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ARTICLE INFO ABSTRACT

Keywords: In the marine environment, benthic diatoms from estuarine and coastal sediments are among the first targets of
Marine microalgae nanoparticle pollution whose potential toxicity on marine organisms is still largely unknown. It is therefore
Nanoparticles relevant to improve our knowledge of interactions between these new pollutants and microalgae, the key players
TOXi?ity . in the control of marine resources. In this study, the response of P. tricornutum to CdSe nanocrystals (CdSe NPs)
gl:g:e‘zis?::al responses of 5nm (NP5) and 12nm (NP12) in diameter was evaluated through microscopic, physiological, biochemical

and proteomic approaches. NP5 and NP12 affected cell growth but oxygen production was only slightly de-
creased by NP5 after 1-d incubation time. In our experimental conditions, a high CdSe NP dissolution was
observed during the first day of culture, leading to Cd bioaccumulation and oxidative stress, particularly with
NP12. However, after a 7-day incubation time, proteomic analysis highlighted that P. tricornutum responded to
CdSe NP toxicity by regulating numerous proteins involved in protection against oxidative stress, cellular redox
homeostasis, Ca®* regulation and signalling, S-nitrosylation and S-glutathionylation processes and cell damage
repair. These proteome changes allowed algae cells to regulate their intracellular ROS level in contaminated
cultures. P. tricornutum was also capable to control its intracellular Cd concentration at a sufficiently low level to
preserve its growth. To our knowledge, this is the first work allowing the identification of proteins differentially
expressed by P. tricornutum subjected to NPs and thus the understanding of some molecular pathways involved in
its cellular response to nanoparticles.

Significance: The microalgae play a key role in the control of marine resources. Moreover, they produce 50% of
the atmospheric oxygen. CdSe NPs are extensively used in the industry of renewable energies and it is regrettably
expected that these pollutants will sometime soon appear in the marine environment through surface runoff,

Oxidative stress

Abbreviations: NPs, nanoparticles; CdSe NPs, cadmium-selenium colloidal nanocrystals; NP5, cadmium-selenium colloidal nanocrystals of 5 nm in diameter; NP12, cadmium-selenium
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microscopy; STEM, scanning transmission electron microscopy; HAADF-STEM, high angle annular dark field in scanning transmission electron microscopy; EDX-STEM, scanning
transmission electron microscopy energy dispersive X-ray spectroscopy; ROS, reactive oxygen species; [Cd].q., equivalent Cd concentration; [Se]c,., €quivalent Se concentration; PAR,
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urban effluents and rivers. Since estuarine and coastal sediments concentrate pollutants, benthic microalgae
which live in superficial sediments will be among the first targets of nanoparticle pollution. Thus, it is relevant to
improve our knowledge of interactions between diatoms and nanoparticles. Proteomics is a powerful tool for
understanding the molecular mechanisms triggered by nanoparticle exposure, and our study is the first one to
use this tool to identify proteins differentially expressed by P. tricornutum subjected to CdSe nanocrystals. This
work is fundamental to improve our knowledge about the defence mechanisms developed by algae cells to
counteract damage caused by CdSe NPs.

1. Introduction

In the past two decades, research efforts have resulted in the gradual
introduction of nanoparticles in numerous industrial fields, because of
their unique optical, mechanical, electrical and magnetic properties
(Stark et al., 2015). Nanoparticles containing a cadmium selenide core
have recently attracted attention as promising photovoltaic devices
(Hetsch et al., 2011) and their use in solar panel design is expanding
(Wong et al., 2014). The cadmium selenide core is usually surrounded
by a surface layer of organic and/or inorganic molecules named shell,
but some environmental conditions can lead to a shell dissolution and a
release of the CdSe core (Morelli et al., 2012). Toxicological effects of
CdSe/ZnS quantum dots (QDs) on marine planktonic organisms have
been the subject of several studies (Morelli et al., 2015; Scebba et al.,
2016; Zhou et al., 2016), but the impact of the CdSe core alone has
never been studied. The toxicity of uncoated metallic nanoparticles has
been discussed in several reports and often deriving from dissolution of
metal ions (Kirchner et al., 2005; Rzigalinski and Strobl, 2009; Baker
et al., 2014). Previous studies have shown that the CdSe core dissolu-
tion is accelerated by its surface oxidation generated by aerobic con-
ditions (Derfus et al., 2004; Zeng et al., 2015) or by light (Derfus et al.,
2004). Moreover, Morelli et al. (2012) have shown that bare CdSe QDs,
lacking the ZnS shell, underwent a salinity-dependent degradation
process. Since CdSe nanocrystals are currently extensively used in the
industry of renewable energies, it is regrettably expected that these new
pollutants will sometime soon appear in the marine environment
through surface runoff, urban effluents and rivers, and more particu-
larly in estuarine and coastal sediments impacted by anthropogenic
activities. Marine organisms living in estuarine and coastal sediments
will be the first targets of these new pollutants. Among them, benthic
microalgae play a key role in the control of marine resources and in
global biogeochemical cycles; it is therefore relevant to improve
knowledge about interactions between these microorganisms and na-
noparticles. The diatom P. tricornutum appears as a good model to study
these interactions for several reasons, (i) diatoms are the dominant
microalgae in most marine ecosystems (Walsh, 1993), (ii) P. tricornutum
has been completely sequenced (Bowler et al., 2008), (iii) this species
has a high tolerance to cadmium (Brembu et al., 2011) and it was
commonly used for assessing effects of nanoparticles in recent studies
(CdSe/ZnS quantum dots: Morelli et al., 2015; Scebba et al., 2016; Zhou
et al., 2016; TiO, NPs: Wang et al., 2016; Deng et al., 2017; Minetto
et al., 2017; CeO, NPs: Deng et al., 2017; Sendra et al., 2017a; Ag NPs:
Schiavo et al., 2017; Sendra et al., 2017b; CuNPs: Zhu et al., 2017 and
ZnO NPs: Castro-Bugallo et al., 2014; Li et al., 2017). The authors fo-
cused on physiological and biochemical responses and highlighted the
following major impacts: a growth inhibition (Zhou et al., 2016; Deng
et al., 2017; Schiavo et al., 2017; Zhu et al., 2017), an increase in re-
active oxygen species (ROS) production causing oxidative stress (Deng
et al., 2017; Peng et al., 2017; Sendra et al., 2017a, b; Zhu et al., 2017),
direct interactions between NPs and algae cells leading to membrane
damages (Wang et al., 2016; Li et al., 2017; Schiavo et al., 2017; Sendra
et al., 2017a, b), an increase in activity of antioxidant enzymes (Morelli
et al., 2015; Wang et al., 2016; Deng et al., 2017) and a loss of pho-
tosynthetic pigments (Castro-Bugallo et al., 2014; Sendra et al., 2017b;
Zhu et al., 2017). To our knowledge, only two previous studies used
proteomics to analyse the impact of CdSe NPs on P. tricornutum (Morelli
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et al., 2015; Scebba et al., 2016). These studies have shown that CdSe/
ZnS quantum dots can induce numerous proteome changes in P. tri-
cornutum, but authors did not identify involved proteins. In our study,
we have examined the response of P. tricornutum to CdSe nanocrystals
through microscopic, physiological, biochemical and proteomic ap-
proaches. Proteins differentially expressed by algae cells submitted to
NPs are identified by mass spectrometry analyses in order to elucidate
strategies developed by this marine diatom to counteract the toxicity of
NPs.

