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e Protein expression profiles in mussels dietarily exposed to Ag NPs for 21 d were
studied in autumn and spring.

e Mussels accumulated Ag in both seasons and Ag NPs were found within mussels
digestive gland tubule cells and gills.

e Protein expression profiles and associated metabolic pathways depended on
season and Ag NPs exposure.

e Chitinase like protein-3 and G3PDH were among differentially expressed spots
identified in both seasons.

e Status of gamete development should be considered when assessing effects caused
by NPs in mussels.



ABSTRACT

Potential toxic effects of Ag NPs ingested through the food web and depending on the
season have not been addressed in marine bivalves. This work aimed to assess
differences in protein expression in the digestive gland of female mussels after dietary
exposure to Ag NPs in autumn and spring. Mussels were fed daily with microalgae
previously exposed for 24 hours to 10 pg/L of PVP/PEI coated 5 nm Ag NPs. After 21
days, mussels significantly accumulated Ag in both seasons and Ag NPs were found
within digestive gland cells and gills. Two-dimensional electrophoresis distinguished 104
differentially expressed protein spots in autumn and 142 in spring. Among them,
chitinase like protein-3, partial and glyceraldehyde-3-phosphate dehydrogenase, that
are involved in amino sugar and nucleotide sugar metabolism, carbon metabolism,
glycolysis/gluconeogenesis and the biosynthesis of amino acids KEGG pathways, were
overexpressed in autumn but underexpressed in spring. In autumn, pyruvate
metabolism, citrate cycle, cysteine and methionine metabolism and glyoxylate and
dicarboxylate metabolism were altered, while in spring, proteins related to the
formation of phagosomes and hydrogen peroxide metabolism were differentially
expressed. Overall, protein expression signatures depended on season and Ag NPs
exposure, suggesting that season significantly influences responses of mussels to NP

exposure.

Keywords: silver nanoparticles, dietary exposure, mussels Mytilus galloprovincialis,

seasons, proteomic analysis.



1. Introduction

The rapid development of nanoscience and nanotechnology has led to the
increasing incorporation of nanoparticles (NPs) into consumer products (Baker et al.,
2014; Corsi et al., 2014; Vance et al., 2015). Due to their unique optical, catalytic and
antimicrobial properties, silver NPs (Ag NPs) have gained high commercial and scientific
interest (Fabrega et al., 2011; Vance et al., 2015; Zhang et al., 2016; McGuillicuddy et
al., 2017). The production, use and degradation of products containing Ag NPs can
provoke the potential release and input of Ag NPs into freshwater and marine
environments (Baker et al., 2014; Corsi et al., 2014). Once in the environment, Ag NPs
may interact with aquatic organisms and may induce toxic effects at different levels of

biological organization (Rocha et al., 2015a).

Toxic effects caused by the exposure to Ag NPs through the water have been
widely investigated in different freshwater organisms such as microalgae (Navarro et al.,
2008; Ribeiro et al., 2014; Sendra et al., 2017a), daphnids (Ribeiro et al., 2014; Khan et
al., 2015; Pakrashi et al., 2017) and zebrafish (Griffit et al., 2009; 2013; Ribeiro et al.,
2014; Lacave et al., 2017; 2018; Orbea et al., 2017). In seawater, studies based on
waterborne exposure to Ag NPs have mainly been focused on microalgae (Gambardella
et al., 2015; Schiavo et al., 2017; Sendra et al., 2017b) and bivalves (Ringwood et al.,
2010; Buffet et al., 2013; 2014; Gomes et al., 2013a; 2013b; McCarthy et al., 2013;
Bebianno et al., 2015; Katsumiti et al., 2015; Jimeno-Romero et al., 2017). However,
studies on the potential trophic transfer of metals, metal oxides and metal mixtures in

nano-size are scarce but increasingly necessary due to their potential incidence in



human and other species health (Tangaa et al., 2016). In fact, few works have assessed
the potential toxic effects of metallic NPs ingested through the food web in marine
organisms (Larguinho et al., 2014; Wang et al., 2016; Manzo et al., 2017; Bhuvaneshwari
et al., 2018), including Ag NPs (Buffet et al., 2013; Wang and Wang 2014; Duroudier et

al., 2019).

In general, bivalve molluscs form the most studied invertebrate group since they
have been identified as an important target group for NP toxicity in the marine
environment (Moore et al., 2006; Canesi et al., 2012; Corsi et al., 2014; Canesi and Corsi,
2016). Most research in bivalves has been focused on understanding the effects of Ag
NPs on in vivo waterborne exposed organisms using conventional biomarkers (Ringwood
et al., 2010; Buffet et al., 2013; 2014; Gomes et al., 2013a; 2014b; McCarthy et al., 2013;
Bebianno et al., 2015; Jimeno-Romero et al., 2017), but few studies based on other
methods (e. g. transcriptomics, proteomics, metabolomics) have assessed the potential
effects caused by Ag NPs (Rocha et al.,, 2015a). Proteomics-based methods, among
others, have been applied to complement the information given by conventional
biomarkers and to identify new protein pathways affected by the exposure to NPs

(Dowling and Sheehan, 2006; Rocha et al., 2015a).

Tedesco et al. (2008) first reported the use of redox proteomics in Mytilus edulis
tissues exposed to 750 pg/L of gold-citrate-NPs 13 nm) for 24 hours. Authors observed
high carbonylation and ubiquitination of proteins in mussels gills and digestive gland,
respectively (Tedesco et al., 2008). The same Au-citrate-NPs ¢13 nm) as well as ~5 nm
Au NPs both provoked a reduction in the amount of thiol-containing proteins in the

digestive gland of M. edulis mussels (Tedesco et al., 2010a; 2010b), suggesting that Au



NPs caused oxidative stress. Similarly, Hu and colleagues (2014) observed a reduction
in thiol groups as well as an increase in carbonylated proteins in gills of mussels M. edulis
exposed to three different concentrations of CuO NPs for just 1 hour. Additionally, some
proteins were identified as indicators of oxidation of cytoskeleton proteins and two
other as specific enzymes after CuO NPs exposure (Hu et al., 2014). Short exposures (3h,
6h and 12h) to two sizes of Ag NPs (<50 and < 100 nm) also provoked protein thiol
oxidation and/or protein carbonylation in mussels gills and digestive gland (Bouallegui
et al.,, 2017). Alterations in the proteome of mussels M. galloprovincialis were also
assessed after the exposure to CuO NPs or Ag NPs and to their ionic form (Gomes et al.,
2013b; Gomes et al., 2014a). In these works, NP and ionic form-dependent protein
expression signatures were reported (Gomes et al., 2013b; 2014a). In fact, major vault
protein, paramyosin and ras (partial) were overexpressed protein spots in mussels
exposed to 10 pg/L Ag NPs for 15 days (Gomes et al., 2013b) and caspase 3/7-1,
cathepsin L and Zn-finger protein in mussels exposed to 10 pg/L CuO NPs for 15 days
(Gomes et al., 2014a). Thus, such proteins were proposed as putative molecular

biomarkers to assess toxicity of Ag NPs and CuO NPs, respectively.

