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Abstract :

In the marine environment, most bivalve species base their reproduction on external fertilization. Hence,
gametes and young stages face many threats, including exposure to plastic wastes which represent
more than 80% of the debris in the oceans. Recently, evidence has been produced on the presence of
nanoplastics in oceans, thus motivating new studies of their impacts on marine life. Because no
information is available about their environmental concentrations, we performed dose-response
exposure experiments with polystyrene particles to assess the extent of micro/nanoplastic toxicity.
Effects of polystyrene with different sizes and functionalization (plain 2-um, 500-nm and 50-nm; COOH-
50 nm and NH2-50 nm) were assessed on three key reproductive steps (fertilization, embryogenesis
and metamorphosis) of Pacific oysters (Crassostrea gigas). Nanoplastics induced a significant decrease
in fertilization success and in embryo-larval development with numerous malformations up to total
developmental arrest. The NH2-50 beads had the strongest toxicity to both gametes (EC50 =4.9 yg/mL)
and embryos (EC50=0.15 pg/mL), showing functionalization-dependent toxicity. No effects of plain
microplastics were recorded. These results highlight that exposures to nanoplastics may have
deleterious effects on planktonic stages of oysters, presumably interacting with biological membranes
and causing cyto/genotoxicity with potentially drastic consequences for their reproductive success.
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Graphical abstract

Interactions Size of particles/aggregates in seawater

oyster
free living stages

Dla:ucs ] " %i?% ,5 ?
5 d) | & | %

50 nm (NH ;) 2pym 50 nm (COOH) 50 nm
Fertilization success 44+ @ ++ +
Embryo-larval 44 1) +4 +
development success ’
Metamorphosis @ ) @ @ @

Highlights

» Oyster gametes, embryos and larvae were exposed to nano- and microplastics. » Nanoplastics
caused significant decrease in fertilization and embryogenesis success. P Nanoplastics
functionalization influences their behavior and toxicity. » No effect of plain microplastics was
demonstrated on all endpoints.
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Introduction

Mismanagement of plastic wastes is one of the n@gaocerns of the scientific community in the

21st century (Galloway et al., 2017). The exporanise of plastics by human society since 1950
has led to a significant release of wastes intoetironment (Cole et al., 2011; Geyer et al.,
2017). Between 13,200 and 34,800 tons of plasticislevere estimated to have been introduced
daily into the oceans in 2010, and this amounieeted to increase by an order of magnitude
by 2025 (Jambeck et al., 2015). Today, plastic idedme widespread and ubiquitous in marine
environments from the sea surface (Eriksen e@ll4) to the sediment (Van Cauwenberghe et
al., 2015), including in remote areas such as p&gions (Cozar et al., 2017), deep-sediments

(Bergmann et al., 2017) and desert islands (LamedsBond, 2017).

Microplastics (MP) are defined as particles witkize less than 5 mm (Galloway et al., 2017),
originating from manufactured beads/fibers (primaWpP) or weathering of larger waste
(secondary MP). They represent the most abundastipitems in oceans in terms of the number
of particles per unit of water (>92% of floatingaptics) (Cole et al., 2011; Eriksen et al., 2014).
Recently, a new class of debris was described, lyananoplastics (NP), defined as particles
<100 nm (Galloway et al2017) or <1000 nm (Gigault et al., 2018). The d&éin used in the
present study (<100 nm) refers to the usual demibf nanoscalej.e. the point where the
properties of a material change (higher surfacea affect and interaction with biological
membranes) (Klaine et al., 2012). Their productlas been demonstrated by mechanical
fragmentation (Lambert and Wagner, 2016), photaatgfion (Gigault et al., 2016) or
biodegradation (Dawson et al., 2018) of larger geinkewise, similarly to MP, primary NP
from cosmetics (Hernandez et al., 2017), 3D-prontivastes (Stephens et al., 2013), lubricants

(Dubey et al., 2015) or drugs (Lusher et al., 2C4ré) suspected to enter the oceans directly. The
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increase of NP used in such industries — and thess telease in environment — is suspected
although very little information is available redarg the actual quantities used and discarded. At
sea, the presence of plastic particles lower thammlhas been recently argued in the Atlantic
Gyre (Ter Halle et al., 2017). However, owing tlaek of methods, no or very little information

is currently available about the environmental @niations of NP and small MP patrticles (<100
pm) respectively (e.g. Huvet et al., 2016). Their eowinental concentrations can only be

estimated, for example following a power-law in@edgaround a 2.2 factor) from sea surface

samples as recently proposed (Erni-Cassola ei(dl7).