2. Materials and methods
2.1. Synthesis of CdSe colloidal nanocrystals

In previous studies, NPs with a diameter less than 30 nm were
commonly used (Rocha et al., 2017). We have therefore chosen to test
CdSe colloidal nanocrystals (CdSe NPs) with diameters of 5nm and
12nm (named NP5 and NP12, respectively, in the manuscript) (She
et al., 2011, 2013). In addition, these two sizes would display different
degrees of toxicity based on their volume and metal content (Morones
et al., 2005; Monras et al., 2014). CdSe NPs were synthesized in a 50 mL
three-neck flask using a Schlenk-line approach. TOPO (3.0 g, Sigma-
Aldrich-99%), ODPA (0.308 g, PCI Synthesis-97%), and CdO (0.060 g,
Sigma-Aldrich-99%) were mixed, heated up to 150 °C, and kept under
vacuum for 2h. The reaction solution was then heated up to 300 °C
under nitrogen at approximately 7 °C/min. Next, 1.5 g of TOP was ra-
pidly injected into the reaction flask. TOP-Se solution (0.058 g Se, Al-
drich-98% + 0.360 g TOP, Sigma-Aldrich, 90%) was then also injected
of 360 °C and 330 °C for the synthesis of NP5 and NP12, respectively.
For NP5, the reaction was quenched 60 s after the TOP-Se injection by
the injection of 5mL of room-temperature toluene. For NP12, the re-
action solution was kept at high temperature for 180 s. After the solu-
tion cooled down to room temperature, the CdSe NPs were precipitated
by adding ethanol and centrifuging; this washing step was repeated
twice. Finally, the CdSe NPs were re-dissolved in toluene and stored
inside a glove box under nitrogen atmosphere. The size measurement of
the newly synthesized pristine nanoparticles was based on a transmis-
sion electron microscopy (TEM) image analysis using an automatic
procedure (analyse particles) in the FIJI software. The study of their
behaviour in aqueous solution, by TEM image analysis, highlighted a
satisfactory stability (good dispersion and no meaningful change in
size). The properties and characteristics of CdSe NPs are described in
Supplementary Table 1.

2.2. Test species and culture conditions

The experiments were performed with the marine diatom P. tri-
cornutum BOHLIN COUGHLAN/—632 axenic strain from the algal
culture collection of the Gottingen University (SAG: Sammlung von
Algenkulturen der Universitdt Gottingen), Germany. P. tricornutum was
cultured in 250-mL flasks containing 100 mL of autoclaved f/2 medium
realized with filtered natural seawater. Culture medium was inoculated
at the cell density of about 8 x 10° cells/mL from a 7-day-old mother
culture.

To determine the effect of CdSe NPs on growth, oxygen production,
intracellular ROS level and proteome evolution of P. tricornutum,
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culture medium was supplemented with NP5 to reach a concentration
of 2.2 x 10" NPs/L (83 pg/L; 0.37 nM), corresponding to an equiva-
lent Cd concentration ([Cd]eq.) of 47 ug/L (0.42 uM) and an equivalent
Se concentration ([Se]eq.) of 33 ug/L (0.42 uM), or with NP12 to reach a
concentration of 4.2 x 103 NPs/L (222 pg/L; 0.07 nM), corresponding
to a [Cdleq of 127 pg/L (1.13 uM) and a [Se]eq. of 89 pg/L (1.13 uM).
These concentrations are close to those predicted in estuarine and
coastal sediments impacted by anthropogenic activities (expected be-
tween 1 ng/Kg and 10 mg/Kg; Gottschalk et al., 2013). Moreover, these
concentrations provide similar exchange surface areas between NPs and
diatoms (1.8 = 0.1 x 10'°® nm?/L) and therefore similar concentrations
of surface metal atoms. Indeed, CdSe nanocrystal toxicity is mainly
caused by the release of surface metal ions (Derfus et al., 2004) and
some authors claim that the main source of toxicity of these particles is
not their metal content but rather the interaction of the particle surface
with the cells (Kirchner et al., 2005). Previously, a study realized by
Kirchner et al. (2005) demonstrated the relevance of using the surface
atom concentration instead of the particle concentration.

NP-supplemented and control cultures were grown at 20 °C, under a
light-dark cycle (16 h/8h, fluorescent tubes, 100 umol photons/mz/s
PAR) for 12 days. They were manually stirred once a day.

The impact of lower and higher CdSe NP concentrations on growth
was also studied ([Cdleq of 25, 600, 1200 and 2400 pg/L for NP5;
[Cd]eq. of 50, 240, 460, 1200 and 2400 pg/L for NP12).

2.3. Dissolution of CdSe NPs in f/2 medium

NP dissolution in f/2 medium was evaluated over time by the
quantification of the free Cd ions present in the supernatant after se-
dimentation of the undissolved NPs by ultracentrifugation. Erlenmeyer
flasks containing 100 mL of f/2 medium were supplemented with NP5
or NP12 in order to reach the concentrations mentioned above. Two
flasks (one for each size of NPs) were placed under a light-dark cycle
(16 h/8h, fluorescent tubes, 100 umol photons/mz/s PAR) and two
flasks (one for each size of NPs) in the dark (to test the influence of the
light on NP dissolution), at 20 °C for 7 days. All flasks were manually
stirred once a day. At days 1, 4 and 7, 12 mL samples of all flasks were
ultracentrifuged at 284,570 g during 4 h or 40 min for NP5 and NP12,
respectively, to pellet the undissolved NPs. The time of centrifugation
was calculated using the Stokes’ law. The supernatants were recovered
with care and used to quantify free Cd ions released from NPs by atomic
absorption spectrometry (AAS) with an AAS 240FS instrument (Varian).
The percentage of dissolution was calculated for each condition. All
experiments were performed in triplicate.

In addition, two flasks supplemented with CdSe NPs (one for each
size of NPs) were inoculated with diatoms (8 x 10° cells/mL), placed
under a light-dark cycle (16 h/8h, fluorescent tubes, 100 pmol pho-
tons/m?/s PAR) at 20 °C and treated in the same way to study the
ability of diatoms to immobilize the Cd ions released from NPs. For each
size of NPs, the difference of Cd concentration of the supernatant be-
tween the two conditions (without and with diatoms) corresponds to
the Cd ion concentration sequestered by diatoms. Sequestered Cd ions
sediment with diatoms during ultracentrifugation, causing the decrease
in the free Cd ion concentration of the supernatant, compared to the
condition without diatoms. Knowing the cell concentration at each
sampling time (determined by absorbance measurement at 600 nm), it
is possible to calculate the mass of cadmium sequestered by diatom.

2.4. Growth kinetics

To determine the effect of NPs on the diatom growth, the growth
kinetics of NP-supplemented and control cultures were followed si-
multaneously by a daily absorbance measurement at 600 nm using an
Apollo-1 microplate reader (Berthold Technologies GmbG & Co. KG,
Bad Wildbad, Germany). Absorbance values were converted into cell
concentrations (diatoms/mL) using a calibration curve relating
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absorbance at 600 nm to cell concentration determined in a Malassez
cell. After 12 days of culture, the growth rate was calculated for all
culture conditions. All experiments were performed in triplicate.

2.5. Ability of P. tricornutum to sequester Cd ions released from NPs

The capacity of diatoms to immobilize Cd ions released from the
complete NP dissolution was also estimated as described in a previous
study (Poirier et al., 2014). Briefly, after 7 days of culture (time cor-
responding to the complete NP dissolution), 12 mL samples of NP-
supplemented cultures were centrifuged (2 000 g; 10 min; 20 °C) after
absorbance measurement at 600 nm to know cell density. The pellets
were dried at 80 °C for 20h and digested with 5mL of 65% HNO;
(Acros Organics). The digests were analysed by atomic absorption
spectrometry with an AAS 240FS instrument (Varian). Results were
expressed as pg Cd sequestered by cell. The experiment was performed
in triplicate.

2.6. Preparation of samples for HAADF-STEM and EDX-STEM

HAADF-STEM (high angle annular dark field in scanning transmis-
sion electron microscopy) and EDX-STEM (scanning transmission
electron microscopy energy dispersive X-ray spectroscopy) analyses
were performed in order to observe the impacts of CdSe NPs and their
released metal ions on P. tricornutum. After 7 days of culture, 20 mL
samples of NP-supplemented and control cultures were filtered through
a 0.45um sterile membrane (Sartorius France). Diatoms where col-
lected from the membrane and re-suspended into natural seawater.
Diatoms were then deposed onto holey carbon TEM grid (in contact
with absorbance paper) by drop casting and dried using TEM pumping
station for 15 min after being mounted in TEM specimen holder. FEI
Tecnai G2-F20 STEM was used to analyse samples.

2.7. Oxygen production

After 2 and 7 days of culture, 10 mL samples of NP-supplemented
and control cultures were centrifuged (2 000g; 10 min; 20 °C) after
absorbance measurement at 600 nm. The collected cells of P. tri-
cornutum were washed twice with fresh f/2 medium. Finally, each pellet
was re-suspended in fresh f/2 medium in order to get a diatom con-
centration of 3 x 10° cells/mL (ODgoopnm = 0.19) just before analysis
using a Clark-type oxygen electrode (Hansatech, King Lynn, UK). Each
algal sample was kept in darkness during 15 min then irradiated by
500 umol photon/m?/s during 30 min in order to measure its O, pro-
duction rate. All experiments were performed in triplicate.