In studies reported above, gender of mussels and developmental stage of
gametes were not considered although mussels are intertidal organisms that show
seasonal metabolic and enzymatic variations related both to abiotic changes in the
environment, such as temperature, food availability and oxygen levels, and to biotic
factors such as gender, gamete developmental stage and physiological state (Bayne and
Widdows, 1978; Solé et al., 1995; Cancio et al., 1999). Some studies have identified

gender-specific natural variations in gene expression patterns (Banni et al., 2011) as well



as gender-specific differences in the response to contaminants (Livingstone and Farrar,
1984; Brown et al., 2006; Riva et al., 2014, Ji et al., 2016; Banni et al., 2017) suggesting
that gender of mussels should be considered in ecotoxicological studies. In fact, in many
works the potential effects of different pollutants have been studied only in female
mussels (Dondero et al., 2011; Negri et al., 2013; Banni et al., 2014; 2016; 2017). Thus,
in the present study differences in protein expression profiles were only assessed in
female organisms in order to avoid biological variability related to gender. Further,
mussels sensitivity towards chemical insults may vary in some stages of their
reproductive cycle such as the reproduction period (Leinio and Lehtonen, 2005;
Bocchetti and Regoli, 2006; Almeida et al., 2013). Thus, it is relevant to study season-
dependent variations in mussel responses to Ag NPs as well as to other emerging

pollutants.

In this context, the aim of this work was to assess differences in the expression
profile of proteins in the digestive gland of female mussels fed with algae exposed to 10
ug/L Ag NPs and to compare such expression profiles at two different seasons, in
autumn and spring, in which mussels were at different developmental stages. In parallel,
Ag accumulation was studied in mussels soft tissues and presence of Ag NPs was
assessed in tissue sections using a hyperspectral imaging system. The selected dose of
Ag NPs is above levels considered environmentally relevant (Gottschalk et al., 2009;
Tiede et al., 2009; Giese et al., 2018) but it has been previously used in toxicological
studies of water-borne exposed bivalves (Buffet et al., 2013; 2014; Gomes et al., 20133;
2013b; 2014b). Also, in a previous study, we reported deletereous effects of dietary

exposure to 10 pg/L Ag NPs and to 1 pg/L Ag NPs, a dose close to environmentally



relevant concentrations, on spawning success of female mussels and on development

of embryos descendant from exposed mussels (Duroudier et al., 2019).

2. Materials and methods

2.1. Characterization of NPs

Ag NPs coated with PVP/PEI (Poly N-vinyl-2-pirrolidone + Polyethyleneimine;
77%:23% at a concentration of 104 g/L in the final dispersion) were purchased as a stable
aqueous suspension from Nanogap (O Milladoiro, Galicia, Spain). According to the
manufacturers’ information, PVP/PEI coated Ag NPs showed an average size of 5.08 +
2.03 nm and a zeta potential of +18.6 £ 7.9 mV in distilled water. A transmission electron

microscope (TEM) image of the same batch of NPs is provided in Orbea et al. (2017).

Particle size distribution and dissolution of PVP/PEIl coated 5 nm Ag NPs in
seawater (SW) were analyzed as reported in Duroudier et al. (2019). Briefly, PVP/PEI
coated 5 nm Ag NPs dispersed in SW immediately reached a mean size of roughly 97 nm
according to Dynamic Light Scattering using a Zetasizer Nano Z (Malvern Instruments
Ltd., Worcestershire, UK). After 24 hours, particle size remained stable around 94-96 nm
(Duroudier et al., 2019). Dissolution of PVP/PEI coated 5 nm Ag NPs was assessed in SW
after 12, 24, 48 and 72 hours For that, 10 mL samples of the Ag NP suspensions were
prepared at a concentration of 10 mg/L and filled into dialyzer tubes (Spectra/ Por®
Float-A-Lyzer; MWCO 0.1-0.5 kDa). The sample-filled dialyzers were then immersed in 1
L SW and samples (3 replicates of 1 mL) were extracted at 12, 24, 48 and 72 hours from
the solution and analyzed for Ag ions using Inductively Coupled Plasma Mass

Spectrometry (ICP-MS; Thermo X2 series) after 100-fold dilution using external



calibration. Differences obtained for replicate samples were consistently lower than 5 %
(Relative Standard Deviation; R.S.D). Dissolution of Ag NPs in SW was detected along the
72 hours of experimentation. After 12 hours, Ag NPs released around 4% of Ag ions
increasing the dissolution to around 14% at 24 hours. After 48 hours ~17% of Ag ions
were released from Ag NPs and at 72 hours, dissolution increased to 20% (Duroudier et

al., 2019).

2.2. Experimental design

Mussels Mytilus galloprovincialis 3.5-4.5 cm in shell length were collected in
autumn (November 2013) and spring (March 2014) from San Felipe, Galicia (43°
27.599'N, 8° 17.904'W). Upon arrival to the laboratory, mussels were placed in an
acclimation tank with natural filtered SW (temperature =15.6°C, salinity =28.7%o,
conductivity =36.4 mS/cm, pH =7.7 at light regime 12 h/12 h L/D) for 10 days. Mussels
were maintained 5 days without feeding and then mussels were fed with Isochrysis
galbana microalgae (20 x 10° cells/ mussel-day) for other 5 days. For that, microalgae
were cultured with natural filtered SW as above, additionally filtered (0.2 um) and
sterilized at 20°C under cool continuous white fluorescent light (GRO-LUX F58W) with
constant aeration in reactors at a concentration of 6x10° cells/mL. Commercial F2 algae
medium (Fritz Aquatics, USA) was supplied according to manufacturer’s instructions.

Concentration of microalgae was checked every day before feeding mussels.

After the acclimation period, mussels were distributed in two high density
polypropylene containers (250 L) containing 240 mussels per tank. Mussels in the

control tank were fed for 21 days with the microalgae Isochrysis galbana (20 x 10° cells/



mussel-day) and mussels in the treatment tank were fed for 21 days with the same
ration of microalgae I. galbana (20 x 108 cells/ mussel-day) previously exposed for 24
hours to 10 pug Ag /L Ag NPs. Microalgae exposure was performed in constantly aerated
two beakers (control and exposed) that contained the same volume of 6x10° cell/mL of
microalgae. A stock suspension of PVP/PEI coated Ag NPs was daily diluted in MilliQ
water, vortexed and spiked to microalgae at the selected nominal exposure
concentration. This concentration was lower than Ag NP concentrations causing growth
inhibition (0.1 mg Ag/L Ag NPs) in 72 hours bioassays (Schiavo et al., 2017). According to
Duroudier et al. (2019), Ag was significantly accumulated in microalgae exposed to 10
ug Ag/L Ag NPs for 24 hours, reaching a mean value of 21.3+2.1 ug Ag/g d.w. After 24
hours, the beaker content with non-exposed or exposed microalgae was transferred to
the corresponding mussel tank. Water in the mussel tanks was renewed every day
before animal feeding. No mussel mortality was recorded along the experimentation

time.