Despite the lack of knowledge concerning MP anddid&ibutions in the oceans, a consensus
exists about the threat posed by small plastidghastfor aquatic life (GESAMP, 2015). Effects
of MP on feeding behavior (Cole et al., 2013; Ogeski et al., 2016), energy balance (Wright et
al., 2013; Watts et al., 2015), reproduction (Stedkaet al., 2016; Gardon et al., 2018), and
immune system (Avio et al.,, 2015; Paul-Pont et 2016) were demonstrated and ecological
impacts can be discerned (Rochman et al., 2015%erGet al., 2016; Galloway et al., 2017).
Furthermore, at the nanoscale, specific effectseapected as result of the physico-chemical
properties of NP (Mattsson et al. 2015a; da Cassh ,€2016). Nanoparticles have a much greater
surface/volume ratio than microparticles — the nembf surface atoms increases when size
decreases — which enhances their reactivity in tag@mvironments (Mattsson et al. 2015a,
Rocha et al. 2015). Likewise, the risk of transtmra and overall transfer into the tissues of
organisms increases at the nanoscale. For instinosgscent nano-polystyrene beads (NP-PS;
50 nm) seemed dispersed in the bodyafacyclopina nanafter ingestion, while MP (500 nm
and 6 um) remained in the digestive tract with @t retention time (Jeong et al., 2017). Initial

assessments of NP toxicity highlighted risks tovisait, feeding activity, embryogenesis, the
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immune system, fecundity (number of offspring anghie@gnancy rate), metabolism (changes in
amino acid composition, liver dysfunctions and ggdsalance) and behavior at a wide range of
trophic levels including phytoplankton (Besselirtgag, 2014), echinoderms (Della Torre et al.,
2014), rotifers (Jeong et al., 2016), crustace&hs ét al., 2017; Jeong et al., 2017), bivalves

(Wegner et al., 2012 ; Canesi et al., 2016) arid(fi4attsson et aR015b, Mattsson et.&017).

In the adult Pacific oysteCrassostrea gigagBayne et al., 2017), polystyrene microbeads of 2
and 6 um were shown to interfere considerably wametogenesis, in terms of quantity and
quality of produced gametes, leading to undesira@lects on the performance of offspring
despite no direct exposure (Sussarellu et al., RME&causeC. gigashas external fertilization,
the free-living staged.€. gametes, embryos and larvae) must cope with tlessstccurring in
estuarine and coastal marine habitats where oylstersTo date only one study has investigated
the impacts of plastic debris exposure to Pacifister larvae using 1 and 10 um MP with no
effect on their growth rate or survival (Cole andll@vay, 2015). These authors also studied the
ingestion of polystyrene particles spanning 70 on2@ um in size, but no toxic endpoint was
monitored following exposure to this size classt §ametes, carboxylic nanoplastics (100 nm)
induced oxidative stress in oyster spermatozoaetinko an increase in ROS production
(Gonzalez-Fernandez et al., 2018). In this contiévet,present study aims to assess the potential
adverse effects of plastic items on Pacific oy$tee-living stages, targeting specifically the
essential steps of fertilization, embryo-larval elepment and metamorphosis, so as to provide a
view over the complete life cycle in addition t@ thdult exposure of Sussarellu et al. (2016) (Fig.
1). Here, oyster gametes, embryos and larvae w@@sed to five types of polystyrene particles,
varying in size from NP to MP (50 nm; 500 nm; 2 pamd in functionalization (no functional

group, or presence of carboxyl or amine groupsxamine a size effect between MP and NP
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(plain particles), as well as a surface propertdfect between NP exhibiting different
functionalization. The behavior of the particlesswaeasured in seawater using Dynamic Light

Scattering (DLS) to assess particle aggregatiomamdifications of the mean surface charge.
Materials and methods

Micro- and nanoplastic

Five commercially available polystyrene (PS) bea#se purchased from Polysciences/Bangs
Laboratories and stored at 4°C prior to experimed®snm, 500-nm and 2-um beads without
functionalization (Plain), and 50-nm beads coatetth warboxyl (COOH-50) or amine groups
(NH2-50). Before each handling, particles were vortei@grevent particle aggregation and
insure good suspension homogenization. Commengggdensions were in ultrapure water (UW)
with Tween-26 surfactant (<0.1%) to limit aggregation; Tweer22Bad previously been
demonstrated to be innocuous for marine invertebrat this dose (Ostroumov, 2003). Raman
microspectroscopy analysis confirmed the PS natiréhe polymer for all beads and no
additional features were observed in the PS spact@ss all particles. (Fig. S1). All tests (DLS

and exposures) were performed with the same béfgartcles.
Dynamic Light Scattering (DL S) analysis