2.8. Quantification of intracellular reactive oxygen species (ROS)

Intracellular ROS level in cells from NP-supplemented and control
cultures was measured by following the cellular conversion of the non-
fluorescent 2’,7’- dichlorofluorescein diacetate (DCF-DA) to the fluor-
escent compound dichlorofluorescein (DCF) as described by Wang and
Joseph (1999), with minor modifications. After 1, 2, 3, 5 and 7 days of
culture, 3 mL samples of NP-supplemented and control cultures were
centrifuged (2 000 g; 10 min; 20 °C). The cells were re-suspended with a
solution of 10 pM DCF-DA in sterile seawater (3 mL) by gentle agitation
and left to react for 1 h, at room temperature in the dark. The reaction
was stopped by centrifugation (2 000g; 10 min; 20 °C) and re-sus-
pending diatoms in sterile natural seawater (3 mL). Intracellular ROS
level was quantified using an APOLLO-1 microplate reader (Berthold
Technologies) by measuring fluorescence emission at 535 nm after ex-
citation at 485 nm. Fluorescence emission intensity was normalized to
cell density in the wells (diatoms/mL), determined itself by absorbance
measurement at 600 nm. The results were expressed as a percentage of
the control. All experiments were performed in triplicate.
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2.9. Proteomics

2.9.1. Preparation of protein extracts

Protein extraction was performed as described previously (Poirier
et al., 2008), with minor modifications. After 7 days, 100 mL samples of
NP-supplemented and control cultures were filtered through a sterile
cellulose nitrate membrane (0.45 um pore diameter, Sartorius France).
The collected diatoms were rinsed twice with a 0.6 M Tris buffer (pH
8.1), re-suspended with 15 mL of buffer and disrupted by three passages
at 159 MPa through the pre-cooled French Press. The resulting homo-
genates were centrifuged for 1 h at 218,000 g at 4 °C with an OPTIMA L-
100 XP ultracentrifuge (Beckman Coulter) to pellet down cell debris.
The supernatants, containing extracted proteins, were purified, con-
centrated, freeze-dried and stored at — 20 °C until mass spectrometry
analysis. For each culture condition (control, NP5 and NP12), protein
extraction was performed in triplicate.

2.9.2. Mass spectrometry analyses

Protein extracts were quantified using a Bradford assay and pre-
pared as described in a previous study (Poirier et al., 2016). Briefly,
10 pg of each sample were precipitated with 0.1 M ammonium acetate
in 100% methanol and proteins were re-suspended in 50 mM ammo-
nium bicarbonate. After a reduction-alkylation step (dithiothreitol
5mM - iodoacetamide 10 mM), proteins were digested overnight with
sequencing-grade porcine trypsin (1:25, w/w). Half of the resulting
vacuum-dried peptides were re-suspended in 20 pL of water containing
0.1% (v/v) formic acid (solvent A).

The peptide mixtures were analysed by a first nanoscale liquid
chromatography coupled to tandem mass spectrometry (nanoLC-MS/
MS) using a NanoLC-2DPlus system (with nanoFlex ChiP module;
Eksigent, ABSciex, Concord) coupled to a TripleTOF 5600 mass spec-
trometer (AB Sciex) operating in positive mode. Five microliters of each
sample (1000 ng) were loaded on a ChIP C-18 precolumn (300 um ID X
5mm ChromXP; Eksigent) at 2 uL/min in solvent A. After 10 min of
desalting and concentration, the pre-column was switched online with
the analytical ChIP C18 analytical column (75um ID X 15cm
ChromXP; Eksigent) equilibrated in solvent A: solvent B (95:5; v/v).
Solvent B composition was formic acid: acetonitrile (0.1:100; v/v).
Peptides were eluted by using a 5-40% gradient of solvent B for
120 min at a flow rate of 300 nL/min. The TripleTOF 5600 was oper-
ated in data-dependent acquisition mode (DDA) with Analyst software
(v1.6, AB Sciex). Survey mass spectrometry (MS) scans were acquired
during 250 ms in the 350-1250 m/z range. Up to 20 of the most intense
multiply charged ions (2 + to 5 +) were selected for collision-induced
dissociation (CID) fragmentation, if they exceeded the 150 counts per
second intensity threshold. Ions were fragmented using a rolling colli-
sion energy script within a 60 ms accumulation time and an exclusion
time of 15s. This so-called “Top20” method, with a constant cycle time
of 1.55s, was set in high-sensitivity mode.

The same samples were also submitted to a second nanoLC-MS/MS
analysis on an Easy-nanoLC-1000 system coupled to a Q-Exactive Plus
mass spectrometer (Thermo) operating in positive mode with a na-
noelectrospray source. Five microliters of each sample (250 ng) were
loaded on a C-18 precolumn (75um ID X 20mm nanoViper, 3 um
Acclaim PepMap; Thermo) at 20 uL/min in solvent A. After desalting
and concentration, the pre-column was switched online with the ana-
lytical C18 analytical column (75pm ID X 25cm nanoViper, 3 pm
Acclaim PepMap; Thermo) equilibrated in solvent A: solvent B (95:5; v/
v). Peptides were eluted at a flow rate of 300 nL/min using a gradient
from 5% B to 20% B in 120 min, from 20% B to 32% B in 15 min, from
32% B to 95% B in 1 min and 95% B to 95% B during 24 min. The Q-
Exactive Plus was operated in data-dependent acquisition mode (DDA)
with Xcalibur software (Thermo). Survey MS scans were acquired at a
resolution of 70 K at 200 m/z (mass range 350-1250), with a maximum
injection time at 100 ms and an automatic gain control (AGC) set at
3e6. Up to 10 of the most intense multiply charged ions (= 2) were
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selected for a higher energy collisional dissociation (HCD) fragmenta-
tion with a normalized collision energy set at 27, at 17.5 K resolution,
with a maximum injection time at 100 ms and AGC set at 1e3. A dy-
namic exclusion time of 20s was applied during the peak selection
process.

2.9.3. Mass spectrometry-based quantification: spectral count approach
and statistical validation

MS datasets generated by the 2 mass spectrometers were searched
against the complete proteome set from the P. tricornutum strain
CCAP1055/1 UniProtKB database (release from 2016 to 08-22, or-
ganism ID = 556484, Proteome ID = UP000000759, 10465 se-
quences). The fasta sequences from human keratins and the porcine
trypsin were added to the P. tricornutum sequences as well as their
corresponding decoy entries (Database toolbox from MSDA, a pro-
teomics software: https://msda.unistra.fr/). We used the Mascot algo-
rithm (version 2.2, Matrix Science) to perform the database search with
a decoy strategy. The resulting.dat Mascot files were then imported into
Proline software (http://proline.profiproteomics.fr/) for further post-
processing. Proteins were validated on Mascot pretty rank equal to 1%
FDR on both peptide spectrum matches (PSM) and protein sets (based
on score). Raw Spectral Count values were then imported into RStudio
in addition to the MSnbase and msmsTests libraries. After normal-
ization, a multidimensional plot allowed to visualise the variability
between the replicates. The home-made R script was entirely based on
the solution provided by the package EdgeR (https://bioconductor.org/
packages/release/bioc/html/edgeR.html) which includes empirical
Bayes methods to share information among features. The EdgeR GLM
regression results were exported into a table using the xlIsx library, and
used to represent the log value from the adjusted p-value as a function
of the log value from the fold change (Volcano plot graphic) using the
plotly library.