After 21 days of exposure, whole soft tissues of 20 mussels per experimental
group were collected for chemical analysis. For Ag NPs localization, whole soft tissues of
3 mussels were fixed in 10% neutral buffered formalin. A piece of gonad of 20 mussels
per experimental group were dissected out and fixed in 10% neutral buffered formalin
in order to select only female mussels for the proteomic study. Digestive glands of the
same 20 mussels per group were stored at -80°C until processing. Then, digestive glands

of 5 female mussels per experimental group were used for the proteomic analysis.

2.3. Accumulation of Ag in mussel soft tissues

10



Soft tissues of 20 mussels per experimental group were pooled in 4 groups (4
pools of 5 individuals each) and then lyophilized by a freeze-dryer (Telstar Cryodos) for
5 days. Afterwards, samples (20-150 mg) were mineralized using 1.4 ml of HNOs (14 M,
PlasmaPur) and 2 ml of HCI (12 M, PlasmaPur), according to Daskalakis (1996). Briefly,
closed tubes were digested for 3 hours on a hot plate at 90°C (DigiPREP MS; SCP
SCIENCE). After cooling, digestates were diluted and analyzed for Ag concentrations by
ICP-MS (Thermo, X Series Il) using external calibration (made of commercially available
standard solutions PLASMACAL, SCP Science). Accuracy (>90%) and precision (<5%,
Relative Standard Deviation) were controlled during each analytical session by parallel
analysis of international referenced certified materials (TORT 2, IAEA 407). Results are
expressed as ug Ag/g d.w. Significant differences (p<0.05) with respect to controls as
well as among seasons were set based on the 2-way ANOVA followed by the Tukey
multiple comparison test using the statistical package SPSS v.22 (SPSS Inc., IBM

Company, Chicago, USA).

2.4. Histology of samples

After 24 hours of fixation in 10% neutral buffered formalin, whole mussels and
gonad samples were routinely processed for paraffin embedding using a Leica Tissue
processor ASP 3000 (Leica Instruments, Wetzlar, Germany). Histological sections (5 um
in thickness) were cut in a Leica RM2255 microtome (Leica Instruments) and placed on

microscope glass slides.
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2.4.1. localization of Ag NPs

Dewaxing of mussel samples was performed using either xylene or Roti-histol.
After 3 washes in xylene or Roti-histol, samples were hydrated with decreasing
concentrations of ethanol (100%, 95% and 70%) followed by a final wash in deionized
water before being dehydrated with increasing concentrations of ethanol (70%, 95% and
100%). Then, slides were washed in xylene or Roti-histol and mounted on cover slips.

Samples were let to dry for 48 hours at room temperature before CytoViva® analyses.

Slides were visualized using CytoViva® hyperspectral imaging system (CytoViva
Inc., Auburn, Alabama, USA) mounted on an Olympus BX-43 optical microscope as
described in Mehennaoui et al. (2018). Briefly, images of the digestive gland and gills of
non-exposed and exposed mussels were captured at 60x oil immersion magnification
using hyperspectral camera controlled by environment for visualization ENVI software
(version 4.8 from Harris Corporation, Melbourne, FL, USA and modified by CytoViva,
Inc.). Spectral libraries of exposed mussels were generated manually with the
acquisition of about 200 spectra per individual mussel. Acquired libraries were filtered
against non-exposed samples to filter out all spectra non-related to Ag NPs using a
spectral angle mapper (SAM) algorithm with a 0.05 radians tolerance. Filtered libraries
were mapped onto images of exposed samples using SAM with 0.1 radian tolerance
which allows highlighting similarities between the spectra in the image and in the

spectral library (Mehennaoui et al., 2018).

2.4.2. Gonad histology

12



Gonad sections from the same individuals used for proteomics were stained with
hematoxylin-eosin (Gamble and Wilson, 2002) and examined under the light microscope
(Nikon Eclipse Ni; Nikon Instruments, Tokyo, Japan) in order to identify and select female
mussels. A gonad index (Gl) value was assigned to each selected female gonad as
described by Kim et al. (2006). A mean Gl was then calculated for controls and for

mussels dietarily exposed to Ag NPs.

2.5. Proteomic analysis

2.5.1. Cell-free extract preparation and protein assay

A pool of five female digestive glands per experimental group was weighed,
suspended in 20% (w/v) HEPES-saccharose buffer (10 mM HEPES and 250 mM
saccharose) containing 1 mM DTT, 1 mM EDTA, 1 mM PMSF and 10% protease inhibitor
mixture and homogenized at 4°C. Then, homogenates were centrifuged at 15000 g for
2 hours and cell free extracts of crude cytosolic fractions were collected. Protein content
was determined following the Bradford method (Bradford, 1976) with bovine serum
albumin (BSA) as standard. 100 ug of protein content of each sample was suspended in
9 volumes of a precipitation solution (20 mM DTT, 10% trichloroacetic in cold acetone)
for 2 hours at -20°C, centrifuged at 10000 g for 30 minutes (4°C) and washed with cold
acetone. The residual acetone was removed by air drying before rehydrating the

samples for the separation of proteins by two-dimensional gel electrophoresis.

2.5.2. Two-dimensional gel electrophoresis (2-DE)

13



Proteins were first separated by isoelectric focusing (IEF) followed by SDS-PAGE.
Each sample (containing 100 pg of protein) was incubated for 30 minutes in 300 uL of
rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 0.8% pharmalyte, 65 mM DTT
and bromophenol blue traces), centrifuged at 14000 g for 10 minutes (4°C) and loaded
on 6 different Immobiline®DryStrip (pH 3-10; 18 cm). After 6 hours of passive and 6
hours of active (50 V) rehydration, IEF was carried out (20°C, 50 pA/strip) in a Ettan
IPGphor Il (GE Healthcare) using a four step program: 1000 V for 1 hour; 4000 V for 1
hour; 8000 V for 1 hour and 8000 V until 50000 V/h were reach. Before the second
dimension protein separation, 6 strips per sample were equilibrated in SDS equilibration
buffer (6 M urea, 75 mM Tris-HCl, 4% SDS, 29.3% glycerol, 0.1 mM EDTA and 0.25%
bromophenol blue) first with 2% DTT and second with 2.5% iodoacetamide. After
equilibration, SDS-PAGE was performed in 10% polyacrylamide gels using a Ettan Daltsix
Electrophoresis Unit (GE Healthcare). The separation in 6 gels was run in two steps; first,
at 120 V for 30 minutes and then at 500 V for 5 hours until separation was finished. Gels
were silver stained using a protocol compatible with MS analysis (Blum et al., 1987).
Four gel replicates out of 6 gels for each pool were analyzed to ensure the reproducibility

of 2D electrophoresis.

