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ARTICLE

Amino-nanopolystyrene exposures of oyster (Crassostrea gigas) embryos
induced no apparent intergenerational effects

K. Talleca , I. Paul-Ponta , B. Pettona, M. Alunno-Brusciaa, C. Bourdona, I. Bernardinib,c, M. Boulaisa ,
C. Lamberta , C. Qu�er�ea, A. Bideaua, N. Le Goïca, A.-L. Cassonea, F. Le Granda, C. Fabiouxa,
P. Soudanta and A. Huveta

aUniversity of Brest, Ifremer, CNRS, IRD, LEMAR, F-29280, Plouzan�e, France; bDipartimento di Biomedicina Comparata e
Alimentazione, Universit�a degli Studi di Padova, Padova, Italy; cDepartment of Physical, Earth and Environmental Sciences, University
of Siena, Siena, Italy

ABSTRACT
Early life stages (ELS) of numerous marine invertebrates mustcope with man-made contami-
nants, including plastic debris, during their pelagic phase. Among the diversity of plastic par-
ticles, nano-sized debris, known as nanoplastics, can induce effects with severe outcomes in ELS
of various biological models, including the Pacific oyster Crassostrea gigas. Here, we investigated
the effects of a sub-lethal dose (0.1mg mL�1) of 50 nm polystyrene nanobeads (nano-PS) with
amine functions on oyster embryos (24h exposure) and we assessed consequences on larval
and adult performances over two generations of oysters. Only a few effects were observed.
Lipid analyses revealed that first-generation (G1) embryos exposed to nano-PS displayed a rela-
tive increase in cardiolipin content (þ9.7%), suggesting a potential modification of mitochondrial
functioning. G1-larvae issued from exposed embryos showed decreases in larval growth (�9%)
and lipid storage (�20%). No effect was observed at the G1 adult stage in terms of growth, eco-
physiological parameters (clearance and respiration rates, absorption efficiency), or reproductive
outputs (gonadic development, gamete quality). Second generation (G2) larvae issued from con-
trol G1 displayed a significant growth reduction after G2 embryonic exposure to nano-PS
(�24%) compared to control (as observed at the first generation), while no intergenerational
effect was detected on G2 larvae issued from G1 exposed embryos. Overall, the present experi-
mental study suggests a low incidence of a short embryonic exposure to nano-PS on oyster
phenotypes along the entire life cycle until the next larval generation.
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1. Introduction

Since 1950, mankind has produced 6300 million
tons (Mt) of plastic waste and a large part (�79%)
was buried in landfills or dumped in the natural
environment (Geyer, Jambeck, and Law 2017).
Plastics debris are pervasive and contaminate all
ecosystems including the marine environment as
the ultimate recipient (e.g. Cole et al. 2011). Plastics
debris are found everywhere in the oceans (e.g. sea
ice, sediment, deep-sea) and it is estimated that
93–236 000 metric tons are presently floating on
the surface of the open ocean (e.g. Paul-Pont et al.
2018; van Sebille et al. 2015). The largest proportion
of oceanic plastic waste, in terms of the number of
pieces, has been suggested to consist of microplas-
tics (MP; <5mm) (i.e. 92% of plastic items at the

open ocean sea surface; Eriksen et al. 2014). These
include manufactured particles (e.g. facial scrubs or
exfoliants; primary MP) and particles derived from
the fragmentation of larger debris in seawater (sec-
ondary MP) (Cole et al. 2011). Fragmentation proc-
esses can lead to the creation of nano-sized debris,
known as nanoplastics (NP <1 mm), as demon-
strated under laboratory conditions (Gigault et al.
2016; Lambert and Wagner 2016; Dawson
et al. 2018; Ekvall et al. 2019; Mateos-C�ardenas et al.
2020) and recently underlined by the detection for
the first time of plastic particles <1 mm in the North
Atlantic subtropical gyre (Ter Halle et al. 2017). In
addition to the fragmentation processes, recent
works detected primary NP in cosmetics
(Hernandez, Yousefi, and Tufenkji 2017) or a waste
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of industrial processes (Stephens et al. 2013; Zhang
et al. 2012), being, therefore, possible direct sources
in the environment. Although environmental NP
concentrations are still unknown and require new
and adapted methods (Mintenig et al. 2018), it is
expected that their number concentrations exceed
MP concentrations (Wagner and Reemtsma 2019).

The potential impacts of micro and nanoplastics
(MNP) are recognized as a major concern (e.g.
Galloway, Cole, and Lewis 2017). Overall, the first
insights revealed that NP can induce higher toxicity
than MP due to nano-properties, their nano-size
and high surface-to-volume ratio enhance their
reactivity and interactions with biological mem-
branes and, therefore the risk of damages and/or
particle translocations into tissues/organs (Al-
Sid-Cheikh et al. 2018; Jeong et al. 2016; Paul-Pont
et al. 2018). Various kinds of damage have been
recorded in aquatic organisms upon laboratory
exposures to NP, for example, decrease in reproduc-
tion and/or growth (Jeong et al. 2016; Besseling
et al. 2014), behavior modifications (Chen et al.
2017), energy balance disruptions (Trevisan et al.
2019), immune perturbations (Auguste et al. 2020),
alteration of cell homeostasis by membrane injury/
modifications (Feng et al. 2019; Tallec et al. 2020).
Most effects have been demonstrated at the indi-
vidual level, but recent findings suggested transge-
nerational effects (Zhao et al. 2017; Liu et al. 2020).
For instance, 2-generations exposure to nanopolys-
tyrene beads (1 mg L�1) reduced growth and repro-
duction in the recovery generation of daphnia (Liu
et al. 2020). To investigate toxic potential of nano-
plastics, commercial nanopolystyrene beads are
used, notably amino-nanopolystyrene beads (-NH2)
due to their properties: (i) no aggregation in experi-
mental seawater and (ii) a positive charge promot-
ing interactions with biological membranes (e.g.
Della Torre et al. 2014; Lehner et al. 2019).