2.9.4. Mass spectrometry-based quantification: MS1 label-free approach
The Paragon algorithm (ProteinPilot package, AB Sciex) was then
used to perform a second database search on the same nanoLC-MS/MS
dataset and with the same decoy P. tricornutum database. Proteins va-
lidated by Paragon at FDR 1% were submitted to a MS1 label-free
quantification. For that purpose, only non-modified and unshared
peptides were considered, as well as the Paragon identification con-
fidence threshold set at 99%. Precursor ions fulfilling these criteria
were transferred into PeakView package (v 2.0 with Protein
Quantitation plug-in, AB Sciex) and their corresponding eXtracted Ion
Chromatograms (XIC) were automatically integrated, using the fol-
lowing parameters: RT window + 2min, MS tolerance *+ 0.05Da. To
normalize and further process the MS1 label-free data, MarkerView
software (v 1.2, AB Sciex) was used: a correction factor was first applied
to each condition according to the “Total Area Sum” function. The
statistical module from MarkerView then allowed us to perform a
Principle Component Analysis (PCA) and a Student t-test on the tripli-
cate experiments from each of the 3 tested conditions (control, NP5 and
NP12). Finally, two different tables were generated containing either
the peptide areas or the protein areas: as for MS1 label-free quantifi-
cation, we averaged the areas from triplicate injections and calculated
the ratio by dividing the average area obtained in the presence of NPs
by the average area obtained in the control condition. A manual re-
construction of the peptides elution peaks was performed in a second
instance, using the same software (PeakView, AB Sciex), to check
whether the automatic integration process was being properly applied.
A new ratio between NP supplemented and control conditions was
calculated using average areas obtained by the manual reconstruction.
Only proteins presenting a sample/control ratio (Fold change) = 2
or < 0.5 for the three analyses (spectral count quantification with the
Q-Exactive Plus mass spectrometer, spectral count quantification with
the TripleTOF 5600 mass spectrometer and MS1-Label-Free quantifi-
cation with the TripleTOF 5600 mass spectrometer) were validated as


https://msda.unistra.fr/
http://proline.profiproteomics.fr/
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html

I Poirier et al.

regulated by CdSe NPs.
2.10. Statistical analysis

Results were expressed as mean =+ standard deviation of the tripli-
cates. The Student t-test was used to know whether the mean values
were significantly different depending on the various treatments at the
p < .05 level. Statistical analysis was performed using R software
version 3.2.0.

3. Results and discussion
3.1. Dissolution of CdSe NPs in f/2 medium

The dissolution of CdSe NPs in f/2 medium was followed over time
by separating free Cd ions and undissolved NPs by ultracentrifugation.
The results are presented in Fig. 1. When NP5 and NP12 were in-
troduced in f/2 medium, their dissolution over time was observed for
all conditions (under a light-dark cycle and in the dark). Under a light-
dark cycle, the NP dissolution was complete after a 7-day incubation
time, while it was partial in the dark (82% and 29% for NP5 and NP12,
respectively). Thus, although CdSe NPs used in our study showed a
satisfactory stability in aqueous solution, seawater salinity and light
lead to their dissolution. These results are in accordance with the study
of Morelli et al. (2012) which demonstrated that bare CdSe QDs,
lacking the ZnS shell, exhibited a salinity-dependent propensity to de-
grade with a consequent release of bioavailable forms of Cd. A faster
metal ion release from metallic NPs in seawater was also observed in
recent studies (Ag from AgNPs: Sendra et al., 2017b; Cu from CuNPs:
Zhu et al., 2017). Moreover, previous studies have shown that the CdSe
core dissolution is enhanced by oxidation via air and light (Derfus et al.,
2004; Zeng et al., 2015), two conditions being coupled in our experi-
ments.

3.2. Effect of CdSe NPs on growth

The effects of CdSe NPs on the growth kinetics of P. tricornutum
cultured in f/2 medium at 20 °C under a light-dark cycle (16 h/8h) are
presented in Supplementary Fig. 1, Supplementary Table 2 and Fig. 2.
NP5 gradually decreased the growth rate of P. tricornutum in the range
25-2400 pg/L [Cdleq, with a strong impact from 600 pg/L [Cd]eq.
(EC50 concentration). NP12 gradually decreased the growth rate of P.
tricornutum in the range 50-460 ug/L [Cdl., and the growth was
completely inhibited from 1200 ug/L [Cd]e, Several previous studies
have reported the impact of nanoparticles on the growth rate of P. tri-
cornutum. It was negatively affected by CdSe/ZnS QDs (Morelli et al.,
2015; Scebba et al., 2016; Zhou et al., 2016), TiO, NPs (Wang et al.,
2016; Deng et al., 2017; Minetto et al., 2017), CeO, NPs (Deng et al.,
2017; Sendra et al., 2017a), ZnO (Castro-Bugallo et al., 2014; Li et al.,
2017), Y203 (Castro-Bugallo et al., 2014) and AgNPs (Schiavo et al.,
2017; Sendra et al., 2017b).

When P. tricornutum was exposed to NP5 and NP12 concentrations
corresponding to a similar exchange surface between NPs and diatom
cells (47 ug/L [Cd]eq. and 127 pug/L [Cd]eq. for NP5 and NP12, respec-
tively; 33 ug/L [Seleq. and 89 ug/L [Seleq for NP5 and NP12, respec-
tively), stronger growth disorders were observed with NP12 (Fig. 2).
Diatoms exhibited a high decrease in the growth rate (35%) and in-
crease in the lag phase (4 days instead of 1 day for control and NP5).
Previous studies have demonstrated that P. tricornutum is a highly tol-
erant species to cadmium toxicity and that a Cd concentration of several
mg per liter medium is necessary to strongly impact its growth. For
example, in the study of Torres et al. (2000) no significant growth rate
inhibition was observed for Cd concentrations below 1 mg/L. In the
same way, the growth rate of P. tricornutum was insignificantly reduced
in cultures treated with 123 ug/L Cd during experiments carried out by
Brembu et al. (2011). Thus, growth disorders observed in our study
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with NP12 should not be explained by their Cd level since the total
NP12 dissolution releases only 127 ug Cd/L. Moreover, when NP5 and
NP12 were used at the same [Cd]q. concentrations (50 ug/L, 1200 ug/L
and 2400 nug/L), a stronger negative impact on growth was observed
with NP12 (Supplementary Fig. 1), showing that the toxicity of NP12
was not only induced by their Cd level. Depending on its concentration,
selenium can act as an essential micro-nutrient protecting against re-
active oxygen species damage or as a toxic compound. At low con-
centrations, it can be readily oxidized into the nontoxic Se’ and con-
verted into seleno-amino acids (selenocysteine and selenomethionine)
which are incorporated in the structure of several antioxidant defence
proteins (Kim et al., 2015). However, at high concentrations, it may
become toxic by acting as pro-oxidant, primarily because of its capacity
to replace sulfur (S) in proteins, which then lose their correct folding
(Van Hoewyk et al., 2008). Concerning microalgae, several studies have
shown that Se concentrations above 10 pM must be applied to impact
the growth cell (for a review see Gojkovic et al., 2015); Se concentra-
tions used in our study being below this value, Se alone cannot account
for the negative impact of NP12 on P. tricornutum growth. Moreover,
several studies have shown the protective effect of selenium in photo-
synthetic organisms exposed to cadmium (Saidi et al., 2014; Khan et al.,
2015). The Cd-Se combination should therefore not be an aggravating
factor. Nevertheless, it would be interesting, in further experiments, to
test the impact of the combination of Cd and Se ions (127 pg/L and
89 nug/L, respectively) in order to clarify NP toxicity before they dis-
solve.

The negative impacts of NP12 on the diatom growth could be ex-
plained by direct physical interactions between NP12 and diatoms at
the beginning of the cultures, before the total NP dissolution. Indeed,
several previous studies have shown that metallic NPs interact with P.
tricornutum cells by binding to the cell surface (Morelli et al., 2013;
Deng et al., 2017; Minetto et al., 2017). In some cases, NPs can com-
pletely cover diatoms leading to cell wall damage (Wang et al., 2016;
Sendra et al., 2017b) and cellular dysfunction because of the limitation
of the nutrient intake (Deng et al., 2017). Moreover, a recent study has
shown that CeO, NPs smaller than 20 nm can enter diatom cells (Sendra
et al., 2017a). We can therefore assume that NPs used in our study
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Fig. 1. Dissolution of NP5 (2.2 x 10'* NPs/L, [Cd]eq. = 47 pg/L, [Seleq. = 33 pg/L) and
NP12 (4.2 x 103 NPs/L, [Cd]eq. = 127 ug/L, [Seleq. = 89 pg/L) in f/2 medium, at 20 °C,
under a light-dark cycle (16 h/8h) or in the dark. The percentage of dissolved NPs was
determined after 1, 4 and 7-d incubation times. Data are means + standard deviations (n
= 3). Some standard deviations are not visible because they are shorter than the symbol
size.
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Fig. 2. Effect of CdSe NPs on the growth of P. tricornutum. The algae cells were cultured in
f/2 medium, at 20 °C, under a light-dark cycle (16 h/8 h), without CdSe NPs (control),
with NP5 (2.2 x 10" NPs/L, [Cdleq, = 47 pg/L, [Seleq. = 33 pg/L) or with NP12 (4.2 X
10" NPs/L, [Cdleq = 127 pg/L, [Seleq. = 89 pg/L). Data are means * standard devia-
tions (n = 3). Some standard deviations are not visible because they are shorter than the
symbol size.

could enter the cells leading to disturbances, such as an increase in ROS
levels. Indeed, in a recent study, Xia et al. (2015) have demonstrated
that elevated TiO, nanotoxicity in marine environments is related to
increased ROS levels caused by the internalization of the TiO, NPs. In
an additional study, direct physical interactions between CdSe NPs and
diatoms and the NP internalization should be confirmed by HAADF-
STEM analysis conducted before NP dissolution.