DLS (Zetasizer NanoZS; Malvern Instruments; Uniteddgdom) was used to determine the
aggregation state (polydispersity index — PDI; &dyy Units (A.U.)), the mean size of
particles/aggregates (hydrodynamic diameter; nrd)the mean surface chardeppotential; mV)

of MP/NP in two media: UW, as delivered by the digypand natural filtered seawater collected
from the Bay of Brest (FSW; 1-um filtered and U¥dted; pH 8.1 and 34 PSU). When PDI

exceeds 0.2, particles were considered to be aggpegMeasurements were performed in
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triplicate at 20°C (similar to the T°C used for &3ays) and a concentration of 100 pg/mL at TO
and T24h, each containing 13 runs (10 sec.medstwe PDI and hydrodynamic diameter, and
40 runs (10 sec.measiljdfor {-potential as conducted by Gonzéalez-Fernandez €Gi8). This
concentration was used for DLS analysis owing te tresence of artifacts at lower

concentrations.
Suspensions of MP/NP for bioassays

MP and NP stock suspensions were prepared in UIA0A0 pg/mL, while working suspensions
were prepared in FSW. Four concentrations of magére tested: 0.1, 1, 10 and 25 pg/mL, plus
a control group (0 pg/mL), in order to identify toky thresholds. A total of 25 treatments (5
particle typesx 5 concentrations) were then tested on the thrdg stages (gametes, embryos

and larvae; see below).
Biological material

Oysters from 2 cohorts, produced in 2014 and 20dwrding to Petton et al. (2015), were
deployed in 2016 in the bay of Brest and in the éviaes-Oléron basin (France). In the summer
of 2017, oysters were randomly sampled to colleeirtgametes for assays on gametes and
embryo-larval development. For the metamorphosaygediveliger larvae (21 days old) were

purchased from a commercial hatchery (Société Atjaa de Mariculture, France).
Gamete assay

Sperm from two males and oocytes from three female® collected by stripping the gonad.
This was repeated in five replicates, involvingotak of 10 males and 15 females. Sperm were
then sieved at 100 um, and oocytes at 100 um tBepr2 to eliminate debris (Steele and

Mulcahy, 1999). Oocytes were diluted in 2 L andrspan 100 mL of FSW maintained at 21°C +
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1°C (mean + SD). Spermatozoa mobility and roungsha oocytes, used as proxies of gamete
guality, were checked by microscopy (Olympus BX81(Q-20 magnification with phase contrast
for sperm) (Fabbri et al., 2014). Spermatozoa aygyte concentrations were estimated by flow
cytometry (EasyCyte Plus cytometer; Millipore Camgaon; USA) (Le Goic et al., 2014, 2013).
Gametes (1,000 oocytes/mL; 100:1 spermatozoa:ooaiitg were placed at the same time in 40
mL glass vials filled with 30 mL of FSW at 21°C %#Q, containing the MP or NP suspensions (5

particle types< 5 concentrations; 5 replicates per treatment).

After 1.5 h, samples were fixed with a formaldehggawater solution (0.1% final) to estimate
the fertilization yield under a microscope (ZeisgiA Observer Z1;x10-40 magnification;

observation of 150 oocytes per vial). The fertiiiza yield was defined as: (number of fertilized
oocytes / [number of fertilized and unfertilizedcgtes]) x 100 (Martinez-Gomez et al., 2017).

An oocyte was considered to be fertilized when pbtadies and cell divisions were observed.
Embryo-larval assay

The standardized AFNOR procedure (AFNOR XP-T-90}388s used to perform this assay.
Fertilization was achieved in five replicates wihmetes collected from five males and five
females per replicate (total: 25 males and 25 feg)dbllowing the procedure described above.
Once fertilization was achieved in a 2-L glass leeakiled with 1.5 L of FSW with high
fertilization yields (>90%; verified under a Zeigsio Observer Z1;x10-40 magnification),
1,500 embryos were collected per replicate andeatilat a concentration of 60 embryos/mL in
40 mL glass vials filled with 25 mL of FSW (21°C12C) containing the MP or NP suspensions
(5 particle types< 5 concentrations; 5 replicates per treatment)erA®6 h in dark conditions,

samples were fixed with a formaldehyde-seawatattisol (0.1% final) to evaluate the D-larval
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yield under a microscope (Zeiss Axio Observer ¥10-63 magnification; observation of 100
larvae per vial). The D-larval yield was defined @sumber of normal D-larvae / number of
normal and abnormal D-larvaed 100 (Di Poi et al.,, 2014). A normal D-larvae irated

embryogenic success, while an abnormal larva ptedemmantle, shell and/or hinge

malformations, or developmental arrest at the ennticystage (Mottier et al., 2013).
M etamor phosis assay