Many marine invertebrates are characterized by
external fertilization followed by a free larval devel-
opment in seawater (Pechenik 1999). Thus, early life
stages (ELS) must cope with stressors in seawater,
notably in coastal areas that are heavily affected by
human activities (Halpern et al. 2008). ELS are com-
monly used as biological models in risk assessments
notably to evaluate the toxicity of plastic debris
(e.g. Beiras et al. 2018). In this regard, first reports
indicated high sensitivity of ELS to NP, in particular

during embryogenesis (Balbi et al. 2017; Della Torre
et al. 2014; Tallec et al. 2018). Embryogenesis is a
key step characterized by intense morphological,
cellular, and molecular changes that make embryos
highly sensitive to external disruptors (Fitzpatrick
et al. 2008; Sokolova et al. 2012; Bhandari, Vom
Saal, and Tillitt 2015). In most cases, embryos har-
bor the genetic information carried over successive
generations through germline differentiation during
the first cleavages of embryogenesis (Lecl�ere et al.
2012). Therefore, modifications of embryogenesis
can lead to effects over generations (Bhandari, Vom
Saal, and Tillitt 2015; Major et al. 2020) but no data
is available, to our knowledge, on the potential
repercussions of embryonic exposure to NP on sub-
sequent stages (e.g. larvae, adults) and next genera-
tions. The present study aims to address this
question by using the Pacific oyster (Crassostrea
gigas) which is a key species in coastal systems. The
early life stages of C. gigas are commonly used as a
marine biological model (e.g. Mottier et al. 2013;
Sussarellu et al. 2018). As demonstrated previously
using a standardized bivalve embryotoxicity assay
(AFNOR XP-T-90-382), oyster embryos are sensitive
to 50-nm nanopolystyrene beads, especially those
with an amine functionalization (50-NH2) with an
EC50 of 0.15 mg mL�1 (Tallec et al. 2018). Overall,
oyster embryos displayed similar sensitivity to mus-
sel embryos (50-NH2 exposure, EC50: 0.14mg mL�1;
Balbi et al. 2017) but higher than other ELS models
such as sea urchins embryos (50-NH2 exposure,
EC50: 2.61mg mL�1; Della Torre et al. 2014), rotifer
larvae (50-NH2 exposure, EC50: 2.75–6.62mg mL�1,
Manfra et al. 2017) or zebrafish embryos (20 nm PS
beads exposure, EC50: 21.5–52.2 mg mL�1; Zhang
and Goss 2020). With the aim of testing the conse-
quences of sub-lethal effects induced by these par-
ticles on embryonic development, including
potential effects at the adult stage and imprinting
affecting the next generation, the present study
assessed the effects of short term (24 h) embryonic
exposure to 50-NH2 beads at a sub-lethal dose
(0.1 mg mL�1; Tallec et al. 2018) over two genera-
tions. Effects on oyster performances were exam-
ined at both larval (growth, development,
settlement) and adult stages (growth, clearance and
respiration rates, reproductive outputs) at the first
generation and on larval performances at the
second generation.
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2. Materials and methods

2.1. Nanopolystyrene beads

Nanopolystyrene beads (nano-PS; 50 nm) with an
amine functionalization (50-NH2) were purchased
from Bangs Laboratories (USA). This nano-PS did
not have any fluorescent labeling. Polystyrene poly-
mer chemistry was confirmed by Raman microspec-
troscopy (LabRAM HR800 Raman; Horiba Scientific;
Japan) (Tallec et al. 2018). Particles were character-
ized in 1-mm filtered, UV-treated seawater (SW;
20 �C, pH 8.1, PSU 34, I 0.678mol L�1) by Dynamic
Light Scattering (DLS; Zetasizer NanoZS; Malvern
Instruments; UK) at a concentration of 100 mg mL�1.
This concentration was used for DLS analysis owing
to the occurrence of artifacts at lower concentra-
tions. DLS results showed that the 50-NH2 suspen-
sion formed at T0 and T24h small aggregates
(97 ± 2 nm) in SW with a positive surface charge
(16 ± 3mV) (see details in Tallec et al. 2018). The
stock suspension was kept at 4 �C and diluted in
ultrapure water at 1mg mL�1 just before the final
dilution in SW for the exposures.

2.2. Broodstock

The initial broodstock (18-month-old-mature oysters
C. gigas; generation 0, G0) was collected from a
farming area in the Bay of Brest (48�200600N,
4�190600W; seawater features: 18.9 �C, pH 8.0, PSU
34.6) before being transferred to Ifremer’s experi-
mental facilities (Argenton, France) in June 2018.
These oysters were acclimatized in a 350 L tank sup-
plied with SW (16.5 �C) containing a balanced mix-
ture of two microalgae, Tisochrysis lutea (T-iso
CCAP927/14, cell volume ¼ 40 lm3) and
Chaetoceros sp. (CCAP 1010/3, cell volume ¼
80 mm3).

2.3. Experimental design

The experimental design used to breed, expose,
and rear oysters over two generations is summar-
ized in Figure 1. The first generation of oyster
embryos (G1) was produced in June 2018 from the
initial broodstock G0 according to a standardized
bivalve embryotoxicity assay (AFNOR XP-T-90-382)
adapted to an aquaculture experimental design.
Gametes from 5 males and 5 females were

collected by stripping. Precautions were taken to
avoid polyspermy: oocytes were incubated in SW
during 45min before fertilization and the spermato-
zoa-to-oocyte ratio was set at a much lower ratio
than the one identified as leading to high risk of
polyspermy in oysters (1000:1; Bayne 2017; Alliegro
and Wright 1983, Luis Stephano and Gould, 1988).
Gametes were pooled in 1.8 L of SW (21 �C) with a
spermatozoa-to-oocyte ratio of 100:1 and a final
concentration of 1000 oocytes mL�1. Gamete con-
centrations were estimated using an EasyCyte Plus
cytometer (Guava Merck Millipore, USA). The fertil-
ization yield (%; [number of fertilized oocytes/num-
ber of oocytes]� 100) estimated after 1.5 h of
contact between gametes was 95± 3% (n¼ 12 bea-
ker replicates). Thereafter, G1 embryos (2–4 cells)
were placed in 5-L glass beakers (100 embryos
mL�1; 21 �C) and divided into two treatments
(n¼ 12 beaker replicates per treatment; Step 1): G1
embryos without exposure corresponding to the
control (G1-C) and G1 embryos exposed to 50-NH2

beads at 0.1mg mL�1 (G1-E). The embryonic expos-
ure lasted 24 h, which corresponds to the time
needed to reach the final stage of oyster embryo-
genesis, the D-larva (Robert and G�erard 1999).
Therefore, all the embryonic stages, 2-4-8 cells, mor-
ula, blastula, gastrula, and trochophore were
exposed. At the end of the exposure, all beaker
contents were sieved at 40 mm to estimate the D-
larval yield (%; the number of D-larvae/number of
fertilized oocytes � 100) and the normal D-larval
yield (%; the number of normal D-Larvae/(number
of normal D-Larvaeþnumber of abnormal D-
Larvae) � 100). Abnormal D-larvae referred to the
mantle and/or shell malformations or developmen-
tal arrest during embryogenesis (Mottier et al.
2013). Lipid (see Section 2.4) and scanning electron
microscopy (see Section 2.5) samplings were also
performed at this step. The remaining normal D-lar-
vae were rinsed with SW to remove the nano-PS
and 100 000 individuals per replicate and per treat-
ment were transferred to the larval rearing system
to complete their pelagic phase until settlement
(�16 days post fertilization, dpf) in order to evaluate
mid-term consequences (larval performances) of the
embryonic exposure (see Section 2.6; Step 2). All
nano-PS contaminated waters were stored in sealed
containers and treated as hazardous chemicals.
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Long-term consequences of the embryonic
exposure were investigated on adult performances
(G1) and larval performances of the next generation
(G2). Once larvae settled, 2000 G1 oyster seeds per
treatment (G1-C and G1-E; 50-days-old) were trans-
ferred to the Ifremer nursery (Bouin, France) in
August 2018, where they were reared in onshore
facilities for 8months with UV-treated, filtered sea-
water and Skeletonema costatum ad libitum. Oyster
growth was monitored every 1–2months over this
period (see Section 2.7). In April 2019, 632 adult
oysters per treatment (G1-C and G1-E; 10months
old) were returned to Ifremer’s experimental facili-
ties in Argenton to complete gametogenesis. These
oysters were placed in four 350-L tanks in a com-
mon garden scheme (158 oysters per treatment per
tank) in order to avoid any bias due to putative dif-
ferences among the four tanks and their positions