3.3. Interactions between diatoms and NPs

3.3.1. Capacity of P. tricornutum to sequester Cd released from CdSe NP

The presence of P. tricornutum in the NP-supplemented f/2 medium
caused the decrease in free Cd concentration of the supernatant after
ultracentrifugation, compared to the condition without diatoms
(Supplementary Table 3). These results show the capacity of these
diatoms to sequester a large part of the Cd ions released from NPs,
leading them to sediment during ultracentrifugation. Based on these
observations, we have calculated the amount of Cd immobilized by
diatom for the three studied times, on the assumption that diatoms did
not disturb the kinetics of NP dissolution (Supplementary Table 3). The
results are presented in Fig. 3(a). With NP5, about 30 x 10~ ° pgCd
was immobilized per diatom after 1day of cultivation (cells in lag
phase), while after 4 and 7-day incubation times, the amount of Cd
sequestered per cell was 5 X 107° ug and 4 x 10~ pg, respectively.
With NP12, diatoms immobilized until 90 x 10~ ° ug Cd per cell after a
1-day incubation time (cells in the lag phase), then this value decreased
to reach 30 x 10~ ° ug Cd per cell and 12 x 10~ ° ug Cd per cell after 4-
day (growth start) and 7-day incubation times, respectively. This de-
crease suggests an active Cd export, set up by diatoms to ensure their
growth. An active Cd export by the diatom P. tricornutum was also
suggested in a previous study (Brembu et al., 2011). Concerning un-
dissolved NPs, our experiments did not allow us to say if they were
immobilized by diatoms or not since the ultracentrifugation has led to
their sedimentation in any case.

Moreover, after 7 days of cultivation, the Cd quantification in
diatom cells by AAS confirmed that a large part of the Cd released from
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NPs was immobilized by diatoms (Fig. 3(b)). Diatoms cultured with
NP5 contain 5 x 10~ ° ug Cd/cell, which represents the Cd level of 24
x 10° NP5. Diatoms cultured with NP12 contain 15 x 10~° pgCd/
cell, which represents the Cd level of 5 X 10° NP12 (Fig. 3(b)).
Therefore, in our experimental conditions, the NP5 and NP12 were
totally dissolved after 7 days of cultivation and 90% =+ 2% and
78% = 8% of the Cd released by NP5 and NP12, respectively, was se-
questered by diatoms. These results are in accordance with previous
studies showing the biosorption capacity of the diatom P. tricornutum

O

5
2 100 A 90 ONP5 ONP12
. o
[}
L
(@)
=%
o
o
2 50
% 33
8— 30
(O]
(2]
8 12
: 4y |
0 . [ . |
1 4 7
Time (days)
(b) 30 20
24 18 o
25 - T =
Dzu')% 12 - 16 x
u— F 14
O x 20 4 O
e ~
fok 12 8
£33 =
53 15 L 10 O
5 @
5% s %
gg 10 5 Le §
3(/) o w
] 5 L4 B
5 O
-2
0 0
NP5 NP12

Fig. 3. Ability of P. tricornutum to sequester Cd ions released from CdSe NPs. (a): The
masses of Cd sequestered by diatoms were determined by the quantification of free Cd
ions present in the supernatant after sedimentation of the undissolved NPs and diatoms
(when they are present) by ultracentrifugation (see Supplementary Table 3). f/2 medium
supplemented with NP5 (2.2 x 10'* NPs/L, [Cdleq. = 47 ug/L, [Seleq. = 33 ug/L) or
with NP12 (4.2 x 10'® NPs/L, [Cdle, = 127 pg/L, [Seleq. = 89 ug/L) and inoculated
with diatoms or not, was incubated at 20 °C, under a light-dark cycle (16 h/8h). The
measurements were realized after 1, 4 and 7-d incubation times. Data are means *
standard deviations (n = 3). (b): Cd ions (black circles) and equivalent number of CdSe
NPs (bars) sequestered by P. tricornutum. The masses of Cd sequestered by diatoms were
determined by the quantification of Cd ions from digested diatoms after 7 days of culture.
The algal cells were cultured in f/2 medium supplemented with NP5 (2.2 x 10'* NPs/L,
[Cdleq = 47 pg/L, [Seleq. = 33 ug/L) or with NP12 (4.2 X 10'® NPs/L, [Cdleq =
127 pg/L, [Seleq. = 89ug/L), at 20°C, under a light-dark cycle (16h/8h). Data are
means + standard deviations (n = 3).
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for Cd ions. Indeed, Torres et al. (2014) have shown that this species
could accumulate until 67 mg Cd/g and Brembu et al. (2011) until 13 x
1072 mg Cd/cell. Moreover, when this species was exposed to bare
CdSe quantum dots, lacking shell, the bare dissolution was followed by
a Cd bio-accumulation at a similar rate as cells exposed to CdCl,
(Morelli et al., 2012).

3.3.2. Microscopic observations

Microscopic observation of P. tricornutum cells cultured with CdSe
NPs are presented in Fig. 4, Supplementary Fig. 2 and Supplementary
Fig. 3. Microscopic observations were realized from 7-d old cultures. No
significant morphology changes were observed for cells cultured in f/2
medium contaminated with NP5 (Supplementary Fig. 2(b)), except
perhaps an increase in the number of ovoid cells. On the other hand,
some diatom cells (about 20%) cultured in f/2 medium contaminated
with NP12 presented modifications of the cell shape (Supplementary
Fig. 2(c)). Alterations of cell shape were also observed in previous
studies when P. tricornutum was treated with TiO, and CeO, NPs (Deng
et al.,, 2017) and when Tetraselmis suecica was submitted to Ag NPs
(Schiavo et al., 2017). HAADF-STEM and EDX analysis highlighted a
high Se and Cd accumulation inside the cell wall (Supplementary
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Fig. 3), especially in the extreme parts (Fig. 4(c), (), (g)), confirming
the ability of P. tricornutum to immobilize metal ions released from
CdSe NPs. The wall of this diatom is composed of silica and organic
matter, including proteins, long chain polyamines and polysaccharides.
The main polysaccharide is a sulphated glucuronomannan (Le
Costaouéc et al., 2017) and a previous study has demonstrated the high
capability of sulphated polysaccharides to sequester metal ions (Raize
et al.,, 2004). HAADF-STEM analysis confirmed that diatoms cultured
with NP12 presented cell shape modifications (Fig. 4(b)) and cell wall
alterations (Fig. 4(c)) including breaks and a decrease in its thickness
making it possible the visualization inside the cell, unlike the control
(Fig. 4(a)). The capacity of NPs to induce cell wall damage was also
observed in previous studies (Wang et al., 2016; Sendra et al., 2017a,
b). HAADF-STEM analysis highlighted the presence of dense areas in-
side the cytosol corresponding probably to a vacuole (Fig. 4(d)) and
lipid vesicles and/or stress granules (Fig. 4(e)). The vacuole is a mul-
tifunctional compartment central to many functions such as storage,
catabolism and maintenance of the homeostasis (Shebanova et al.,
2017). Several previous studies have shown its capacity to accumulate
phosphorus and nitrogen reserves under stress conditions (Shebanova
et al., 2017) and to sequester various pollutants including Cd (Brembu

Fig. 4. HAADF-STEM analysis of P. tricornutum. Analysis were performed from 7-d-old cultures (a): HAADF-STEM image of a diatom cultured in f/2 medium without CdSe NPs (control).
A regular shape is observed as well as a thick cell wall making it difficult to visualise inside the cell. (b) HAADF-STEM image of a diatom cultured in f/2 medium contaminated with NP12
(4.2 x 10'3NPs/L, [Cd]eq. = 127 pg/L, [Seleq. = 89 ug/L). The cell exhibits cell shape modifications, especially in the extreme parts, and cell wall alterations including a decrease in the
thickness of the cell wall making it possible to visualise inside the cell. (c): Dense and altered area of the cell wall. (d): Dense area of the cytosol corresponding probably to a vacuole. (e):
Granules inside the cell. (f-i): EDX analysis reveals the presence of Se and Cd elements inside the cell wall.
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et al., 2011). Indeed, in a previous study, Brembu et al. (2011) men-
tioned a possible Cd sequestration in the vacuole of P. tricornutum
thanks to a vacuolar iron transporter homologue. This storage activity
could explain its high density evidenced by HAADF-STEM analysis. The
accumulation of lipid vesicles in microalgae under stress was demon-
strated in a previous study (Elsayed et al., 2017) and it is known that
lipid vesicles can be used by microorganisms to store pollutants (Verdin
et al., 2005). So, we can hypothesise that P. tricornutum has probably
internalised a part of Cd and Se released from CdSe NPs inside vacuole
and lipid vesicles. However, although the presence of Se appears to be
stronger in the vacuole (EDX analysis presented in Supplementary
Fig. 3), the distribution of Cd and Se are homogeneous within the cells
and it is difficult to draw conclusions. The internalization of Cd and Se
in the vacuole and lipid vesicles should be confirmed by further ex-
periments.