2.5.3. Image acquisition and analysis

The four gels per experimental group were scanned using a GS-800 densitometer
(BIORAD, Hercules, CA) and analyzed using the PDQuest Advanced 8.0 software
(BIORAD, Hercules, CA). All the 2-DE maps were performed with identical background

subtraction after spot detection. The normalized volume of each spot was used for
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guantitative analyses by dividing its volume by the total volume of detected spots on
the image in order to reduce experimental errors related to protein loading and staining.
The normalized volumes from the different spots obtained from exposed samples were
matched against the corresponding spots from control gels. The protein intensity of
each spot was normalized to the total intensity of each gel image. Significant differences
in regulated protein spots between control and mussels dietarily exposed to Ag NPs
were set based on the Mann—Whitney U-rank test. Only spots regulated at least in 3 of
the 4 gels for each group were included in the statistical analysis. Significance level was
set at 5% (p<0.05). Principal Component Analysis (PCA) was conducted using the
PRIMER-E v6 software after the normalization method described by Apraiz et al. (2009).

Briefly, volume data (vol. %) was normalized according to the following equation:

NVol % = In (vol. % + 1)

where NVol.% is the normalized vol.% obtained for each spot. After normalization of
volume data and to reduce the inter-replicate variability, only protein spots with a

coefficient of variation smaller than 40% were considered for the PCA.

2.5.4. Digestion of proteins and protein identification

Protein spots from control and exposed mussels including spots with changes in
protein expression above or below 4-fold were manually excised from silver stained gels.
Digestion and analysis through mass spectrometry were performed in the Bioscope Bio-
Analytics and Proteomics Lab from the New University of Lisbon. Briefly, picked spots

were digested with trypsin, as described in Shevchenko et al. (2007). Proteins were

15



subjected to peptidemass fingerprint (PMF) and mass spectra were acquired using an
Ultraflex Il MALDI-TOF (Bruker Daltonics) operating with positive polarity in reflectron
mode. Spectra were acquired in the range of m/z 900-3500. A total of 3000 spectra were
acquired at each spot position at a laser frequency of 50 Hz. Data acquisition and
processing was performed with Flex Analysis software 3.0 (Bruker Daltonics) with the
SNAP peak detection algorithm. The obtained peptide mass list was sent to the MASCOT
search engine using the NCBI Database. Searches were performed using the following
parameters: taxonomy: M. galloprovincialis or Bivalvia, proteolytic enzyme: trypsin,
peptide tolerance: up to 100 ppm, fixed modifications: carbamidomethyl, variable
modification: oxidation, peptide charge state: +1, missed cleavages allowed: up to 2. The

significance threshold was set to a minimum of 95%.

Biological processes of proteins were identified according to UniProt database
(UniProt Consortium, 2017). Then, the KEGG: Kyoto Encyclopedia of Genes and
Genomes database (Kanehisa et al., 2017) was used to decipher the altered metabolic
pathways. Briefly, identified sequences were annotated against the Ostreidae family
using the BlastKOALA tool in order to get the KEGG identifiers. Then, assigned KEGG
identifiers were introduced in the KEGG pathways mapping tool to identify the different

metabolic pathways in which the identified protein spots were involved.

3. Results

3.1. Accumulation of Ag in mussels soft tissues

Ag was significantly accumulated in mussel soft tissues after 21 days of dietary

exposure to 10 ug /L Ag NPs both in autumn and in spring (Table 1). Although microalgae

16



and mussel exposure conditions were identical in both seasons, higher levels of Ag were
accumulated in autumn (0.73 pug Ag/g d.w.) compared to spring (0.35 pg Ag/g d.w.)

(Table 1).

3.2. Localization of Ag NPs

CytoVIVA® analyses confirmed the presence of Ag NPs in the sections of the
digestive gland of mussels dietarily exposed to 10 pg /L Ag NPs both in autumn and in
spring (Figure 1A, B). Ag NPs were mainly located inside the digestive tubule cells and in
the lumen in both seasons (Figure 1A, B). Ag NPs were also found in the gills of mussels

dietarily exposed both in autumn and in spring (Figure 1C, D).

3.3. Gonad histology

All mussels selected for proteomic analysis were confirmed to be female. In
autumn, female mussels showed gonads in early gametogenic stage (Figures 2A, B). Gl
mean value was 2.2+1.20 for non-exposed females and 1.9+0.89 for dietarily exposed
mussels. In spring, female gonads were in an advanced gametogenic stage or in a mature
stage (Figures 2C, D). Non-exposed females Gl was 4.75+0.67 and exposed females Gl

was 4.1+0.82.

3.4. Proteomic analysis

3.4.1. 2-DE image analysis

17



After 2-DE, different protein expression profiles were obtained in the digestive
gland of unexposed mussels and in mussels dietarily exposed to 10 pg /L Ag NPs for 21
days in two different seasons (Figure 3). Image analysis of the gels revealed 104
differentially expressed protein spots in autumn (Figure 4A) and 142 differentially

expressed protein spots in spring (Figure 4B).

In autumn, among the 104 protein spots differentially expressed, 46 were
present only in control mussels and 36 protein spots were present only in exposed ones
(Figure 4A). 22 protein spots differentially expressed were common for both groups and
showed at least a 2-fold or a higher fold change in comparison to controls. 9 of them

were overexpressed and 13 were underexpressed (Figure 4A).

Of the 142 protein spots differentially expressed in spring, 26 protein spots
appeared significantly expressed only in non-exposed mussels, while 83 protein spots
were significantly expressed only in exposed digestive glands (Figure 4B). 33 protein
spots showing a fold change higher than 2 were expressed in both treatments. Among
them, 11 protein spots were overexpressed and 22 protein spots were underexpressed
(Figure 4B). Overall, more protein spots were differentially expressed in spring than in

autumn (Figures 4A,B).

Comparing control samples among seasons, 121 protein spots were differentially
expressed (Figure 4C). 62 protein spots were only expressed in autumn while 22 protein
spots were only expressed in spring (Figure 4C). 37 protein spots differentially expressed
were common to both seasons being 19 of them overexpressed and 18 underexpressed

(Figure 4C).
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Finally, 156 protein spots were differentially expressed between seasons in the
digestive gland of mussels dietarily exposed to 10 ug/L Ag NPs (Figure 4D). Among them,
50 protein spots were only found in autumn and 63 protein spots were only found in
spring (Figure 4D). 43 protein spots differentially expressed were common to both

seasons; 9 of them were overexpressed and 34 were underexpressed (Figure 4D).

Therefore, the PCA showed differences in protein expression profiles based on
the dietary exposure to Ag NPs and the season. PC1, which explained 36,8% of variation,
clearly separated mussels exposed to 10 pg /L Ag NPs in autumn from the rest of mussels
(Figure 5). PC2 (34,6% of variation) discriminated the two seasons and PC3 (28,4% of
variation) grouped non-exposed mussels belonging to both seasons together. The
analysis revealed that the protein expression profiles were affected by the exposure
treatment and that mussels showed differences in the response depending on the

season (Figure 5).