in the experimental room. G1 adult oysters were
maintained for 10weeks at 17 �C and fed continu-
ously on a mixed diet of T. lutea/Chaetoceros sp.
(50/50, v/v) at a mean concentration of 2000 mm3

mL�1 to ensure complete gametogenesis (condition-
ing period). Oyster growth and ecophysiology
(clearance and respiration rates, absorption effi-
ciency) were monitored throughout this condition-
ing period (see Section 2.8; Step 3).

After 10weeks of conditioning, once the G1 oys-
ters were mature, the sex ratio and gamete quality
were compared between treatments (G1-C and G1-
E; see Section 2.9). The second generation of
embryos (G2) was produced by pooling oyster
gametes within each treatment following the same
protocol described above (Step 4). There were four
treatments in the G2 embryonic exposure experi-
ment (n¼ 4 beaker replicates per treatment; n was

Figure 1. Experimental design of the embryonic exposures over two generations of oysters. Lightning bolts indicate the 24-h
embryonic exposures to 50-nm amino-nanopolystyrene beads (50-NH2) at 0.1mg mL�1. Parameters analyzed at each step are
listed on the left-hand side of the figure. Illustrations of the oyster life cycle were adapted from Vogeler et al. (2016).
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reduced as number of treatment has increased in
comparison to the G1 experiment): (i) G2 embryos
from G1-C adults with no G2 embryonic exposure
(G2-C-C), (ii) G2 embryos from G1-C adults with G2
embryonic exposure to 50-NH2 beads at 0.1mg
mL�1 (G2-C-E), (iii) G2 embryos from G1-E adults
without G2 embryonic exposure (G2-E-C), (iv) G2
embryos from G1-E adults with G2 embryonic
exposure to 50-NH2 beads at 0.1mg mL�1 (G2-E-E).
As in the G1, embryonic exposure was stopped
after 24 h, the D-larval and normal D-larval yields
were estimated then 100 000 normal D-larvae per
replicate per treatment were rinsed and placed in
the larval rearing system to complete the pela-
gic phase.

2.4. Lipid composition (G1 – step 1)

Potential lipid content (classes and fatty acids) mod-
ifications were investigated because membrane
impairments are proposed as the leading cause of
the nano-PS toxicity (e.g. Feng et al. 2019;
Gonz�alez-Fern�andez et al. 2020). At the end of the
G1 embryonic development and nano-PS exposure,
200 000 normal D-larvae per replicate per treatment
were collected on GF/F glass-fibre filters (0.2 mm;
WhatmanVR ; burnt beforehand at 450 �C for 6 h).
Their lipid content was extracted in 6mL chloro-
form:methanol (2:1 v/v) and stored at �20 �C (Da
Costa et al. 2016). Lipid class composition was
determined by high-performance thin layer chroma-
tography (HPTLC) using glass plates coated with sil-
ica (200� 100mm; MerckVR 60, Germany) (Da Costa
et al. 2016). To specifically analyze neutral lipids
(NL) and polar lipids (PL), plate preparations were
conducted using different mixtures: (i) hexane:-
diethyl ether (97:3; v/v) for NL; (ii) methyl
acetate:isopropanol:chloroform:methanol:0.25% KCl
(10:10:10:4:3.6; v/v) for PL. Thereafter, lipid extracts
were spotted onto these plates using an automatic
TLC sampler ATS4 (CAMAG#; Switzerland).
Separation of NL was performed using two succes-
sive mixtures: (1) hexane:diethyl ether:acetic acid
(20:5:0.5; v/v); (2) hexane:diethyl ether (97:3; v/v).
Separation of PL was made with a mixture of
methyl
acetate:isopropanol:chloroform:methanol:0.25% KCl
(10:10:10:4:3.6; v/v). Plates were revealed using a
3% CuSO4 and 8% H3PO4 (w/v in distilled water)

solution, then analyzed with a scanner densitometer
at 370 nm (TLC Scanner 4 CAMAG#; Switzerland).
Results were analyzed using VisionCATS software
(v2.5; CAMAG#; Switzerland) (Moutel et al. 2016).
Lipid classes were expressed as the mass percent-
age of each class in the total lipid content of a D-
larva (ng D-larva�1). Analyses of NL and PL allowed
identification of: (i) three classes of storage lipids:
triglycerides (TG), sterol esters (StE) and glyceryl
ethers (GE); (ii) one class used as a proxy of lipid
degradation: free fatty acids (FFA); (iii) seven classes
of membrane lipids: phosphatidylethanolamine (PE),
phosphatidylinositol (PI) þ ceramide amino-ethyl-
phosphonate (CAEP), phosphatidylserine (PSer), car-
diolipin (CL), phosphatidylcholine (PC) and
sterols (ST).

To examine fatty acid (FA) composition, 1mL of
lipid extract was evaporated under N2(g), recovered
by three chloroform:methanol (98:2, v/v) washings
(0.5mL), then deposited at the top of a silica micro-
column (40� 5mm) to separate the polar and neu-
tral fractions as described in Le Grand et al. (2014).
Samples were successively evaporated under N2(g)

and transesterified in 800 mL MeOH-H2SO4 (3.4% v/
v) for 10min at 100 �C to obtain fatty acid methyl
esters (FAME). FAME were analyzed using a Varian
CP8400 gas chromatograph (HP, USA) according to
Le Grand et al. (2014). FAs were expressed as the
mass percentage of each FA in the total FA content
per fraction (neutral or polar).