Stress granules are non-membranous cytoplasmic foci composed of
non-translating messenger ribonucleoproteins that rapidly aggregate in
cells exposed to adverse environmental stress conditions including
oxidative stress (Anderson and Kedersha, 2009). They contain tran-
scripts encoding housekeeping genes but exclude those encoding stress-
induced genes which must be primarily translated. They range in size
from 100 nm to 1000 nm (Anderson and Kedersha, 2009) which cor-
responds to the size of granules detected in diatoms cultured with
NP12. Moreover, NPs can induce the stress granule formation
(Santimano et al., 2013).

3.4. Effect of CdSe NPs on oxygen production

The impact of CdSe NPs on the oxygen production of P. tricornutum
is presented in Supplementary Fig. 4. After 2 d of cultivation, a slight
decrease in oxygen production (10%) was observed with NP5 (cells in
exponential growth phase as for the control) (p-value = .036), while
the oxygen production under NP12 stress (cells always in lag phase)
was like control. After 7 days of culture (NP5 and control: cells at the
beginning of the stationary growth phase; NP12: cells at the end of the
exponential growth phase) a similar oxygen production was found for
all conditions. Moreover, it should be noted a significant reduction of
oxygen production between 2-d and 7-d incubation times for all culture
conditions (— 35% for control, — 33% for NP5 and — 35% for NP12).
As a result, in our experimental conditions, CdSe NPs did not strongly
impact oxygen production. Our strain achieved to maintain a satisfac-
tory O, production and so a satisfactory photosynthesis activity and
energy production. This ability probably helps the cells to develop re-
sistance mechanisms to counteract disturbances generated by NPs and
released metal ions. In other studies, a decrease in photosynthetic ac-
tivity is generally observed under NPs stress (Lin et al., 2009; Da Costa
et al., 2016; Zhu et al., 2017).

3.5. Effect of CdSe NPs on intracellular ROS level

The intracellular ROS levels of P. tricornutum subjected to CdSe NPs
are represented in terms of their relative increases (%) compared to the
control (Fig. 5). In our experimental conditions, NP5 caused a sig-
nificant increase in the intracellular ROS level only at day 5 of culture
(2.7-fold; cells at the end of the exponential growth phase). Under NP12
exposure, a significant increase in the intracellular ROS level was ob-
served at day 1 (5.7-fold; cells at the beginning of the lag growth
phase), day 5 (7.9-fold; cells in exponential growth phase) and day 7
(4.0-fold; cells at the end of the exponential growth phase). The high
intracellular ROS level observed in diatoms cultured with NP12 after
1 day of culture can be correlated to the high Cd accumulation level
observed for the same time (Fig. 3(a)). Indeed, the major NP dissolution
observed after one day of culture (60% of NP5 and 64% of NP12) led to
a higher release of metal ions with NP12 than with NP5 (three times
higher). Moreover, these results support also the hypothesis of direct
physical interactions between CdSe NPs and cells (adsorption around
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the cells and internalization), before NP dissolution, leading to mem-
brane damages as it was demonstrated in several previous studies
(Wang et al., 2016; Sendra et al., 2017b; Schiavo et al., 2017). We can
assume that NP12 caused more damage and ROS generation than NP5,
because of their higher volume. Direct interactions between NPs and
algae cells are reported to induce oxidative stress (Deng et al., 2017;
Sendra et al., 2017b), which has been considered as the dominant factor
in determining NP toxicity to microalgae (Xia et al., 2015; Peng et al.,
2017). An increase in ROS level under NP stress was frequently ob-
served in previous studies (Wang et al., 2016; Sendra et al., 2017a, b;
Zhu et al., 2017). In an additional study, direct physical interactions
between CdSe NPs and diatoms should be confirmed by HAADF-STEM
analysis conducted before NP dissolution.

The lack of increase in intracellular ROS level with NP5 at 1, 2 and
3-d incubation times, and the strong decrease in intracellular ROS level
under NP12 exposure between days 1 and 2, show the powerful anti-
oxidant capacity of this diatom. P. tricornutum was capable to coun-
teract effectively and rapidly the oxidative stress generated by CdSe
NPs, probably thanks to metabolic changes which will be highlighted
by our proteomic analysis. Comparable results were observed in recent
studies (Wang et al., 2016; Sendra et al., 2017a; Zhu et al., 2017).
During the exponential phase, which is a growth phase generating
important ROS production because of a higher metabolic activity, cells
cultured with NPs presented some difficulty to maintain low ROS levels
and an increase in intracellular ROS level was observed at day 5.
However, after 7 days of cultivation (cells at the beginning of the sta-
tionary phase with NP5 and at the end of the exponential growth phase
with NP12) cells managed, once again, to decrease the ROS level,
probably thanks to complementary metabolic adaptations. Changes in
intracellular ROS levels during the different growth phases were also
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Fig. 5. Effect of CdSe NPs on intracellular ROS level in P. tricornutum. The algae cells were
cultured in f/2 medium, at 20 °C, under a light-dark cycle (16 h/8h), without CdSe NPs
(control), with NP5 (2.2 x 10" NPs/L, [Cdleq = 47 pg/L, [Seleq. = 33 pg/L) or with
NP12 (4.2 X 10'® NPs/L, [Cdleq = 127 pg/L, [Seleq. = 89 pg/L). The measurements
were performed from 1, 2, 3, 5 and 7-d-old cultures. The results were expressed as a
percentage of the control (control value corresponding to the 100%). Data are
means + standard deviations (n = 3). Some standard deviations are not visible because
they are shorter than the symbol size. The mean value of each bar with an asterisk (*) is
significantly different from control according to Student t-test (p < .05).
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observed in a previous study when P. tricornutum was subjected to
AgNPs (Sendra et al., 2017b).

3.6. Differential protein expression

Only proteins presenting a sample/control ratio (fold change) = 2
or < 0.5 for the three quantification strategies (spectral count quanti-
fication with Q-Exactive+, spectral count quantification with TT5600
and MS1-Label-Free quantification with TT5600) were considered as
regulated by CdSe NPs. The NP5 induced the up-regulation of 20 pro-
teins and the down-regulation of 6 proteins (Supplementary Table 4),
while NP12 induced the up-regulation of 28 proteins and the down-
regulation of 7 proteins (Supplementary Table 5).

Eighteen differentially regulated proteins were common to both
sizes of CdSe NPs (proteins on a grey background in Supplementary
Tables 4 and 5). Identified proteins were found to be involved in var-
ious biological activities, such as oxidation-reduction process (e.g., al-
cohol dehydrogenase, thioredoxin), glycolytic process/energy metabo-
lism (e.g., cytosolic aldolase, phosphoglycerate kinase), transport and
binding (e.g., annexins, nucleic acid binding proteins for NP5), response
to oxidative stress (e.g., actin binding protein, glutathione peroxidase
for NP5, protein implied in thiamine biosynthesis for NP12), translation
(e.g., structural constituents of ribosomes), protein metabolism (e.g.,
metallopeptidase for NP12), membrane biogenesis (e.g., integral com-
ponents of membrane, phosphoric diester hydrolase for NP12), reg-
ulation/signalling (e.g., small ubiquitin-like modifier for NP12), energy
metabolism (adenylate kinase for NP5) and other functions (e.g., me-
tacaspase, TRD3).