3.4.2. Protein identification by mass spectrometry

Based on the Mytilus galloprovincialis database (2666 sequences), 16 out of the
60 picked and differentially expressed protein spots were identified by MALDI-TOF. In
autumn, 10 differentially expressed protein spots could be identified (Table 2). Among
them, 4 different overexpressed protein spots (spots 7524, 8555, 8556, 8558) were
identified as chitinase like protein-3, partial and 2 different overexpressed protein spots
(spots 6325, 7304) as glyceraldehyde-3-phosphate dehydrogenase, partial (Table 2). The
rest of protein spots were identified as LKD-rich protein-1, nuclear receptor subfamily 1

DEF, partial, paramyosin and cytosolic malate dehydrogenase (Table 2). In spring, 6
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protein spots were identified based on the M. galloprovincialis database (Table 3).
Chitinase like protein-3, partial, superoxide dismutase and glyceraldehyde-3-phosphate
dehydrogenase, partial were significantly underexpressed, while actin (spots 3420,
2419) and putative Clq domain containing protein MgClg52 were significantly

regulated only in dietarily exposed mussels (Table 3).

The identification search was extended to the Bivalvia database (120604
sequences) allowing the classification of 6 new protein spots in autumn and other 9
protein spots in spring (Tables 2, 3). In autumn, matrix metalloproteinase-19, two
hypothetical proteins (CGl_10016468 and CG/_10001770, respectively) and PREDICTED:
inorganic pyrophosphatase-like isoform X2 were significantly underexpressed while
putative transcription factor PML and PREDICTED: vinculin-like isoform X7 were only
significantly expressed in non-exposed and exposed mussels, respectively (Table 2).
Among overexpressed protein spots in spring putative transcription factor PML (spots
8206, 5201) and connector enhancer of kinase suppressor of ras 2 were identified (Table
3). PREDICTED: GRIP and coiled-coil domain-containing protein 2-like and 3-
hydroxybutyryl-CoA dehydrogenase were identified among underexpressed protein
spots in spring (Table 3). PREDICTED: lipoxygenase homology domain-containing protein
1-like isoform X3 appeared expressed only in control mussels and selenoprotein H only
in dietarily exposed ones. PREDICTED: centrosomal protein of 152 kDa-like (spots 8602,
1506) was identified separately in control mussels as well as in dietarily exposed ones

(Table 3).

The number and sequences of the found peptides and the overall sequence

coverage have been provided for each identified protein as Supplementary material.
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KEGG pathway analysis successfully related some of the identified protein spots
to different metabolic pathways in which they are involved (Tables 2, 3). Similar
metabolic pathways such as amino sugar and nucleotide sugar metabolism, carbon
metabolism, glycolysis/gluconeogenesis and the biosynthesis of amino acids in which
chitinase like protein-3, partial and glyceraldehyde-3-phosphate dehydrogenase protein
spots are involved in were altered in both seasons (Tables 2, 3). In addition, other
specific pathways were altered in each season. In autumn, the pyruvate metabolism,
citrate cycle, cysteine and methionine metabolism and glyoxylate and dicarboxylate
metabolism were altered due to the under expression of the cytosolic malate
dehydrogenase protein spot (Table 2). In spring, the overexpression of actin (2 protein
spots) was associated to alterations in the formation of phagosomes and the under
expression of superoxide dismutase to alterations in the hydrogen peroxide metabolism

of the antioxidant system of peroxisomes (Table 3).

4. Discussion

Proteomic analysis has been already applied in mussels after the waterborne
exposure to different metallic NPs (Tedesco et al., 2008; 2010a; 2010b; Gomes et al.,
2014a; Hu et al., 2014), including Ag NPs (Gomes et al., 2013b; Bouallegui et al., 2018)
in order to identify significant alterations in protein expression patterns. In the present
study, differentially expressed protein signatures were investigated in the digestive
gland of female mussels exposed to Ag NPs through the diet at two different seasons,

autumn and spring.
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In both seasons, mussels soft tissues significantly accumulated Ag after 21 days
of dietary exposure to 10 ug /L Ag NPs, but higher levels of Ag were accumulated in
autumn than in spring. Differences in metal concentration in mussels can result from
changes in the physiology of animals related to the season, rather than from changes in
metal exposure conditions (Mubiana et al.,, 2005). For instance, gonadal growth
decreased concentrations of Cu and Zn in oysters Crassotrea iridiscensis (Paéz-Osuna et
al., 1995) and modified Ag and Cd concentrations in wild oysters of the Gironde estuary
due to the weight losses and gains during the reproduction cycle (Lanceleur et al., 2011).
In mussels collected from a metal polluted area during one year, the decrease in metal
concentrations in the digestive gland was linked to the penetration of gonadic tissues
into the digestive gland during gametogenesis, which biologically diluted metal
concentrations (Regoli and Orlando, 1994). Thus, the lower concentration of Ag
measured in mussel soft tissues in spring could be related to the increase of body weight
caused by the development of gametes observed in spring. For future studies, the use
of the metal/shell-weight index could be useful as it avoids variability in metal
accumulation due to variations in soft-body weight related to the season (Fischer, 1983;

Soto et al., 1995).

Silver has an unusually wide range of bioaccumulation as reviewed by Luoma and
Rainbow (2005), but marine bivalves exposed to different types of Ag NPs usually
accumulate low concentrations of Ag in their tissues, as observed in the present study
(0.73 and 0.35 pg Ag/g d.w. in autumn and spring, respectively). Bivalves Scrobicularia
plana waterborne exposed to 10 pug Ag/L of lactate-stabilized Ag NPs for 14 days
accumulated around 0.753 pg/g w.w. of Ag in their tissues. When clams were exposed

to the same dose of Ag NPs through the diet the concentration of accumulated Ag in
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their tissues was lower (0.4 pg/g w.w.) (Buffet et al., 2013). The same authors observed
even a lower accumulation of Ag ¢0.25 pug/g w.w.) in clam tissues after waterborne
exposure to 10 pg/L of maltose-Ag NPs for 21 days in comparison to their previous work
(Buffet et al., 2014). Jimeno-Romero and colleagues (2017) also reported low values of
Ag accumulated in M. galloprovincialis mussels soft tissues after their exposure to 0.75
ug/L of different sized maltose-stabilized Ag NPs. After 1 day of exposure to 20 nm and
100 nm Ag NPs, around 0.101 + 0.049 pg/g d.w. and 0.172 + 0.112 pg/g d.w. of Ag were
accumulated in mussels soft tissues, respectively, while accumulation of Ag significantly

decreased at day 21 in both cases (Jimeno-Romero et al., 2017).