The bioassay at the metamorphosis stage was pedoas described in Di Poi et al. (2014).
Briefly, a total of 65 + 15 pediveliger larvae gezFatment were exposed to plastic particles in 12-
well microplates (NUNC®© with the Nunclon™ Delta fage treatment) filled with 1.5 mL of
FSW containing the MP or NP suspensions (5 partigfesx 5 concentrations; 6 replicates per
treatment) for 24 h at 21°C + 1°C. Metamorphosisysiter larvae was stimulated by adding' 10
M epinephrine (Sigma-Aldrich; CAS number: 51-43(@pon et al., 1990) immediately after the
start of the exposure (Di Poi et al., 2014). Attee 24 h incubation, samples were fixed with a
formaldehyde-seawater solution (0.1% final) to detee the metamorphosis yield under a
microscope (Leica DM-IRBx10 magnification; all larvae were observed). Thdam®rphosis
yield was defined as: (number of metamorphosedatard total number of larvaed 100. A
metamorphosed larva is characterized by a signifigegowth of shell and gills, and loss of the

velum and foot (Di Poi et al., 2014).
Statistical analyses

Statistical analyses and graphical representatimese produced using the R software.
Percentages were analyzed after angular transformadormality and homogeneity of variance

were verified by the Shapiro-Wilk and Levene metoespectively. The Studentdest was
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used to compare particle behavior (size &mbtential) between UW and FSW. For effects of
particle concentrations on fertilization, embryovk development and metamorphosis success,
parametric (ANOVA) or non-parametric (Kruskal-Wa)lianalyses of variance were followed by
post-hoc methods (Tukey or Conover) for pairwiseparisons when differences were detected.
Whenever a dose-response pattern was observepathage “DRC” was used to determine the
half maximal effective concentration (Eff; defined as the concentration of a substancerigad
to a significant effect in 50% of the populationll Aata are represented by means + standard

deviation (SD).

Results

Particle characterization

The 2-um and 500-nm beads formed small aggregatddW (PDI>0.2), whereas all NP
remained in their original form (PDI<0.2; Table Epr all particles, the aggregation state or size
of aggregates increased significantly when addeskéovater (p<0.01). Only the B30 formed
aggregates at the nanometer scale (mean + SDx98® nm) in FSW. The Plain-50 (5951.0 +
264.3 nm) and COOH-50 (3735.0 = 443.8 nm) formegdaaggregates than the 2-um (3113.7 £+
32.3 nm) and 500-nm (1620.7 + 188.8 nm) beads W.FAIl particles presented a negative
surface charge in UW and FSW, with the exceptioiNE-50 that exhibited a positive surface
charge in all media. The seawater systematicalffeled the charge of all MP/NP with mean
surface charge values decreasing towards zerocainager compared to UW (p<0.01; Table 1).
No significant changes (p>0.05) of charge and agggien were observed between TO and T24h
in FSW for all particles except the Plain-50 whfohmed bigger aggregates exceeding 10 pm in

FSW (p<0.05; Table S1).
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Gamete assay

The control treatment (0 plastic) presented a fegtilization yield (mean + SD; 92.3 = 1.0%),
demonstrating the good quality/maturity of the geeseand the quality of the FSW. The 2-um
(Fig. 2A) and 500-nm (Fig. 2B) particles had noeeffon the fertilization yield relative to the
control group (p>0.05). All NP significantly impad the fertilization yield in a dose-response
manner between 1 and 25 pg/mL. Exposure to PlaifF0 2C) led to significant reductions in
fertilization (p<0.05) of 2.7, 55.7 and 72.7% fqr 10 and 25 pg/mL, respectively, associated
with an EGo value of 12.3 = 7.5 nug/mL. The COOH-50 particlegy( 2D) induced significant
decreases (p<0.05) of 3.8, 65.7 and 93.0% with@g t#alue of 7.8 + 1.Jug/mL. The NH-50
exhibited the strongest toxicity inducing signifit@ecreases (p<0.05) in the fertilization yield of
6.3, 75.4 and 91.2% for increasing doses of NPcastsal with an EE value of 4.9 + 0.9 png/mL