In the following, we discuss the implications of these proteome
changes in order to better understand impacts of CdSe NPs on algae
cells and elucidate defence mechanisms developed by P. tricornutum to
counteract damage induced by these NPs.

3.6.1. The fight against oxidative stress

The proteome analysis of P. tricornutum submitted to CdSe NPs has
highlighted numerous metabolic changes to fight against oxidative
stress. Thus, our results have shown the up-regulation of several pro-
teins implied in oxidation-reduction processes and antioxidative activ-
ities such as alcohol dehydrogenase (NP5; NP12), thioredoxin (NP5;
NP12), glutathione peroxidase (NP5) and protein implied in thiamine
biosynthetic process (NP12). Alcohol dehydrogenase was also induced
in Cyanobacterium PCC 6803 upon exposure to salt or hyperosmotic
stress (Vidal et al., 2009) and the authors suggested a possible role for
this enzyme in oxidizing NADPH under some stress conditions and thus
contributing to the maintenance of the ATP/NADPH balance. It was
also overexpressed in Arabidopsis NRAMP1 under Fe-deficiency
(Vatansever et al., 2016). Thioredoxin is a small multifunctional protein
involved in redox regulation (Marchand et al., 2006). Thioredoxin
system is a key system against oxidative stress through its disulfite re-
ductase activity regulating protein dithiol/disulphide balance (Lu and
Holmgren, 2014). The up-regulation of the cytosolic aldolase and a
protein implied in actin filament depolymerisation highlighted that P.
tricornutum used S-nitrosylation and S-glutathionylation processes to
decrease oxidative stress and maintain redox homeostasis. Indeed, cy-
tosolic aldolase was identified as a potential target of S-nitrosylation
and S-glutathionylation for thioredoxin (Marchand et al., 2006).
Moreover, the depolymerisation of the actin filament could promote its
S-glutathionylation and consequently could attenuate the effect of Cd
ions released from NPs (Dailianis et al., 2009). Dailianis et al. (2009)
suggested that the actin polymerization/depolymerisation regulation is
involved in Cd-induced toxicological cell signalling responses. The S-
glutathionylation of actin, which is considered as an early mechanism
of protection against stress (Shelton et al., 2005), was also observed in a
previous study in response to oxidative stress (Go et al., 2013). Glu-
tathione peroxidase (GPX) is a powerful antioxidant agent able to
scavenge H,0, and to reduce lipid hydroperoxides (Cabello-Hurtado
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et al., 2016). An induction of this enzyme was also observed in Arabi-
dopsis thaliana cells submitted to silica NPs (Cabello-Hurtado et al.,
2016), in Chlamydomonas reinhardtii under vital consequences of copper
stress (Jiang et al., 2016) and in the green microalgae Ankistrodesmus
falcatus under nickel stress (Martinez-Ruiz and Martinez-Jerénimo,
2015). The high induction of the GPX indicates that NP5 have led to a
ROS production, as it was demonstrated by our results presented Fig. 5,
but defence mechanisms developed by P. tricornutum allowed to
maintain ROS levels like control after one day of culture. GPXs are
divided into two sub-families including selenium-dependent glu-
tathione peroxidase (SeGPX) and non-selenium glutathione peroxidase
(non-SeGPX). Previous studies have reported the expression of a SeGPX
in marine organisms such as the mussel Mytilus galloprovincialis
(Chatziargyriou and Dailianis, 2010) or the abalone Haliotis discus
discus (Bathige et al., 2015). While no study mentions this for P. tri-
cornutum, the up-regulation of the GPX observed in our study suggests
that the diatom used Se released from CdSe NPs to preferentially syn-
thesize SeGPX.

Thiamine (vitamin bl) has a documented antioxidant activity in
both plants and animals (Tunc-Ozdemir et al., 2009) and it may partly
act to scavenge superoxide ions directly (Jung and Kim, 2003). The
thiamine content of phytoplankton cells is affected by abiotic stress
(Sylvander et al., 2013). In a recent study, authors have demonstrated
that thiamine was capable to decrease oxidative stress generated by
H>0, in the yeast Saccharomyces cerevisiae (Wolak et al., 2014). Thus,
the over-synthesis of thiamine under NP12 stress helped P. tricornutum
to fight against oxidative stress by contributing to a decrease in ROS
level during cultivation.

In our study, the oxidative stress generated by CdSe NPs was also
confirmed by the up-regulation of annexins. Annexins are multi-func-
tional membrane-binding proteins that are involved in various stress
responses and that can form Ca?* permeable conductance in an oxi-
dized membrane, simulating ROS signalling conditions (Laohavisit
et al., 2010). Consequently, the over-expression of annexins led to an
increase in intracellular Ca®>* level and the trigger of defence me-
chanisms against oxidative stress, as it was demonstrated in a previous
recent study (Zhang et al., 2017). The increase in intracellular Ca®*
level probably led to a Ca®>* uptake into the vacuole, contributing to its
high density highlighted by HAADF-STEM analysis. The vacuole is a
major calcium store in many organisms and the removal of Ca** from
the cytosol is essential to cellular Ca?* homeostasis (for a review see
Pittman, 2011).

In our culture conditions, metabolic changes described above have
allowed P. tricornutum to maintain low ROS level after two and three-
day incubation times (Fig. 5). However, after a 5-day culture period,
these defence mechanisms became insufficient and an increase in ROS
level was observed for contaminated cultures. This increase could ex-
plain the over-expression of the metacaspase highlighted by proteomic
analysis. Metacaspases are cysteine proteases capable to mediate pro-
grammed cell death (PCD) in response to ROS (Fagundes et al., 2015;
Bidle, 2016). The up-regulation of a metacaspase could explain the
decrease in the specific growth rate observed with CdSe NPs
(Supplementary Table 2) and suggest a regulation of the cell con-
centration, probably to provide extending population life. Previous
studies have demonstrated that abiotic stress can trigger PCD, as well as
an increase in antioxidant enzymes (Gonzélez-Pleiter et al., 2017; Wang
et al., 2017).

3.6.2. Other mechanisms developed to counteract stress generated by CdSe
NPs

In our study, stress generated by CdSe NPs on P. tricornutum was
also confirmed by the up-regulation of the phosphoglycerate kinase.
Protein kinases play a significant role in cellular response to external
stresses and stimuli since they are involved in metabolic adaptation
during environmental stresses (Vercruysse et al., 2011). A protein ki-
nase was also up-regulated in chickpea by TiO, NPs (Amini et al.,
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2017). Moreover, phosphoglycerate kinase playing a key role for ATP
production during glycolysis, the up-regulation of this enzyme indicates
an increase in the energy demand of algae cells under CdSe NPs,
probably to repair damage caused by NPs and maintain photosynthesis
and growth. An over-expression of this protein under Cr stress was re-
ported in a previous study (Bukhari et al., 2016), whereas its synthesis
was down-regulated when the microalga Microcystis aeruginosa was
submitted to AgNPs (Qian et al., 2016).

Our results show that CdSe NPs induced modifications in membrane
composition of P. tricornutum since some of its components were up-
regulated while other were down-regulated. With NP5, the down-reg-
ulation of a mucin-associated surface protein (MASP) was observed.
MASPs are glycosylphosphatidylinositol-anchored glycoproteins and
several studies have shown that sugar groups of glycoproteins can bind
metal ions and NPs (Macfie and Welbourn, 2000; Deng et al., 2009).
Sequestration of NPs and metal ions by membrane glycoproteins can
protect cells by avoiding their penetration into cytosol. However, by
interacting with the membrane, NPs and metal ions can induce im-
pairment of its structure and function such as lipid peroxidation
(Morelli et al., 2013; Tang et al., 2015). Consequently, our results show
that P. tricornutum responded to stress generated by NPs and metal ions
by reducing the level of membrane components facilitating direct in-
teractions between the pollutants and the membrane in order to pre-
serve membrane functionality.

With NP12, our results show the up-regulation of a protein implied
in lipid metabolic process. Since lipid peroxidation is caused by an
excess of ROS, the high ROS level observed with NP12 after one and
five days of culture suggests a higher lipid peroxidation with NP12 than
with NP5. As a result, in the presence of NP12, the algae cells must
produce a high amount of lipids to replace those altered and ensure
their growth. Several previous studies have shown that NPs are capable
to cause lipid peroxidation of the membrane of P. tricornutum (Morelli
et al., 2013; Scebba et al., 2016; Deng et al., 2017). Moreover, an in-
crease in the lipid synthesis is in line with the HAADF-STEM analysis
showing a great number of lipid vesicles in the cytosol of diatoms
cultured with NP12.