According to Ag NP dissolution results, most Ag (around 86%) remained in
nanoparticulate form during the 24 hours exposure period (Duroudier et al., 2019).
Thus, the main part of the Ag measured was in NP form and the presence of Ag NPs was
confirmed in the digestive gland of mussels in both seasons, indicating a successful
transfer of Ag NPs from microalgae to mussels. Ag NPs were mainly located inside the
digestive tubules and in their lumen in both seasons, as previously observed by light and
electron microscopy in mussels exposed to Ag NPs via water (Jimeno-Romero et al.,
2017). In fact, the digestive gland of bivalves is considered the main organ for
accumulation of NPs (Canesi and Corsi, 2016). However, Ag NPs were also localized in
mussel gills, which are considered the first barrier to surrounding water and a vulnerable

tissue to NP interactions (Corsi et al., 2014; Rocha et al., 2015a).

Even if accumulation of Ag was higher in autumn than in spring, the proteome
level response was more marked in spring than in autumn. Season and exposure

dependent alterations in the protein expression profile of mussels dietarily exposed to
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Ag NPs were shown by the PCA plots. These findings could be related to the sensitivity
shown by mussels in some stages of their reproductive cycle such as the reproduction
period (Leinié and Lehtonen., 2005; Almeida et al., 2013) together with the effect of the
treatment since other confounding factors such as gender and size of mussels can be

discarded.

Based on the M. galloprovincialis and Bivalvia databases, out of 60 picked protein
spots, 31 protein spots coding for 22 different proteins were identified. Peptide
identification using MS spectra can be challenging and limiting in non-model organisms
such as mussels, whose genomes are not yet fully sequenced or available to the public
(Gomes et al., 2017). The identified sequences were set to KEGG pathway analysis in
order to understand which metabolic pathways were affected after the dietary exposure
of mussels to Ag NPs. Chitinase like protein 3, partial and glyceraldehyde-3-phosphate
dehydrogenase, partial were involved in the same KEGG pathways that included the
amino sugar and nucleotide sugar metabolism, carbon metabolism,
glycolysis/gluconeogenesis and the biosynthesis of amino acids in both seasons. In
mussels, chitinase enzymes are released by the crystalline style during digestion to break
down glycoside bonds in chitin present in the exoskeleton of certain zooplankton species
and in the cell wall of some microalgae (Birkbeck and McHenery, 1984). Chitinases seem
also to have immune functions (Gooday, 1999) and a role in the formation of the shell
of molluscs (Weiss and Schonitzer, 2006). Alterations of the chitin metabolism in Mytilus
spp. have been previously observed under hypoxic condition (Woo et al., 2011) and after
the exposure to different contaminants such as metals, polycyclic aromatic
hydrocarbons and fluorinated substances, among others (Diaz de Cerio et al., 2013;

Dondero et al., 2006; 2010; 2011; Maria et al., 2013; Negri et al., 2013). On the other
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hand, Banni and colleagues (2011) proposed that alterations in chitinase-related
activities should be considered as a typical response in bivalve molluscs during periods
of intense feeding activity as consequence of higher food metabolism. In the present
study, mussels were fed daily with microalgae during the experimental period, but
chitinase like protein 3, partial was differentially expressed in exposed organisms
suggesting that the exposure of mussels to Ag NPs through the diet could interfere in

the metabolism of food.

Glyceraldehyde-3-phosphate dehydrogenase (G3PDH) is a glycolytic enzyme
involved in glucose degradation and energy yield (Romero-Ruiz et al., 2006). Two protein
spots (6325, 7304) of glyceraldehyde-3-phosphate dehydrogenase, partial were
overexpressed in autumn while the same protein was underexpressed in spring (spot
7202) after the dietary exposure to Ag NPs. In S. plana clams inhabiting sites with high
metal content, G3PDH was significantly more expressed and authors linked such
overexpression with a heavy oxidative response (Romero-Ruiz et al., 2006). However,
inactivation of G3PDH allows glucose metabolism to change temporally to the pentose
phosphate pathway, enabling the cell to generate the antioxidant cofactor NADPH
(Bernard et al., 2011). Underexpression of G3PDH was observed in mussels digestive
gland after the exposure to diclofenac (Schmidt et al., 2014; Jaafar et al., 2015) and

gemfibrozil (Schmidt et al., 2014), as a response to oxidative stress.

Oxidative stress has been described as one of the major modes of action of
engineered metallic NPs, including Ag NPS, in bivalve tissues (reviewed in Baker et al.,
2014; Rocha et al.,, 2015a; Canesi and Corsi, 2016). The burden of reactive oxygen

species (ROS) production is largely counteracted by an antioxidant defense system that
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among others, includes enzymes such as superoxide dismutase (SOD), catalase and
glutathione peroxidase (Finkel and Holbrook, 2000). Several studies have reported an
increased activity of SOD in the digestive gland of mussels exposed to CuO NPs for 15 or
21 days (Gomes et al., 2012; Ruiz et al., 2015), to CdTe quantum dots for 14 days (Rocha
et al., 2015b) or to Ag NPs for 15 days (Gomes et al., 2014b) as a response to ROS
production. An increase in SOD activity was also described in S. plana clams exposed to
Ag NPs or ionic Ag for 14 days through the diet (Buffet et al., 2013). In this work, the
metabolism of the antioxidant system of peroxisomes was affected in spring due to the
under expression of the superoxide dismutase protein spot after the exposure of
mussels to Ag NPs through the diet. Oxidative stress caused by the inhibition of enzymes
such as SOD, catalase and peroxidases, after the exposure to Ag has been linked to the
interaction of ionic Ag with the thiol groups found in such enzymes (Lapresta-Fernandez
et al., 2012). Thus, the under expression of superoxide dismutase suggests a situation of

oxidative stress in mussels exposed in spring.

Oxidative stress has been observed to induce cytoskeleton disorganization in
mussels hemocytes (Gomez-Mendikute et al., 2002; Gémez-Mendikute and Cajaraville,
2003) and clams (Rodriguez-Ortega et al., 2003) and this effect could be linked to
increasing tubulin and actin levels (Clarkson et al., 2002). The integrity of actin
cytoskeleton of mussel hemocytes can be disrupted by ionic Ag, Ag NPs and bulk Ag
(Katsumiti et al., 2015) as well as by Cd and Cu (Gédmez-Mendikute and Cajaraville, 2003).
At proteome level, actin isoforms were under expressed in gills and digestive gland of
mussels exposed to CuO NPs (Gomes et al., 2014a) or after the exposure to ionic Ag
(Gomes et al., 2013b). Hu and colleagues (2014) also observed expression changes in

four cytoskeletal components, including actin, after the exposure of mussels to CuO NPs.
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In this study, two protein spots identified as actin were overexpressed only in the
digestive gland of mussels exposed to Ag NPs through the diet in spring, which was
associated to alterations in phagosomes according to KEGG pathway analysis.
Additionally, another cytoskeletal protein not classified by KEGG analysis but
significantly under expressed in autumn was paramyosin. Previous studies have
reported an induction of paramyosin after Ag NPs exposure in mussel gills (Gomes et al.,
2013b) as well as an under expression of the same protein in mussels digestive gland
after the exposure to CuO NPs (Gomes et al., 2014a). The disturbance of structural
proteins of cytoskeleton such as actin and paramyosin, could be mediated by ROS

formation (Gomes et al., 2013b; 2014a; Hu et al., 2014).