2.5. Scanning electron microscopy (G1 – step 1)

Aliquots of G1-C and G1-E D-larvae were fixed for
1 h in a mixture of 6% glutaraldehyde:7% NaCl:0.4
M cacodylate (2:1:1; v/v) before being rinsed in a
mixture of 0.4M cacodylate:8% NaCl:ultrapure water
(1:1:2; v/v; 3 baths, 15min). Thereafter, samples
were dehydrated in the following successive solu-
tions: (1) 50% ethanol (2 baths, 10min); (2) 70%
ethanol (2 baths, 10min); (3) 90% ethanol (2 baths,
10min); (4) absolute ethanol (3 baths, 15min); (5)
absolute ethanol:hexamethyldisilazan (HMDS) (3:1,
v/v; 15min); (6) absolute ethanol:HMDS (1:1, v/v;
15min); (7) absolute ethanol:HMDS (1:3, v/v;
15min); (8) pure HMDS (2 baths, 15min) according
to Foulon et al. (2016). Lastly, samples were coated
with gold-palladium and scanning electron micros-
copy (SEM) observations (Hitachi S-3200N, Japan)
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were performed on a dozen of larvae per treatment.
G2 D-larvae could unfortunately not be analyzed
due to a failed fixation of larvae.

2.6. Larval rearing and settlement (G1 – step 2
and G2 – step 5)

G1 and G2 larvae were reared in 5-L cylinders at a
density of 20 larvae mL�1 using a flow-through
rearing system at 25 �C (Rico-Villa et al. 2008).
Cylinder replicates (12 per treatment for G1 and 4
per treatment for G2) were randomly positioned in
the system. Larvae were continuously supplied with
SW containing a mixed diet of T. lutea/C. neogracile
(50/50, v/v) at a mean concentration of 1500 mm3

mL�1
. For G1 and G2, aliquots of 20–30 larvae were

sampled every 2–3 days from each cylinder and
fixed in a formaldehyde-seawater solution (0.1%
final) to evaluate the larval growth by image ana-
lysis using ImageJ software. For G1, when more
than 50% of larvae reached the metamorphosis-
competent stage (i.e. eyed-larvae stage) in each rep-
licate per treatment, the treatment was sieved on
80-mm mesh and 20 000 larvae were transferred to
30-L tanks at 25 �C to settle on cultch using a
downwelling system (n¼ 4–6 batches per treatment
for G1 and n¼ 2 for G2) as described in Petton
et al. (2013). For G2, another method was used, all
treatments were settled at the same time when
more than 50% of larvae in one treatment had
reached the metamorphosis-competent stage. As
settlement measurements were not performed fol-
lowing the same protocol, results for this endpoint
were therefore not comparable between genera-
tions. For G1 and G2 an aliquot of competent eyed-
larvae (n¼ 10 larvae per replicate) was sampled and
stained with an SW-Nile Red (0.00125mg mL�1)
solution for 1.5 h before fixation in a formaldehyde-
seawater solution (0.1% final) to evaluate the lipid
index (arbitrary units, A.U.), i.e. the relative amount
of storage lipids, using a Zeiss AxioObserver Z1
(Germany). The lipid index for one larva was
defined as: fluorescent area/total area (Talmage and
Gobler 2010). Image analysis was again performed
using ImageJ software. In the settlement system,
larvae were fed continuously on the same diet used
for larval rearing. After 14 days in the downwelling
system, all tanks were sieved on 400-mm mesh to
evaluate the settlement yield (%) defined as:

(number of settled larvae/number of total larvae) �
100. The G1 settled larvae were again put in the
downwelling system before being transferred to the
Ifremer nursery (Bouin, France) for the growth
period (August 2018 to March 2019).

2.7. Adult growth monitoring (G1 – step 3)

G1 adult growth was monitored at the Ifremer nur-
sery by sampling 30 oysters per treatment in
November 2018, January, February, and March
2019. The collected oysters were stored at �20 �C
until measurements of the dry flesh mass used as a
proxy of oyster growth (Savina and Pouvreau 2004).
Similarly, 20 oysters per treatment per tank were
sampled for growth measurements at 3, 5, 7, and
10weeks after the beginning of the conditioning
period in Argenton (April–June 2019).

2.8. Ecophysiological measurements (G1 – step 3)

An ecophysiological measurement system was used
to determine the individual clearance (CR; L h�1

ind�1) and respiration (RR; mg O2 h�1 ind�1) rates
of G1 adult oysters (G1-C and G1-E). This system
consists of nine individual flow-through chambers
(0.54 L) supplied with seawater pumped into the
conditioning tank at a constant flow rate of 30mL
min�1. These chambers are managed by a program-
mable controller that enables high-frequency auto-
matic recordings of fluorescence (food supply),
oxygen concentrations, and water flow in the sea-
water outflow (Pousse et al. 2018). We used a WTW
multiparameter meter (WTW Multi 3430), a WETStar
fluorimeter (WSCHL-1400 WETLABS; USA) and a
SONOFLOW CO.55 ultrasonic flow rate meter
(Sonotec; Germany). For each set of measurements
(also referred to here as trials), all the biological and
physico-chemical parameters mentioned above
were recorded every 3.5 h over 4 days on four oys-
ters per treatment, with each of the oysters in a
separate individual chamber. This procedure was
replicated four times, thus collecting individual data
from 16 oysters per treatment by the end of the
adult experiment. For each trial, one chamber was
left empty, thus providing a control chamber (CC).
The individual clearance rate (CR) of each oyster is
estimated as: CR ¼ (fl � (CCC � CN)/CCC), where fl
is the flow rate through the chamber (L h�1), CCC is
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the concentration of microalgae in the control
chamber and CN is the concentration of microalgae
in a chamber with one oyster (Bayne 2017). The
individual respiration rate is defined as: RR¼ fl �
(OCC � ON), where fl is the flow rate through the
chamber (L h�1), OCC and ON are the concentrations
of O2 (mg O2 L�1) in the control chamber and in a
chamber with one oyster, respectively (Savina and
Pouvreau 2004). At the end of each trial, all oysters
were sacrificed and stored at �20 �C before measur-
ing the dry flesh mass in order to calculate mass
standardized clearance and respiration rates for an
equivalent individual of 1 g dry tissue (dw std)
(Bayne, Hawkins, and Navarro 1987). In addition,
absorption efficiency (AE, %) of organic matter from
ingested microalgae was calculated according to
Conover’s method by collecting feces twice a week
from each chamber: AE ¼ (f � e)/((1 � e) � f),
where f corresponds to the organic fraction of the
diet and e is the organic fraction of the feces
(Conover 1966).

2.9. Reproductive measurements (G1 – step 3)

The gonadic development and sex ratio were
assessed by histology on 20 oysters per treatment
every 2weeks during the conditioning period. A
3mm cross-section of the visceral mass was cut and
fixed in modified Davidson’s solution at 4 �C for
48 h. Thereafter, samples were dehydrated in
ascending ethanol solutions, embedded in wax par-
affin, and stained with Harris’ hematoxylin-eosin as
described in Fabioux et al. (2005). Sections were
observed under a microscope (Leica DMIRB;
Germany) and gametogenic stages were deter-
mined according to Steele and Mulcahy (1999).