(Fig. 2E; Fig. S2).
Embryo-larval assay

Exposure to 2-um (Fig. 3A) and 500-nm (Fig. 3B) diot cause any significant effect on
embryo-larval development compared with the corttredtment (mean + SD; 93.3 £ 1.5%) at 36
hours post-fertilization (hfp). The D-larval yieldas significantly reduced (p<0.01) by exposure
to 10 and 25 pg/mlof Plain-50 (Fig. 3C) leading to a mean reductidn9@® and 16.9%,
respectively. This was insufficient to estimatechust EG, value for the Plain-50 (Fig. S3).
Exposure to COOH-50 led to a mean reduction of 32@ 100% after exposure to 10 and 25
pa/mL, respectively (Fig. 3D) with an B&£value of 11.60 £ 10.5 pg/mL. The highest toxicity
was observed for the NFb0 with a significant decrease of 6.4% (p<0.05h@ D-larval yield at

the lowest concentration (0.1 pg/mL), followed byogal inhibition (100% reduction) of the

11
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embryo-larval development success for higher dgsgasg an EG, value of 0.15 + 0.4 pg/mL

(Fig. 3E; Fig. S3).

Compared to the control group where D-larvae amggehealthy (Fig. 4A), Plain-50 (10 and 25
pg/mL) and COOH-50 (10 pg/mL) caused numerous ramtland shell malformations (Fig.
4A-B). Only dead embryos/larvae were observed atilghest concentration of COOH-50 (Fig.
4D) whereas mainly cell debris were observed upgosgure to the three highest doses of,NH

50 (Fig. 4E-F). In both cases, this representsesad of developmental arrest.
M etamor phosis assay

A high metamorphosis yield was observed in allttresnts, ranging from 81.5 +9.0t0 90.8 + 2.4
(mean £+ SD = 86.6 + 3.6%), and no significant dffe€ MP/NP exposure (p>0.05) on
metamorphosis success . gigas was demonstrated, regardless of particle type or
concentration. Furthermore, no abnormalities wdreeosed under a microscope for any of the

treatments tested.

Discussion

Strong effects of NP were observed on the sucdesstitization and embryogenesis 6f gigas
depending on particle dose and functionalizaticesd®l on the commercial size, a higher toxicity
of NP compared to MP was demonstrated here, ireaggat with previous observations across a
range of species, including copepods (Jeong e2@l.7, 2016; Lee et al., 2013), crustaceans (Ma
et al., 2016) and fish (Mattsson et al., 2017)sTdomparison was only done for plain particles,
and the functionalization-dependent toxicity remsaim be tested for MP, especially using amine
groups displaying the strongest toxicity at theasmale. These insights support the purpose that

risks of NP may be higher than microscale countésg@Vvright and Kelly, 2017). Indeed, there

12
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is a consensus concerning the risk of nanomatealks result of their high reactivity and their
capacity to cross biological membranes (Nel et2006). It is noteworthy that the short term
exposure to plain 500-nm and 2-pum beads did nav slmy effect on the two essential planktonic
stages of oyster reproduction and development (gesmand embryos), whereas deleterious
effects after 2-months of exposure to 2 and 6-panpgPS beads were previously demonstrated
on gametogenesis of adult oysters leading to sulesgaegative impacts on unexposed gametes

and offspring (Sussarellu et al., 2016).

The dose-response exposure experiments performedvieich are the recommended approach
when environmental concentrations are unknown (Baul-Pont et al.,, 2018), allowed the
estimation of the half maximal effective concentmat(EGsy) indicating the concentration of a
compound when 50% of its maximal effect is observidte lowest EG was observed for the
NH>-50 which was 1.6 to 77 times more toxic for gameted ambryos, respectively, than the
COOH-50. The highest Egin NP exposures was observed for the Plain-50gstpresumably
due to a decrease of their bioavailability owinghe presence of aggregates higher than 10 pm
observed in seawater at T24h. Oyster embryos egHilsimilar sensitivity as mussel embryos
(48h exposures; B¢ NH2-50: 0.14 pg/mL)(Balbi et al., 2017), but their sirity was higher
than that of sea urchin embryos (48h exposureg; BE,-50: 2.61 pg/mL)(Della Torre et al.,
2014), suggesting inter-species variability. Aduhally, biological stage within the same species
appears to be an important factor in determinirigcé$, considering the absence of NP toxicity
on metamorphosis success. As demonstrated herggrdgsvae seem to withstand MP/NP
exposures, in agreement with a previous study sigpwo effect on growth rate or survival of
oyster larvae upon exposure to 1 and 10 um P&leartior 8 days (Cole and Galloway, 2015).