Further, the pyruvate metabolism, citrate cycle, cysteine and methionine
metabolism, glyoxylate and dicarboxylate metabolism were altered in autumn
associated to the under expression of the cytosolic malate dehydrogenase protein spot
after the dietary exposure to Ag NPs. Cytosolic malate dehydrogenase is an enzyme that
plays an important role in energy metabolism including the malate—aspartate (or NADH)
shuttle, the acetate shuttle in lipogenesis and gluconeogenesis (Dahlhoff and Somero,
1993; Fields et al., 2006). Alteration in the expression of this protein has been already
reported in juvenile mussels as well as in adult mussels M. galloprovincialis after the
exposure to arsenate for 48 hours (Yu et al., 2016) and under acute heat stress (Tomanek
and Zuzow, 2010), respectively, which was associated with the disturbance of energy
metabolism in both cases. Thus, the exposure of mussels to Ag NPs through the diet

seem to alter the energy metabolism in mussels digestive gland in autumn.
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Moreover, the nuclear receptor subfamily 1DEF and putative Clg domain
containing protein MgC1q52 were also significantly altered after the dietary exposure
of mussels to Ag NPs, although no KEGG pathway was associated in the analysis. The
nuclear receptor subfamily 1DEF, NR1DEF was specifically expressed in exposed mussels
in autumn. Gomes and co-authors (2013b) reported the overexpression of another
nuclear receptor, the nuclear receptor subfamily 1G, in mussel gills after the exposure
both to Ag NPs and to Ag*, suggesting that both Ag forms are able to interfere with the

regulation of gene transcription.

In spring, the putative Clqg domain containing protein MgC1g52 was only
expressed in exposed mussels, suggesting that the immune response of mussels was
affected by the dietary exposure to Ag NPs. The large family of C1q domain containing
proteins participates in several metabolic processes, such as tissue homeostasis, protein
activation, immune response, apoptosis, phagocytosis, cell adhesion and cell growth
modulation (Gestal et al., 2010; Gerdol et al., 2011; Gerdol and Venier, 2015). Under
expression of one spot identified as C1g domain protein after the exposure to CuO NPs
and Cu?*, as well as the overexpression of the C1g domain containing protein 60 after
the exposure to Ag* were reported in mussel gills (Gomes et al., 2013b; Gomes et al.,
2014a). In both cases, authors suggested that the immune capacity of exposed mussels
was disrupted since cell-mediated immunity represents a significant target for NPs in

bivalve molluscs (Canesi et al., 2012; Katsumiti et al., 2014; 2015; 2018).
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5. Conclusions

Dietary exposure to PVP/PEI coated 5 nm Ag NPs significantly altered the proteome of
digestive gland in mussels both in autumn and in spring. Treatment and season
dependent protein signatures were found. Dietary exposure to Ag NPs altered common
metabolic pathways such as amino sugar and nucleotide sugar metabolism, carbon
metabolism, glycolysis/gluconeogenesis and the biosynthesis of amino acids in both
seasons associated to the differential expression of chitinase like protein-3, partial and
glyceraldehyde-3-phosphate dehydrogenase. The specific protein expression profile
observed for each season showed that the dietary exposure to Ag NPs in autumn altered
proteins related to the pyruvate metabolism, citrate cycle, cysteine and methionine
metabolism and glyoxylate and dicarboxylate metabolism, while in spring proteins
involved in the formation of phagosomes and hydrogen peroxide metabolism of
peroxisomes were differentially expressed. Other affected processes were the
transcriptional regulation (nuclear receptor subfamily 1DEF) in autumn, the immune
response (putative Clq domain containing protein MgC1lg52) in spring and the
organization of the cytoskeleton (actin and paramyosin) in both seasons. For future
studies, season and related gamete developmental stage are factors that should be
considered for assessing the potential effects caused by engineered NPs in marine
bivalves since different protein expression profiles were found for autumn and spring

after the dietary exposure to Ag NPs.
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Table 1. Bioaccumulation of Ag in mussels soft tissues after 21 days of dietary exposure
to 10 pg /L of Ag NPs. Significant differences were set based on the 2-way ANOVA
followed by the Tukey multiple comparison test. Asterisks show significant differences
with respect to controls (p<0,05). Letters represent significant differences among
seasons. Values are given as means £ S.D. Mean values belong to 4 pools of 5 individuals

each.

ug Ag/g d.w.
AUTUMN SPRING
Control 0.09 +0.02 2 0.04 + 0,003 2
10 pg /L
ug/ 0.73+0.069 %%  0.35+0.044 *¢
Ag NPs
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Table 2. Differentially expressed protein spots in autumn identified by MALDI-TOF. Spots present only in control samples, only in exposed

samples and those common to control and exposed samples are shown.

ACCESSION p-value FOLD b c
AUTUMN SPOT NAME SPECIES KEGG identifier
NUMBER (<0.05) 2 CHANGE BIOLOGICAL PROCESS KEGG PATHWAY
6111 putative transcription factor PML EKC33587.1 Crassostrea gigas 0.002 - localization, transport crg:109618835 -
CONTROL Muytilus
8105 LKD-rich protein-1 AKS48185 y . 0.0034 - - crg:105344531 -
galloprovincialis
7524 chitinase-like protein-3, partial AlK22450 Mytilus 0.012 chitin catabolic process, crg:105331570 metabolic pathways, amino sugar and
galloprovincialis carbohydrate metabolic process nucleotide sugar metabolism
4430  PREDICTED: vinculin-like isoform X7  XP_011426098 Crassostrea gigas 0.00085 - cell adhesion crg:105327367 -
EXPOSED regulation of transcription, DNA-
. . templated; intracellular receptor
a0y Nuclear receptor subfamily 1 DEF, ABU89803 Mytilus 0.027 - signaling pathway; steroid crg:105321080 -
partial galloprovincialis . . .
hormone mediated signaling
pathway
6325 glyceraldehyde-3-phosphate Mytilus 0.022 11.81 glucosg metabolic pt.'oce.ss, metaboI.|c pathways, carb<?n metabollsm,
dehvdrogenase. partial AIK22450 alloprovincialis glycolytic process, oxidation- crg:105340512 glycolysis/ gluconeogenesis, biosynthesis
7304 yarog ' P gatiop 0.005 4.52 reduction process of aminoacids
8555 0.0046 7.53
8556 chitinase-like protein-3, partial AIK22450 Mytilus 003 481 chitin catabolic process, crg:105345920 metabolic pathways, amino sugar and
galloprovincialis carbohydrate metabolic process nucleotide sugar metabolism
8558 0.05 4.73
. Mytilus .
8403 paramyosin BAA36517 L 0.029 -6.31 metabolic process crg:105329634 -
galloprovincialis
COMMON car.bohydrat.e m?tabOIIC FICISEER, metabolic pathways, carbon metabolism,
Mytilus LIS G s ] SV ruvate metabolism, citrate cycle
5312 cytosolic malate dehydrogenase AAZ79367 y N 0.022 -5.8 metabolic process, carboxylic crg:105343888 Py . Y v -
galloprovincialis . . cysteine and methionine metabolism,
acid metabolic process, lyoxylate and dicarboxylate metabolism
oxidation- reduction process Elyoxy ¥
5317 matrix metalloproteinase-19 EKC37558 Crassostrea gigas 0.056 -10.67 proteolysis crg:105338896 -
5409 hypothetical protein CGI_10016468 EKC33615 Crassostrea gigas 0.024 -7.5 uncharacterized protein crg:105330727 -
5415  hypothetical protein CGI_10001770 EKC26982 Crassostrea gigas 0.049 -6.87 uncharacterized protein crg:105328562 -
5401 PREDICTED: inorganic pyrophosphatase- XP_011429567  Crassostrea gigas 0.054 717 phosphate-containing compound crg:105329817 )