The up-regulation of the small ubiquitin-like modifier (SUMO) and a
metallopeptidase confirms cell disturbances provoked by NP12 such as
genome and protein damage. SUMO is a crucial regulator of signalling
proteins in eukaryotes. SUMOylation (protein modification with
SUMO) modulates the activity of transcription factors involved in var-
ious stress responses in plants, including strong oxidative stress (Bossis
and Melchior, 2006). SUMOylation have recently emerged as an im-
portant regulatory means to coordinate DNA damage signalling and
repair (Pellegrino and Altmeyer, 2016). The up-regulation of a me-
tallopeptidase probably allowed algae cells to remove proteins da-
maged by NPs and metal ions. They must then be replaced with new
copies produced through de novo synthesis. This result is in accordance
with a previous study highlighting that NPs and metal ions can impair
proteins (oxidation, misfolding) (Pena et al., 2007; Feng et al., 2015;
Mirzajani et al., 2014). Moreover, since metallopeptidase are metal-
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dependent peptidases, cadmium released from NPs could inhibit their
function by replacing their essential metal ion. Algae cells must then
synthetize a large amount of these enzymes to maintain a vital pro-
teolytic activity. Several previous studies have put forward cad-
mium-zinc exchanges in proteins (for a review see Tang et al., 2014).

The down-regulation of the TRD3 (Tryptophan Rich Domain) with
NP5 and NP12 demonstrates that P. tricornutum limited protein damage
by decreasing the level of amino-acids which can undergo irreversible
oxidative damage. Indeed, a previous study has shown an irreversible
ring cleavage of tryptophan under oxidative conditions (Sies, 1986).

In our study, the down-regulation of nucleotide, nucleic acid and
RNA binding proteins suggests that CdSe NPs led to a slowdown of the
cell division and growth (confirmed by growth kinetics presented in
Fig. 2). In contrast, the over-synthesis of numerous structural con-
stituents of ribosomes indicates that P. tricornutum greatly increased
protein and enzyme synthesis, probably to combat effectively cell dis-
turbances induced by NPs.

Proteomic analysis highlighted the down-regulation of a protein
having an adenylate kinase activity in diatoms cultured with NP5.
Adenylate kinase, which catalyses the reversible transformation of ADP
to ATP and AMP, is a signal transducing protein that regulates cellular
energy homeostasis balancing between different conformations
(Formoso et al., 2015). Under oxidative stress, it plays a key role to
regulate the energy budget, particularly in situations where oxidative
phosphorylation is ineffective (Han et al., 2013). In our study, the up-
regulation of numerous enzymes involved in oxidation-reduction pro-
cess could be explained the down-regulation of this enzyme.

Although proteomic analysis has provided some information about
defence strategies developed by P. tricornutum to counteract CdSe NP
toxicity, they did not give us an adequate understanding of mechanisms
used by algae cells to decrease the amount of Cd immobilized by cells
between the 1- and 4-day incubation times. The up-regulation of a
protein involved in the intracellular transport and an integral compo-
nent of membrane with ATPase activity could be consistent with the
hypothesis of an active Cd export as it was also suggested in a previous
study (Brembu et al., 2011).

Our study allowed to identify several metabolic changes developed
by P. tricornutum cells when they are submitted to CdSe NPs. As pre-
sented in Fig. 6, the differentially expressed proteins were chiefly in-
volved in the fight against oxidative stress and the cellular redox
homeostasis, including Ca®* regulation and signalling, and S-ni-
trosylation and S-glutathionylation processes. Other regulated proteins
were involved in translation; membrane, genomic and protein repair;
membrane biogenesis and cell death programming (Fig. 6). Similar
responses were also observed when Oriza sativa L. was submitted to
silver nanoparticles (Mirzajani et al., 2014).

In a previous study, when P. tricornutum was cultured with 123 ug/L
Cd, the very few transcripts affected indicated that the cells were cap-
able to respond to the increased Cd** levels without changing proteins
levels (Brembu et al., 2011). Thus, the numerous proteome changes
observed in our study when P. tricornutum was exposed to 2.2 x 10'*

NP12
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Fig. 6. Distribution of proteins differentially expressed by NP5 (2.2 x 10 NPs/L, [Cdleq. = 47 ug/L, [Seleq. = 33 ug/L) and by NP12 (4.2 X 103 NPs/L, [Cd] cq. = 127 ug/L, [Seleq. =

89 ug/L), based on their biological function.
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Fig. 7. Schematic representation of a major impact of CdSe NPs
on P. tricornutum. NP5 (small light grey circles) and NP12 (big
dark grey circles) probably interact with algae cells causing
membrane damages such as lipid peroxidation. In f/2 medium,
the rapid CdSe NP dissolution lead to the release of Cd** and Se?,
which can enter the cell easily. These two processes induce a ROS
generating and a high oxidative stress leading to DNA and protein
damage. P. tricornutum responded to CdSe NP toxicity by reg-
ulating numerous proteins involved in the following defence
mechanisms: 1) an effective combat against oxidative stress, and
the regulation of cellular redox homeostasis, thanks to annexin,
Ca®* regulation and signalling, thioredoxin, S-nitrosylation and
S-glutathionylation processes, alcohol dehydrogenase, glu-
tathione peroxidase (GPX), thiamine; 2) a decrease in molecules
that can be damaged by NPs and metal ions, e.g., tryptophane rich
domain (TRD); 3) a decrease in membrane component promoting
NP biosorption, e.g., mucin-associated surface protein (MASP); 4)
an increase in regulators and factors involved in stress signalling
and DNA damage, e.g., small ubiquitin-like modifier (SUMO),

1 Membrane components
with ATPase activity

Cd?*?

kinase; 5) an increase in synthesis of cell components damaged
and inhibited by NPs and metal ions, e.g., lipids and metallo-
peptidases; 6) a potential active Cd*?2 export thanks to the up-

regulation of an integral component of membrane with ATPse activity; 7) the programmed cell death (PCD) triggers thanks to metacaspase, probably when the ROS generating gets out of

control.

NP5/L and 4.2 x 10" NP12/L, corresponding to 47 pg/L [Cd]., and
127 pg/L [Cd]eq., respectively, allow to say that CdSe nanocrystals are
more toxic than cadmium ions used at the same concentrations. This is
in accordance with previous studies showing that TiO, NPs were more
harmful than TiCl, used at the same low Ti concentrations (Minetto
et al., 2017) and that ZnO NPs were more toxic than Zn2* (Li et al.,
2017). Nevertheless, in our experimental conditions, P. tricornutum was
capable to counteract CdSe NP toxicity by using major defence me-
chanisms presented in Fig. 7, but with a decrease in the specific growth
rate.

4. Conclusions

Our study confirms that CdSe NPs induce negative impacts on dia-
toms such as a slow growth, an increase in ROS level and wall damage.
The species P. tricornutum is more impacted by CdSe NPs than by Cd
ions for equivalent Cd concentrations. The high CdSe NP toxicity may
be due to direct interactions between CdSe NPs and diatoms, and to the
high CdSe dissolution in seawater (100% after 7 days of culture)
causing the accumulation of Cd and Se ions inside diatoms. Our study is
the first one to use a mass spectrometry-based proteomic approach to
identify proteins differentially expressed by P. tricornutum subjected to
CdSe NPs. The identification of these proteins is fundamental to im-
prove our knowledge about defence mechanisms developed by algae
cells to counteract damage caused by CdSe NPs. Proteomic analysis
highlighted that P. tricornutum responded to CdSe NP toxicity by reg-
ulating numerous proteins involved in protection against oxidative
stress, cellular redox homeostasis, Ca*>* regulation and signalling, S-
nitrosylation and S-glutathionylation processes and cell damage repair.
These proteome changes allowed diatoms to counteract oxidative stress
generated by CdSe NPs and to maintain their growth. Nevertheless, the
uptake of CdSe NPs led to the trigger of the programmed cell death and
affected the cell concentration.

These findings are relevant because they provide essential in-
formation on interactions between diatoms and NPs and help to eval-
uate the ecological impact of these new pollutants on the marine eco-
systems.
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