The absence of toxicity of MP/NP on pediveligerteydarvae is probably linked to a decrease in

13
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the larvae surface/volume ratio, and/or the appearaof a shell protecting larvae from

polystyrene particles (Hickman, 1999; Liebig anchtferploeg, 1995; Schiaparelli et al., 2004).

The potential underlying mechanisms of NP toxicityclude impairment of biological
membranes, sub-cellular toxicity or physical blap®, notably for spermatozoa. These
explanatory hypotheses, discussed below, are nttathy exclusive and could all play a role in

the observed adverse effects of N&, Plain-50 and COOH-50 on oyster planktonicesag

The observed toxicity of nano-PS on gametes andysaabnay be related to damage caused by
membrane breakages (Nel et al., 2009). Indeed saathef nanoplastics on oyster gametes, both
oocytes and spermatozoa (Gonzalez-Ferndndez @0&B), and sea urchin and mussel embryos
(Della Torre et al., 2014; Balbi et al., 2017) wasently demonstrated. We can rely on these
published data from different models and partidesuggest that NP have stuck on oyster’s
gametes and embryos. Consequences might be samtifior biological membranes: molecular
simulations have demonstrated the capacity of i®ide perturb lipid membranes (Rossi et al.,
2014). Even if metallic and plastic nhanoparticlesirmot be directly compared, nickel and iron
nanoparticles reduced the membrane integrit€ioha instinalis(Gallo et al., 2016) anilytilus
edulisspermatozoa, leading to a decrease in fertilinaticccess (Kadar et al., 2011). Interactions
between nanoparticles and biological membranesdaven by particle aggregation and size.
Here, the most toxic hanoplastics (NbD)remained at the nanometer size in seawater and were
thus expected to interact more with biological megmies through their higher reactivity and
capacity to cross biological membranes (Nel, 2006rma and Stellacci, 2010). Similarly,
exposure to NK50 led to higher toxicity in sea urchin embryosl amrimp larvae (Bergami et
al., 2016; Della Torre et al., 2014), compared ©GH-40 nm forming approximatively 1 pm

aggregates in seawater. The major differences igreggtion observed for the different
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nanobeads in ultrapure water and filtered seawatera result of the characteristics of the
nanobeads themselves and the surrounding mediuime{Ng., 2009; Rocha et al., 2015). The
high aggregation of COOH-50 and Plain-50 obsene@ In filtered seawater can be explained
by a strong interaction between the negative sarfdarge of these NP and the abundant cationic
ions such as CG& in seawater. It is noteworthy that Plain-50 forgiimicrometric sized
aggregates led to significant toxicity on gameted ambryos while plain MP exhibiting lower
micrometric size (2um) seemed innocuous. This sstggthat nanoparticles remain highly

reactive with biological membrane even in the faintarge aggregates.

The differential interactions between cells andapamticles may also be linked to their surface
properties, notably the net surface charge (Nehlgt2009). The so-called buffering effect
observed on the net surface charge of MP/NP inedbat filtered seawater compared to
ultrapure water is also related to the presenan@ns and cations in seawater that would have
interacted with their surface layer. The ions bidupe (-Potential to a neutral surface charge,
and as a result, decreased NP stability (El Badetwgl., 2010; Lin et al., 2010). The lowest
surface charge observed for the Plain-50 may leadetluced interaction with gamete and
embryo membranes, explaining their lower toxicitynpared to other NP. Cationic hanopatrticles
interact with negative membrane residuals morelyefisan anionic ones, and this interaction
triggers internalization to maintain the overalgagve membrane charge, which may eventually
induce membrane disruptions (Cho et al., 2009; ll®h2012). Furthermore, a chemical effect
of the functionalization cannot be excluded and b dependent on the commercial products

and their manufacturers.

Impairment of membrane integrity during cell diaiss can lead to developmental arrest during

embryogenesis (Rossi et al., 2014), in agreemet twe numerous malformations we observed
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upon NP exposureThese results call for detailed microscopic aredy®f exposed cell
membranes, coupled with lipidomic approaches tesssipid membrane composition upon NP

exposure, in order to better understand the effgfdi&® on membrane integrity.

Given the high aggregation (3—-10um) observed in data for the Plain-50 and COOH-50,

congestion of gametes is a possibility; our presiaiudy demonstrated the adhesion of
carboxylic nanopolystyrene (100 nm) on oyster spgorpa (Gonzalez-Fernandez et al., 2018).
This congestion may hamper spermatozoa internalizaito oocytes, leading to negative effects

on the fertilization yield as observed upon expesarPlain-50 and COOH-50.

