5 andi@pmL™Y) show NP uptake already after 15 min and 30
min of exposure (Figured3t). Fluorescence signal was still evident after 4 h and more evident on P.
lividus phagocytes compared to the other cell populations (Figub§. She fluorescence intensity
recorded in lysed phagocytes was significantly higher only in those exposed at the higB€DPS
concentration (25 pug mt) compared to the control group, while no changes were observed for those
exposed to 5 pg mtup to 4 h of exposure (Figudes) (Figure $1.3-D). The fluorescence intensity

of cell lysates exposed to low and high concentrations €€®OH was in the ratio 1: 5 in line with

the ratio of their nominal concentrations (5 and 25 pgYnEurthermore, the evidence that the
intensity measuredffectively represented only the internalized®SOH is given by the fact that

the fluorescence intensity of the £®0H suspended in CF only is an order of magnitude higher

with respect to the intensity of cell lysates (Figudesh
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Figure 4.5Fluorescence intensity (arbitrary units, a.u.) of immune cells exposed to fluorescent labelledDPIS5 and

25 ug mLY) at time 0 and after 1, 2, 3 and 4 h of exposure. Bars represent mean = SD (n = 3). Fluorescence intensity
values are normalized todhautefluorescence signal of the control grod (ividuscells exposed to CF only) at each
time-point.

Confocal analysis confirmed the internalization of fluorescently labelle@®SH agglomerates

inside lysosomes of phagocytes at both concentratiesed (5 and 25 pg mi and in a
concentration dependent manner (Figdi®. PSCOOH were also found close to cell membranes
where they could stimulate an inflammatory response. In particular, the images, obtained at the same
gain and at the same pinhplehowed that the internalized particles were organized in circular
structures recognizable as lysosomes (Figud® Moreover, confocal microscopy highlighted the
presence of multinucleate coelomocytes as a result of cell fusion into a syncytiumabpyqess

in echinoderm phagocytes (Majeske et al.,, 2013; Pinsino & Matranga, 2015). Fluorescence
measurements of coelomocytes lysates from the recovery experiment showed a significant lower
intensity in the fluorescence signal with a reduction of ovét &ter 3 h in CF compared to values
recorded in cell lysate after 1 h of exposure at boHCP®H concentrations (5 and 25 ud-1)

(Figure 4.7) (Figure S4:B). A fast uptake (< 15 min) and a tirgependent internalization of the
fluorescently labelled #COOH NPs in immune cells of sea urchin was shown at 25 p§ P&

COOH were mostly internalized in lysosomes of coelomocytes but also localized as small
agglomerates in the perinuclear area but apparently not inside the nucleus. On the other hand, based
on fluorescence microscopy and quantitative fluorimetric analysis, ~50% GC®81 seemed to be

eliminated from the cells after 1 h of exposure, regardless of tested concentrations (5 and 25 ug mL

1).
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Control COOH-5

Figure 4.6. Internalization of fluorescemtbelled PSCOOH (5 and 25 pg mb) in phagocytes of sea urchih lividus

upon 4h of exposure (blue: nuclei, red: actin and greefCOGH). Higher magnifications of the areas in the upper
images are reported in the images at the bottom. Images werdegauith the same gain using confocal microscope
(Leica TCS SP8X). Scale bar: 10 um.
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Figure 4.7.PSCOOH elimination from sea urchin coelomocytes. Fluorescence intensity (arbitrary units, a.u.) of lysates
of coelomocytes exposed for 1 h to-BSOH (5 and25 pug mL %) and then left for 3 h in CF. Bars represent mean + SD

(n = 3). Fluorescence intensity is normalizedh® autefluorescence signal akells exposed to CF only.

144



4.3.6 Changes in coelomocytes ultrastructural properties

To assess the possibylthat PSCOOH could modify coelomocyte ultrastructure, SEM and TEM
analyses were performed. SEM images showed a regular and homogeneous surface morphology of
the phagocytes of the control group, while a heterogeneous surface was found ireRSobHl

cells, instead, characterized by the presence of a biological adhesive matrix (flelikelate
structures) presumably resulting from the interaction between CF components@OPSFigure

4.8 A-B). Although no intracellular localization of RSOOH agglomerates could be followed, results

from TEM analysis also indicated substantial differences among the phagocytes exposed to PS NPs
and the control group. While untreated cells showed an elongatedrmatibon and high
cytoplasmieto-nuclear ratio, cells exposed to £®OH displayed a narrowed structure, slightly
damaged cell membranes and filopodia, low cytoplagmiwclear ratio as well as the presence of
foreign material (indicated by the red ar)wWFigure 49). As shown in figuret.9B, the nucleus of

treated coelomocytes appeared abnormal resembling early apoptosis. However, we cannot disregard
that chromatin could have exhibited this conformation due the orientation of the ultrathin section.
Therefore, SEM and TEM analyses of the phagocyte ultrastructure showed that PS NPs were able to

affect cell morphology upon shetgérm acute exposure.

Figure 4.8. SEM analysis of phagocytesRepresentative SEM images of control phagocytes (exposed talp)HA)
and after exposure to RSOOH at 25 pug mtt (B). SEM images acquired using a SEM J8KDOF coupled to LEI

detector. Scale bars: 1 pm.

145














































