Once the G1 oysters were reproductively mature,
four pools of spermatozoa and oocytes, each issued
from 5 males and 5 females, respectively (total
number ¼ 40 oysters per treatment), were used to
examine gamete quality and fertilization efficiency.
Spermatozoa behavior (percentage of motile sper-
matozoa and Velocity of the Average Path (VAP; mm
s�1)) were analyzed using a CASA (computer-
assisted sperm analyser) plug-in for ImageJ accord-
ing to Boulais et al. (2015); a minimum of 100
spermatozoa per replicate were analyzed. Briefly,
100 mL of the spermatozoa solution (1� 108 sper-
matozoa mL�1) of each replicate were diluted in

300 mL of SW containing pluronic acid (1 g L�1),
then placed in FastRead cells (Fischer ScientificVR ,
USA) to acquire videos (Camera Qicam Fast 1394,
60 frames s�1, 6 s treatment�1) under a microscope
(Olympus BX51, Japan; �20 magnification, dark
field) (Boulais et al. 2015). For oocytes, aliquots
were fixed in a formaldehyde-seawater solution
(0.1% final) and oocyte pictures were taken under a
microscope (Olympus BX51, Japan; �10 magnifica-
tion). Oocyte diameter (mm) was assessed using
ImageJ (30 oocytes were measured per replicate) as
in Sussarellu et al. (2016). Gametes from the same
treatment were mixed using the method described
in Section 2.3 (spermatozoa-to-oocyte ratio of 100:1
and 1000 oocytes mL�1; final volume: 1.8 L; n¼ 4
beaker replicates per treatment) to estimate the fer-
tilization yield (used as a proxy of the reproductive
capacity) after 1.5 h of contact.

2.10. Statistical analyses

All statistical analyses and graphical representations
were done using R software (R Core Team 2016).
Normality and variance homogeneity were verified
using Shapiro–Wilk and Levene’s methods, respect-
ively. To compare fertilization yield (G2: 4� 10 oys-
ters [5 males þ 5 females] per treatment), D-larval
yield (G1: 12 batches of 500 000 embryos; G2: 4
batches of 500 000 embryos), lipid index (G1:
12� 10 larvae per treatment; G2: 4� 10 larvae per
treatment), survival (G1: 12 batches of 100 000 lar-
vae per treatment; G2: 4 batches of 100 000 larvae
per treatment), settlement yield (G1: 4–6 batches of
20 000 per treatment), absorption efficiency (G1: 16
oysters per treatment), and gamete quality (G1:
4� 10 oysters [5 males þ 5 females] per treatment),
the Student’s tests or one-way ANOVA were per-
formed according to the number of treatments.
Percentages were analyzed after angular transfor-
mations. Repeated measures ANOVA were con-
ducted on growth (adults and larvae) and
ecophysiological measurements (G1: 16 oysters per
treatment) with pairwise comparisons using Tukey’s
method when necessary. Comparisons among lipid
class proportions (G1: 12 batches of 100 000 larvae
per treatment) were made using the Student’s
method while comparisons between fatty acid com-
positions (G1: 12 batches of 100 000 larvae per
treatment) were screened using one-way analyses
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of similarities (ANOSIM) and a Bray–Curtis similarity
matrix to separate clusters (R¼ 1: perfect separ-
ation; R¼ 0.5: satisfactory separation, R¼ 0: low sep-
aration cluster). Fisher tests were used to compare
sex ratio and gonadic development between treat-
ments (20 oysters per treatment). Data were
expressed as the mean ± standard error (SE) and
differences were considered significant when
p-values <0.05.

3. Results

3.1. Effects of embryonic exposure to nano-PS on
the first oyster generation (G1)

3.1.1. D-Larval yield (step 1)
At the end of embryonic development (24 h post-
fertilization, hpf), D-larval yields were similar in
the control (G1-C; 73.9 ± 1.8%) and exposed treat-
ments (G1-E; 74.3 ± 2.3%). No differences in the
abnormality level were detected between treat-
ments under optical microscopy (average normal
D-larval yield ¼ 87.7 ± 0.6%). Scanning electron
microscopy (SEM) observations revealed holes
and/or surface asperities on 9 of the 12 observed
G1-E D-larvae (75%) while these were only
observed in 3 of the 12 observed G1-C D-larvae
(3) (Figure 2).

3.1.2. Lipid composition of D-larvae (step 1)
3.1.2.1. Lipid classes. D-larvae from the different
treatments had a similar total mass of lipids
(9.2 ± 0.1 and 9.5 ± 0.3 ng D-larva�1 for G1-C and
G1-E, respectively; p-value >0.05) and no significant

differences were observed in the percentages of
storage and membrane lipids between the G1-E D-
larvae (55.3 ± 0.7% and 44.7 ± 0.7%, respectively)
and the G1-C D-larvae (55.4 ± 0.5% and 44.7 ± 0.5%,
respectively). In terms of lipid class composition,
only the relative percentage of cardiolipin (CL) was
statistically different between treatments, being
9.7% higher (p-value <0.01) in G1-E D-larvae com-
pared with G1-C D-larvae (Table 1).

3.1.2.2. Fatty acid (FA) composition. The FA com-
position of the G1-E D-larvae was similar to that of
the G1-C D-larvae according to the one-way
ANOSIM (R¼ 0.109 and R ¼ �0.031 for polar and
neutral fractions, respectively; p-values >0.05;
Supplementary Tables 1 and 2).

Figure 2. Scanning electron microscopy panel of G1 D-larvae (24 hpf) issued from (A) control embryos (G1-C) or (B and C)
embryos exposed to 50-nm amino-polystyrene beads at 0.1mg mL�1 (G1-E). White arrows indicate asperities and holes on the sur-
faces of the D-larvae. Size in mm is indicated by the scale bar.

Table 1. Lipid class composition of G1 D-larvae (24 hpf) origi-
nating from control embryos (G1-C) and embryos exposed to
50-nm amino-polystyrene beads at 0.1 mg mL�1 (G1-E). Lipid
classes are expressed as the mass percentage of each class
relative to the total lipid content (n¼ 12; mean ± SE).
Comparisons were made using Student’s method; ��p< 0.01.