Among the numerous physicochemical properties efpidrticles, including size, surface charge,
aspect ratio, porosity that impaict vivo behavior of MP and NP, surface corona is of real
importance (e.g. Galloway et al., 2017). Indeedpra formation on nano-PS can fluctuate
depending on the surface properties of the pariielfunctionalization and charge (Lundqvist et
al., 2008). It can affect the particle chemicantity with significant consequences on ingestion
and interaction with cells and organs (Hristovlet2015; Canesi et al., 2016; Nasser & Lynch,
2016). Further studies are required to charactehee\P-cell interactions (entry, adhesion and
membrane impairments) in oyster gametes and emlaydsto understand the toxic pathways

involved.

At the same time, the NP toxicity observed herelccde related to sub-cellular toxicity upon
internalization and/or membrane disruption of gaskmbryos. For instance, WB0 was better
internalized in human cell lines representing wasi@rgans, and led to more cytotoxic effects
than COOH-50 and Plain-50 (Anguissola et al., 20B&nnunah et al., 2014). Similar
mechanisms, involving NP entry leading to sub-datltoxicity, could also be hypothesized here

requiring fine microscopical observations usingofescent NP. In the present study, the
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exclusive occurrence of developmental arrest duexygosure at the highest concentrations of
NH>-50 and COOH-50 could indicate the involvementmdtosis pathways, as described in the
sea urchirParacentrotus lividugDella Torre et al., 2014; Pinsino et al., 20T#%)e intermediate
situation, where malformed larvae (mantle, shetl aBmge malformations) were observed upon
exposure to Plain-50, intermediate concentratidn@@OH-50 and the lowest concentration of
NH2-50 could be a result of dysregulation of genes in@din shell mineralization, as
previously demonstrated by transcriptional analysimussel embryos exposed to 0.15 pg/mL of
NH>-50. Another toxic effect, previously characterizhating exposure to chemical agents and
nanoplastics, involves a decrease in DNA integrita disruption of the cell oxidative balance of
oyster gametes and embryos (Akcha et al., 2012rdBshet al., 2016; Vignier et al., 2017
Gonzalez-Fernandez et al.,, 2018). Nanoparticles ioterfere with electron transfer of the
intracellular medium, inducing a production of R@&uperoxide anion / hydroxyl radical,
hydrogen peroxide) and generating disruption ofoxedunctions (Fu et al.,, 2014). This
overproduction of ROS results in several types arhdge, such as lipid peroxidation or DNA
breakages leading to embryotoxicity (Xie et al.120 In agreement with these observations we
previously suggested that spermatozoa may losedhgity to fertilize oocytes as a consequence
of an oxidative stress induced by exposure of oygtermatozoa to carboxylic nanopolystyrene

(100 nm) (Gonzélez-Fernandez et al., 2018).

The lowest concentration (0.1 pg/mL) used here viles times higher than the mass
concentration of MP used in the study of Sussaretlal. (2016) based on equivalent mass
concentration of >333um plastics debris hotspotshs concentration, only exposure of oyster
embryos to NH50 had a significant effect, which suggests the# probability of oyster

planktonic stages suffering fertilization and entblgrval development disruptions due to NP
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exposure is low in nature at the present time. Hewetaking into account the calculations of
Besseling et al. (2014), the toxic effects obserliete began at lower concentrations than the
highest mass concentration of plastic debris (I6g9mL) estimated at the water-sediment
interface. This location is known for its high glascontamination and where wild adult oysters
live and spawn (Matrtin et al., 2017). Furthermdhes power-law increase in MP concentration
with decreasing particle size in sea surface sanpleggests that small MP are increasingly
abundant, and that MP concentrations will be urstemated if the smallest fraction is not

properly quantified (Bergmann et al., 2017; Erns€aa et al., 2017).

With regards to the increase of (nano)plastics usethdustry (GESAMP 2015), the recent
estimation of their mismanagement and releasedo¢ans worldwide, as well as the continuous
breakdown of plastic waste at the nanometer sbafiter management of end-of-life plastics is
should be strongly recommend to enable a transtboa circular economy (Brink et al. 2017)
and limit or prevent accidental releases. For imtanano-TiQ levels are expected to reach up
to 1 pg/mL in nature (Holden et al., 2014), althoitg estimated accidental release in the marine
environment is much lower (between 2 and 6 milions over the next 10 years (Haynes et al.,
2017)) than that estimated for plastic wastes. [Bfter were estimated between 4.8 and 12.7
million tons in 2010 alone, with an expected inseaf an order of magnitude by 2025 (Jambeck

et al., 2015).