like isoform X2

metabolic process

aSignificance value of the matches obtained using MASCOT software for the protein identification using M. galloprovincialis or Bivalvia databases.
b Biological process in which proteins are involved according to Uniprot database.
¢ Metabolic pathways in which proteins are involved based on KEGG analysis.
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Table 3. Differentially expressed protein spots in spring identified by MALDI-TOF. Spots present only in control samples, only in exposed
samples and those common to control and exposed samples are shown.

ACCESSION p-value  FOLD b c
SPRING SPOT NAME SPECIES KEGG identifier
NUMBER (<0.05) 2 CHANGE BIOLOGICAL PROCESS KEGG PATHWAY
3602 PREDICTED: centrosomal protein of 152 XP_011436998  Crassostrea gigas 0.0063 _ centriole r(.epllcatlon, de novo crg:105335033 )
kDa-like centriole assembly

CONTROL PREDICTED: lipoxygenase homology

5413 domain-containing protein 1-like XP_011448787  Crassostrea gigas 0.065 - - crg:105343219 -

isoform X3
1410 putative C1q domain containing protein CBX41701 Myt/lys o 0.026 ) T FEEERES ) :
MgClqg52 galloprovincialis
-5
3420 ‘ Mytilus 17e - crg:105326698 ‘
actin AAD40314 alloprovincialis - formation of phagosomes

EXPOSED 2419 gatop 0.0056 - crg:105335713

1506 PREDICTED: centrosomal protein of 152 XP_011436998  Crassostrea gigas 0.026 ) centriole r.epllcatlon, de novo crg:105335033 )

kDa-like centriole assembly
7301 Selenoprotein H EKC30285 Crassostrea gigas 0.045 - - crg:105317517 -
8206 0.021 7.18
putative transcription factor PML EKC33587 Crassostrea gigas - crg:109618835 -
5201 0.0085 5.17
sap3  commectorenhancerofkinase o 11450509  Crassostreagigas  0.084  24.85 phosphorylation crg:105323047 -
suppressor of ras 2
5601 chitinase-like protein-3, partial AKS48199 Mytilus 0029  -5.57 ElICE i MG crg:105345920 metabolic pathways, amino sugar and
galloprovincialis carbohydrate metabolic process nucleotide sugar metabolism
. superoxide metabolic process, . L
COMMON 5110 superoxide dismutase CAQ68509 Myt/lys i 0.0045 -5.3 removal of superoxide radicals, crg:105327946 hydrogen perox@e metabolism in
galloprovincialis o . peroxisomes
oxidation- reduction process
o . glucose metabolic process, metabolic pathways, carbon metabolism,
7202 OB S phosphate AlK22450 Myt//gs L 0.015 -5.3 glycolytic process, oxidation- crg:105340512 glycolysis/ gluconeogenesis, biosynthesis
dehydrogenase, partial galloprovincialis . . .
reduction process of aminoacids
5307 PREDI,CTED: G,R/,P and CO',IEd_C?'/ XP_011448370 Crassostrea gigas 0.0076 -12.12 protein targeting to Golgi crg:105342939 -
domain-containing protein 2-like
8220 3-hydroxybutyryl-CoA dehydrogenase EKC26490 Crassostrea gigas 0.063 -6.05 LT8Ry Bl = el e e crg:105329039 -

oxidation- reduction process

aSignificance value of the matches obtained using MASCOT software for the protein identification using M. galloprovincialis or Bivalvia databases.
b Biological process in which proteins are involved according to Uniprot database.
¢ Metabolic pathways in which proteins are involved based on KEGG analysis.
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LEGEND OF FIGURES

Figure 1. Hyperspectral images showing the presence of PVP/PEI coated 5 nm Ag NPs in
the digestive gland tubule cells (A, B) and gills (C, D) of mussels dietarily exposed to 10
ug Ag/L of Ag NPs for 21 days in autumn (A, C) and spring (B, D). Micrographs in the left
correspond to tissue sections observed under CytoViva® hyperspectral imaging system
and micrographs in the right show the localization of Ag NPs. Red and white arrows

indicate the presence of Ag NPs.

Figure 2. Representative micrographs showing the developmental stage of gametes of
mussels belonging to A) non-exposed females in autumn, B) exposed females in autumn,

C) non-exposed females in spring and D) exposed females in spring.

Figure 3. Representative 2-DE gels showing the expression profile of proteins observed
in the digestive gland of mussels M. galloprovincialis in A) autumn and in B) spring. Gels
on the left belong to non-exposed mussels and gels on the right correspond to mussels
dietarily exposed to 10 pg /L of Ag NPs for 21 days. pH gradient is represented in the x-
axis and molecular weight (Mw) in kDa in the y-axis. Blue circles point out protein spots
specific for each treatment that were picked for identification. Over and underexpressed
protein spots picked for identification are pointed out by green and red rhombus,

respectively.

Figure 4. Venn diagrams showing the number of common and differentially expressed

protein spots in A) autumn, B) spring C) controls and D) dietarily exposed mussels.

Figure 5. PCA plot based on the significantly expressed protein spots in all the

treatments. PC1 was selected to be shown in both plots as it explained the highest
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percentage of variability. PC1= 36,8%; PC2= 34,6%; PC3= 28,4%. Each symbol point
represents one gel (n=4 gels per treatment) and legend at the bottom of the graph

shows symbols corresponding to each experimental group.
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Fig. 4
AUTUMN SPRING
Control  Ag NPs exposure Control  Ag NPs exposure
. .
9 overexpressed 11 overexpressed
13 underexpressed 22 underexpressed
Total: 104 spots Total: 142 spots
CONTROL Ag NPs EXPOSURE
Autumn Spring Autumn Spring
C) D)
19 overexpressed 9 overexpressed
18 underexpressed 34 underexpressed
Total: 121 spots Total: 156 spots
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