Treatments

G1-C G1-E

% TG 50.9 ± 0.6 50.4 ± 0.7
% FFA 0.6 ± 0.1 0.9 ± 0.1
% GE 1.1 ± 0.0 1.1 ± 0.0
% StE 2.8 ± 0.1 3.0 ± 0.2
% R Storage lipids 55.4 ± 0.5 55.3 ± 0.7
% ST 3.3 ± 0.1 3.2 ± 0.1
% PC 17.7 ± 0.3 17.4 ± 0.5
% PE 10.2 ± 0.2 10.4 ± 0.2
% PIþ CAEP 8.4 ± 0.1 8.2 ± 0.1
% PSer 1.74 ± 0.1 1.67 ± 0.1
% CL 2.51 ± 0.0 2.75 ± 0.1��
% R Membrane lipids 44.7 ± 0.5 44.7 ± 0.7
Total lipid content (ng D-larva�1) 9.2 ± 0.1 9.5 ± 0.3

TG: triglycerides; StE: sterol esters; GE: glyceryl ethers; FFA: free fatty
acids; PE: phosphatidylethanolamine, PI: phosphatidylinositol, PSer: phos-
phatidylserine, CL: cardiolipin; CAEP: ceramide amino-ethylphosphonate,
PC: phosphatidylcholine; ST: sterols.
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3.1.3. Larval performances: growth, lipid index, and
settlement yield (step 2)
G1 larvae from the G1-E treatment had a signifi-
cantly lower growth rate (GR) than control larvae
(G1-C; p-value <0.05; Figure 3(A)). The GR was 8.7%
lower in G1-E larvae (17.8 ± 0.5 mm day�1) compared
with G1-C larvae (19.5 ± 0.4 mm day�1).
Consequently, the G1-E larvae displayed a delay of
one day to reach the competent larval stage, as
shown by the percentages of eyed-larvae (ready to
settle) at 16 dpf: 55.5 ± 3.3% for G1-C and
24.8 ± 2.6% for G1-E larvae. The survival was
similar (p-value >0.05) between treatments
(Supplementary Table 3). The lipid index (A.U.) dif-
fered significantly between treatments with a mean
reduction of 19.6% in G1-E larvae compared with
G1-C larvae (p-value <0.01; Figure 3(B)). The settle-
ment yield (%) was statistically similar between G1-
C and G1-E treatments (p-value >0.05; Figure 3(C)).

3.1.4. Adult growth and ecophysiological perform-
ances (step 3)
3.1.4.1. Growth. The monitoring of G1 juvenile and
adult growth revealed no statistical differences
whether they originated from control or exposed
embryos (p-value >0.05; Figure 4). Data collected in
the nursery (November 2018 – March 2019) showed
that the dry mass of tissues increased 3-fold in both
G1-C (TNovember: 0.06 ± 0.01 g oyster�1; TMarch:
0.16 ± 0.01 g oyster�1) and G1-E oysters (TNovember:
0.05 ± 0.01 g oyster�1; TMarch: 0.17 ± 0.01 g oyster�1).
Similarly, during the conditioning period, the dry
mass of tissues was 0.15 ± 0.01 g oyster�1 for G1-C
and G1-E oysters at T0 (April 2019) and increased
up to 0.48 ± 0.03 and 0.53 ± 0.04 g oyster�1 for G1-C
and G1-E oysters, respectively, by Tf (June
2019), corresponding to a 3-fold increase in
both treatments.

3.1.4.2. Ecophysiological parameters. No signifi-
cant differences (p-values >0.05) were observed in
individual clearance rate (CR; L h�1 g�1 dw std), res-
piration rate (RR; mg O2 h�1 g�1 dw std) or absorp-
tion efficiency (AE; %) between adult oysters of
both treatments throughout the experiment (Figure
5; Supplementary Figure 1).

3.1.5. Reproductive outputs (step 3)
Overall, adult oysters issued from the two treat-
ments showed similar sex ratios and distributions of
gonadic stages (p-values >0.05), resulting in 85%
and 95% of mature oysters after 10weeks of condi-
tioning for G1-C and G1-E treatments, respectively
(Table 2; Supplementary Figure 2).

Regarding gamete quality, percentages of motile
spermatozoa (%) were similar (p-values >0.05)
between G1-C (41.8 ± 1.6%) and G1-E oysters
(43.6 ± 3.0%) as were the mean velocities (VAP; mm
s�1), estimated at 72.1 ± 1.1mm s�1 and
79.8 ± 4.4mm s�1, respectively. Similarly, oocyte
diameters (mm) were identical (p-value >0.05)
between G1-C (30.5 ± 0.2mm) and G1-E oysters
(30.7 ± 0.4mm). Lastly, the reproductive success was
not affected by treatment, as demonstrated by high
and similar fertilization yields (%) of 90.5 ± 1.2% for
G1-C oysters and 87.3 ± 2.3% for G1-E oysters.

3.2. Effects of embryonic exposure to nano-PS on
the second oyster generation (G2)

3.2.1. D-larval yield (step 4)
No significant differences were observed in D-larval
yields among the four treatments (p-value >0.05)
with mean values of 67.1 ± 4.8%, 60.4 ± 3.5%,
64.4 ± 5.1% and 59.5 ± 8.1% for G2-C-C, G2-E-C, G2-
C-E and G2-E-E, respectively. No differences in the
abnormality level were detected among treatments
under optical microscopy (average normal D-larval
yield ¼ 80.5 ± 2.8%).

3.2.2. Larval performances: growth, lipid index, and
settlement yield (step 5)
The G2 larval growth fell into two statistical groups
(p-value < 0.05; Figure 6(A)). G2-C-C and G2-E-C lar-
vae had similar growth rates (p-value > 0.05) with
mean values of 17.1 ± 0.7mm day�1 and
16.9 ± 0.3mm day�1, respectively. G2-C-E larvae
(12.9 ± 1.8mm day�1) had significantly slower

Table 2. Distribution of sex and gametogenic stages of G1-C
(issued from control embryos) and G1-E (issued from embryos
exposed to 50-nm amino-polystyrene beads at 0.1 mg mL�1)
oysters after 10weeks of conditioning. Results are expressed
as percentages (n¼ 20 oysters per treatment).

Treatment n

Sex (%) Gametogenic stage (%)

Female Male Hermaphrodite 1 2 3

G1-C 20 55 40 5 0 15 85
G1-E 20 50 50 0 0 5 95

According to Steele and Mulcahy (1999), gametogenic stages correspond
to: (1) developing early active; (2) developing late active; (3) mature.
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growth (-24%) than G2-C-C and G2-E-C larvae (p-
value <0.05), while G2-E-E larvae had an intermedi-
ate growth non-significantly different from any of
the other groups (G2-C-C, G2-E-C and G2-C-E) with a
mean growth rate of 14.5 ± 2.5 mm day�1. At the end
of the larval rearing (17 dpf), a delay to reach the
competent larval stage was suggested with a lower
percentage of eyed-larvae in the G2-C-E treatment
(20.0 ± 8.2%) compared with G2-C-C (49.0 ± 4.5%),
G2-E-C (43.7 ± 12.0%) and G2-E-E (32.8 ± 10.9%) lar-
vae. Survival was similar (p-value >0.05) among
treatments (Supplementary Table 3). Conversely to
G1 larvae, no significant differences (p-value >0.05)
in lipid index (A.U.) were observed among G2 larvae
treatments (Figure 6(B)). The settlement yield
appeared similar (no statistical test was made as
there were only two replicates per treatment)
among G2 larvae treatments (Figure 6(C)).