Conclusion

Our study is the first demonstration of adversea# of nanoplastics on oyster early-life stages,
with the fertilization/embryogenesis steps beingipalarly sensitive. The combination of fine
microscopy and Omics (lipidomics, transcriptomit®)ls is now needed to fully understand the

underlying toxicity mechanisms that likely includeth membrane disruption and sub-cellular
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toxicity. Significant ecological implications care lexpected as effects on gametes, fertilization
and embryo-larval development determine recruitmempulation stability and ecosystem
structure. Indeed, oysters sustain the formatiomeefs providing micro-habitats for a large
community of invertebrates and nursery areas ftagie organisms (Bayne, 2017). We suggest
that direct effects on early-life stages shouldriiegrated into the “adverse outcome pathway”
(AOP) scheme describing microplastic toxicity padlys in aquatic organisms (Galloway and
Lewis, 2016). Indeed, this additional pathway mafluence the offspring viability and the
overall reproductive output. In this context, owriw highlights the interest of using oysters as a
model to describe the risk of plastic debris instaband estuarine areas where a high spatial

variability of contamination is expected.
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Tablelegend

Table 1. Mean size (in nm), aggregation state (PDI in &byt units, A.U.) and charge-(
Potential in mV) of polystyrene particles in ulteap water (UW), and UV-treated 1-um filtered
seawater (FSW). Analyses were performed by Dynaogbht Scattering (DLS) at 20°C in
triplicate and data are represented as means £8M@Dparisons were made between media using
the Student’s t-test; * : p<0.05, ** p<0.01, *** B<001.

Figurelegends

Fig. 1 Life cycle of oyster showing the results of exp@suon different stages to MP/NP. This
scheme was modified from Vogeler et al. (2016).

Fig. 2 Fertilization yield (%) after 1.5 h exposure ofstsr gametes (1,000 oocytes.nl100:1
spermatozoa:oocyte ratio) to (A) 2-um, (B) 500-{@) Plain-50 nm, (D) COOH-50 nm, (E)
NH>-50 nm polystyrene beads at five concentration§.D, 1, 10 and 25 pg/mL. The assay was
replicated five times and data are representedemsisnt SD. Multiple comparisons were made
between treatments using Tukey’'s HSD (500-nm,86) or Conover (Plain-50, COOH-50)
methods at the 5% alpha level; homogeneous graepsdicated by the same letter.

Fig. 3 D-larval yield (%) after 36 h exposure of fertdd eggs to (A) 2-um, (B) 500-nm, (C)
Plain-50 nm, (D) COOH-50 nm, (E) NFBO nm polystyrene beads at five concentration§.1D,

1, 10 and 25 pg/mL. The assay was replicated fimes and data are represented as mean + SD.
Multiple comparisons were made between treatmesitggurukey’s HSD (Plain-50, COOH-50)

or Conover (NH-50) methods at the 5% alpha level;, homogeneouspgrare indicated by the
same letter.

Fig. 4 Microscopy panel of embryo-larval development ssgsc after 36 h exposure to
polystyrene nanobeads compared with normal D-lantzserved in the control treatment (A),
larvae with shell and/or mantle malformations a#&posure to Plain-50 (25 pug/mL) (B), and
COOH-50 (10 pg/mL) (C). Only developmental arréstad larvae and cell debris were observed
for all embryos following exposure to 25 pg/mL o®OH-50 (D) and from 1 to 25 pg/mL of
NH>-50 (E and F). Size in um is represented by thke d=.
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747 Tablel

Media Particles Cg;:"(f]rrﬁ')aj Particl emgg?nrfgale Sz¢  ppauU)  C-Potential (mV)

2am 2,000 2681.0% 50.F 0.35+ 0.01 “44.8+0.C
500-nm 500 774.3+29. 0.46 £ 0.0! -67.827.C
uw COOH-50 50 55.9 + 0. 0.06 £ 0.0 -62.1+ 0.4
Plain-50 50 49 + 0. 0.03 £ 0.0; -70.1+ 1.4
NH,-50 50 53.3+ 2. 0.12 £ 0.0; 44,0+ 1.E

2-um 2,000 3113.7 + 32.3** 0.42 +0.0: -30.5+ 1.5%**

500-nm 500 1620.7+ 188.8* 0.66 %= 0.0: -28.3+ 0.6**

FSW COOH-50 50 3735.0 + 443.8* 0.48+0.0,  -13.8% 0.8

Plain-50 50 5951.0+ 264.3%** 0.60 £ 0.0! -31.3+ 4.4%

NH,-50 50 96.5+ 2.0%+ 0.52+ 0.01 15.6+ 2.7%*

748
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