4. Discussion

4.1. Direct effects of nano-PS exposure during
oyster embryonic development

Embryogenesis is a sensitive step in the life cycle of
marine invertebrates. This sensitivity is linked to the

Figure 3. Size (mm; A), lipid index (A.U.; B) and settlement yield (%; C) of G1 larvae issued from control embryos (G1-C; grey) and
from embryos exposed to 50 nm amino-polystyrene beads at 0.1mg mL�1 (G1-E; blue). Results are expressed as means± SE
(n¼ 12). Repeated measures ANOVA were conducted to compare treatments for the size while Student’s method was used for
the lipid index and the settlement yield at the 5% level; homogeneous groups are indicated by the same letter.

Figure 4. Dry mass (g oyster�1) of G1-C (grey; issued from
control embryos) and G1-E oysters (blue; issued from embryos
exposed to 50-nm amino-polystyrene beads at 0.1mg mL�1)
during the nursery phase (solid lines; November 2018 to
March 2019) and the G1 conditioning period (dashed lines;
April 2019 to June 2019). Results are expressed as mean± SE
(n¼ 30 oysters per sampling date in the nursery monitoring
(in common tank) and four replicates (corresponding to four
tanks) of 20 oysters per sampling date during the adult experi-
ment). Repeated measures ANOVA were conducted to com-
pare treatments at the 5% level.
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balance between embryogenic trajectories gov-
erned by molecular/cellular programming and the
surrounding conditions with its external pressures,
notably stressors, for which embryos can show

developmental plasticity (Hamdoun and Epel 2007).
Energy metabolism, for example, glucose and lipid
metabolism, is crucial for embryo development (e.g.
Jaeckle and Manahan 1989; Rafalski, Mancini, and

Figure 5. Individual clearance rate (A; L h�1 g�1 dw std), respiration rate (B; mg O2 h�1 g�1 dw std) and absorption efficiency
(%) in adult oysters of G1-C (grey; issued from control embryos) and G1-E (blue; issued from embryos exposed to 50-nm amino-
polystyrene beads at 0.1mg mL�1) treatments. Results are expressed as mean± SE (n¼ 16 oysters per treatment). Detailed data of
the clearance and respiration rates are given in the Supplementary Figure 1. Repeated measures ANOVA were conducted to com-
pare treatments for the clearance and respiration rates while Student’s method was used for the absorption efficiency at the 5%
level; homogeneous groups are indicated by the same letter.

Figure 6. Size (mm; A), lipid index (A.U.; B) and settlement yield (%; C) of G2 larvae issued from (i) G1 and G2 control embryos
(G2-C-C; grey), (ii) G1 control embryos and G2 embryos exposed to 50-NH2 at 0.1mg mL�1 (G2-C-E; dashed grey), (iii) G1 embryos
exposed to 50-NH2 at 0.1mg mL�1 and G2 control embryos (G2-E-C; blue), (iv) G1 and G2 embryos exposed to 50-NH2 at 0.1mg
mL�1 (G2-E-E; dashed blue). Results are expressed as means ± SE (n¼ 4 for size and lipid index; n¼ 2 for the settlement yield).
Repeated measures ANOVA were conducted to compare treatments for the size while one-way ANOVA was used for the lipid
index at the 5% level; homogeneous groups are indicated by the same letter.
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Brunet 2012). Among lipids composition, cardiolipin
(CL) appeared modified, with a greater relative pro-
portion in D-larvae issued from exposed embryos
(þ9.7%). CL is a key and unique phospholipid
located in the inner membrane of mitochondria,
being the primary supplier of energy (ATP) used by
organisms for basal maintenance, growth, develop-
ment, and storage (Houtkooper and Vaz 2008;
Sokolova et al. 2012). Specifically, CL has a major
role in the functioning of oxidative phosphorylation,
allowing the formation of ATP from ADP as it binds
to oxidative phosphorylation complexes to ensure
their stability and ATP production (Houtkooper and
Vaz 2008; Paradies et al. 2014). Therefore, the
observed increase in the relative CL content may
suggest modification in the respiratory chain in oys-
ter embryos exposed to 50-NH2 beads. For instance,
an increase in CL proportion can affect cell bioener-
getics, associated with a decrease in the membrane
electron flux and in ATP synthesis (Julienne et al.
2014; Shaikh et al. 2014). In parallel, recent findings
demonstrated that nano-PS beads can reduce ATP
production; for example, a decrease of 49–65% in
ATP production by zebrafish embryos exposed to
50-nm PS-beads at 10 mg mL�1 (Trevisan et al.
2019). Such impairment may alter the overall
embryo energy balance at the expense of key main-
tenance and developmental processes, leading to a
slower larval growth as observed here. As ATP pro-
duction was not measured here, further investiga-
tions including transcriptomic analyses and
biochemical assays of mitochondrial functioning at
each step of embryo development, coupled with
bioenergetic modeling, would help to test
this hypothesis.

Regarding the ability of nano-PS to impact cell
membranes (Rossi, Barnoud, and Monticelli 2014;
Feng et al. 2019; Gonz�alez-Fern�andez et al. 2020),
lipid analyses showed no effect of 50-NH2 at 0.1mg
mL�1 on external membranes composition and
integrity of oyster embryos. Nevertheless, we can-
not exclude that higher concentrations could lead
to membrane disruptions, as suggested by the dras-
tic developmental arrests previously observed in
oyster embryos exposed to higher doses (from 1 mg
mL�1) of nano-PS beads (Tallec et al. 2018). Such a
loss of membrane integrity was, for example, high-
lighted in cyanobacteria exposed to 50-NH2 beads
at 2.5 and 4 mg mL�1 (Feng et al. 2019).

In agreement with high D-larval yield (>80%),
malformations or developmental arrests were not
observed by optical microscopy, indicating there
was no strong acute toxicity upon exposure to
nano-PS at 0.1mg mL�1 determined as sub-lethal.
SEM observations revealed holes and asperities on
the shells of D-larvae mostly issued from exposed
embryos, however, the low number of larvae ana-
lyzed (n¼ 12) makes it impossible to draw any firm
conclusion. In previous literature, disruption of cal-
cium carbonate production and deposition was sus-
pected in mussel embryos after 50-NH2 exposure
(0.15 mg mL�1) based on transcriptomic profiles
(Balbi et al. 2017). Because the shell of bivalve lar-
vae have an essential protective role (against phys-
ical damage, pathogens, predators, or pollutants
(Arivalagan et al. 2017), investigations of shell bio-
mineralization in marine bivalves in response to
nanoplastics exposure combining both –omics
approach and high throughput SEM observations
would be of relevant interest.

4.2. Repercussions of the embryonic exposure on
oyster larval growth

Typically, in C. gigas the time to reach the compe-
tent stage in the used rearing system at 25 �C is
around 16 dpf as observed for the G1 and G2 larval
rearing originated from unexposed embryos with
the size of competent larvae aligned with those
from the literature (�300 mm) (e.g. Rico-Villa
et al. 2008).

Many studies have examined the effects of con-
taminants on early life stages (ELS), but the conse-
quences of sub-lethal effects in ELS performances
later in life remain mostly undetermined despite
their crucial role in species sustainability. The
decrease in larval growth and the delay in reaching
the metamorphosis-competent stage observed in
treatments exposed only once, i.e. G1-E and G2-C-E,
may be viewed as consequences of effects that
occurred on exposed embryos. The observed slow-
down in larval growth could be associated with a
lower accumulation of storage lipids during the
pelagic phase, as remarked with 20% lower lipid
index in the first generation larvae issued from
exposed embryos; a similar trend was observed in
the second generation, although the decrease was
not significant. Indeed, bivalve larvae that
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accumulate fewer lipids can need more time to
reach the metamorphosis-competent stage
(Talmage and Gobler 2010) showing the crucial role
that lipids play throughout larval development
among entry, use, and accumulation of stored
energy. Lipid storage reduction in response to
embryonic exposure may originate from a perturb-
ation in the establishment of larval digestive func-
tions, already suggested by transcriptional profiles
in mussel embryos exposed to 50-NH2 beads (Balbi
et al. 2017). Nevertheless, although the extension of
time to reach metamorphosis can expose bivalve
larvae to more in situ stress and mortality (Talmage
and Gobler 2010), the one-day delay observed in
the present study for larvae issued from embryonic
exposure is low and cannot be extrapolated in situ
considering the optimal rearing conditions used in
our experimental facility. Metamorphosis and settle-
ment success requires large amounts of the energy
stored during larval development (Bochenek et al.
2001). Here, the settlement yield was similar among
treatments, highlighting that suspected effects on
the energy accumulated during larval development
were not serious enough to impair the larval ability
to metamorphose. Therefore, these results suggest
negligible repercussions of the embryonic exposure
to nano-PS on the oyster larvae. Nevertheless, it
should also be considered that the favorable rear-
ing conditions used here may have counteracted
any adverse effect. Indeed, harsher environmental
conditions during larval growth are expected to
emphasize the sensitivity of animals to individual
stressors and cocktail effects. To test the occurrence
of adverse mid-term effects upon embryonic nano-
PS exposure in more realistic conditions, it would
be interesting in future works to consider other
stressors occurring in the natural environment dur-
ing the larval development (natural food variations/
limitations, pathogens, contaminants) in addition to
plastic exposures.

4.3. Embryonic exposure did not induce
phenotype differences at the adult stage

By monitoring the growth, ecophysiology, and gam-
etogenesis of the G1 adult oysters over several
months, we investigated potential ‘maladaptive tun-
ing,’ i.e. the emergence of new phenotypes at the
adult stage in response to embryonic exposure

leading to reduced fitness (Hamdoun and Epel
2007). For instance, zebrafish exposed to PAH dur-
ing embryonic development had reduced cardiovas-
cular performances at the adult stage (Hicken et al.
2011). Here, adult oysters displayed similar growth,
ecophysiological characteristics, and reproductive
outputs (gametes and larval quality) whether they
had grown from exposed embryos or controls.
Therefore, these results imply that the suggested
alterations observed at the embryonic and larval
stages (cardiolipins relative content, larval growth)
upon embryonic exposure to nano-PS at 0.1mg
mL�1 were compensated as they did not induce
any delayed effect in the ecophysiological, growth,
and reproductive performances of adult oysters in
our experimental conditions.

4.4. Are there any memory-stress mechanisms
occurring upon nano-PS exposure?

To understand the risk of contaminants to popula-
tion stability and estimate population resilience, it is
important to determine how the sensitivity of ani-
mals can evolve across generations. Early life stages
correspond to an especially sensitive window dur-
ing which any subtle changes may be transferred
across generations owing to the differentiation of
primordial germ cells during early development
phases. Thus, the environment during early life can
induce an inter-generational effect in the progeny
of the next generation (Burton and Metcalfe 2014).
This could occur through epigenetic inheritance, i.e.
modification of gene expression by adding chemical
marks (e.g. DNA methylation), that could modify
positively or negatively responses to the contami-
nants over subsequent generations (Vandegehuchte
and Janssen 2014). Although epigenetics research
on marine invertebrates is in its infancy, early find-
ings have indicated that DNA methylations are of
great importance in the embryonic development
success of C. gigas. Inhibition of DNA methyltrans-
ferase (DNMT) was demonstrated to impact oyster
embryo-larval development success (Rivi�ere et al.
2013). Moreover, it was recently suggested that
modifications of DNA methylation levels of specific
homeobox genes can be one of the origins of cop-
per embryotoxicity in oyster (Sussarellu et al. 2018)
probably through the negative relationship of tran-
scription level and specific DNA methylation of
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these homeobox genes (Rivi�ere et al. 2013). In the
present study, results did not suggest evidence of
epigenetic changes or occurrence of a stress-memory
mechanism as intergenerational effects were not
recorded on the phenotype of G2-larvae issued from
embryonic exposure at G1 or both generations.
Nevertheless, the first evidence of epigenetic
changes in oyster embryos faced stressors (i.e. cop-
per, Sussarellu et al. 2018) and our observation of
intermediate but non-significant growth rate of oys-
ter larvae originated from embryos exposed at both
generations call for more research to explore adap-
tive mechanisms during repeated exposures to pollu-
tants such as plastics.

5. Conclusion

Understanding the risks of plastic debris for marine
ecosystems implied the assessment of direct effects
and potential repercussions after pulsed or chronic
exposures. The present study aimed to assess the
repercussions of embryonic exposure, a sensitive
stage that could affect subsequent stages (larvae,
juveniles, adults) and generations. Overall, the
results suggested that short-term embryonic expo-
sures to amino-nanopolystyrene at 0.1mg mL�1

cause low effects on oyster larvae with a slight but
significant growth reduction with no consequences
on the settlement yield nor on the adult stage in
terms of growth, reproduction, and ecophysiological
performances. No intergenerational effects were
revealed on larvae, the stage we monitored in the
second generation. These experimental approaches
used under aquaculture procedures cannot be
extrapolated to environmental situations where bio-
logical and anthropogenic compounds complexities
occur but provide essential data on mechanistic
understanding of plastic particles toxicity.
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