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Abstract : 
 
Copper contamination is widespread along coastal areas and exerts adverse effects on marine 
organisms such as mollusks. In the Pacific oyster, copper induces severe developmental abnormalities 
during early life stages; however, the underlying molecular mechanisms are largely unknown. This study 
aims to better understand whether the embryotoxic effects of copper in Crassostrea gigas could be 
mediated by alterations in gene expression, and the putative role of DNA methylation, which is known to 
contribute to gene regulation in early embryo development. 

For that purpose, oyster embryos were exposed to 4 nominal copper concentrations (0.1, 1, 10 and 
20 μg L

−1
 Cu

2+
) during early development assays. Embryotoxicity was monitored through the oyster 

embryo-larval bioassay at the D-larva stage 24 h post fertilization (hpf) and genotoxicity at gastrulation 7 
hpf. In parallel, the relative expression of 15 genes encoding putative homeotic, biomineralization and 
DNA methylation proteins was measured at three developmental stages (3 hpf morula stage, 7 hpf 
gastrula stage, 24 hpf D-larvae stage) using RT-qPCR. Global DNA content in methylcytosine and 
hydroxymethylcytosine were measured by HPLC and gene-specific DNA methylation levels were 
monitored using MeDIP-qPCR. 

A significant increase in larval abnormalities was observed from copper concentrations of 10 μg L
−1

, 
while significant genotoxic effects were detected at 1 μg L

−1
 and above. All the selected genes 

presented a stage-dependent expression pattern, which was impaired for some homeobox and DNA 
methylation genes (Notochord, HOXA1, HOX2, Lox5, DNMT3b and CXXC-1) after copper exposure. 
While global DNA methylation (5-methylcytosine) at gastrula stage didn’t show significant changes 
between experimental conditions, 5-hydroxymethylcytosine, its degradation product, decreased upon 
copper treatment. The DNA methylation of exons and the transcript levels were correlated in control 
samples for HOXA1 but such a correlation was diminished following copper exposure. The methylation 
level of some specific gene regions (HoxA1, Hox2, Engrailed2 and Notochord) displayed changes upon 
copper exposure. Such changes were gene and exon-specific and no obvious global trends could be 
identified. Our study suggests that the embryotoxic effects of copper in oysters could involve homeotic 
gene expression impairment possibly by changing DNA methylation levels. 

 

http://dx.doi.org/10.1016/j.aquatox.2018.01.001
http://archimer.ifremer.fr/doc/00417/52856/
http://archimer.ifremer.fr/
mailto:rossana.sussarellu@ifremer.fr


2  

Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive 
publisher-authenticated version is available on the publisher Web site.  

Highlights 

► Copper exposure induces embryotoxic and genotoxic effects in C. gigas embryos. ► Global DNA 
methylation levels were not significantly altered by copper exposure. ► Global levels of 5-
hydroxymethylcytosine decreased upon copper treatment. ► Copper exposure disrupted the 
methylation of some homeobox genes. ► Copper disrupted the expression of some of some homeobox 
and DNA methylation genes. 
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Introduction 

Coastal waters are contaminated by a high diversity of chemical pollutants from various origins. Among 

them, copper is a historic pollutant, and as a consequence its contamination levels in the marine 

environment as well as its toxicity in marine organisms have been well investigated. Environmental 

copper concentrations in the French Atlantic coast between 2010 and 2015 were around 0.5-1.0 µg.L-1 

in seawater (Guesdon et al., 2016), and 1-280 µg.g-1 in sediments (ROCCH, 2016). Nevertheless, 

copper concentrations over 1 µg.L-1 are regularly recorded in harbours or bays, such as the Arcachon 

bay in France, which is also a shellfish production area, where concentrations up to 3.5 µg.L-1 were 

observed (Gamain et al., 2017). The level of contamination in bivalve flesh is continually growing since 

1980. In 2015, the median concentration of copper in oysters was 216 mg.kg-1 dry weight compared to 

80 mg.kg-1 in the 80’s (ROCCH, 2016). Pesticides/biocides are the prevalent uses of copper due to its 

anti-cryptogamic and anti-bacterial properties. Indeed, copper sulphate (CuSO4) is used since 19th 

century in agriculture as the “Bordeaux mixture”. Moreover, copper oxide is used as a biocide in anti-

fouling paints, especially since tributyltin ban in 2003. 

Bivalve species are filter feeders and sessile and owning to these ecological characteristics, they are 

considered as sentinel species in environmental toxicology studies. Their sensitivity to copper is well 

known especially during early life stages. In oysters significant increases in larval abnormality 

percentages were observed from concentrations of 0.1 µg.L-1 (Mai et al., 2012). In ecotoxicology studies, 

the occurrence of larval malformations enables the evaluation of the toxicity of chemical substances or 

matrices through the standardized oyster or mussel embryo-toxicity test ISO17244:2015. This bioassay 

consists in counting the larval abnormalities in the first shelled-larvae stage, the D-larvae. The adverse 

effects of copper on oyster larvae are so potent that copper is used as a positive control in this bioassay. 

According to multiple studies, the EC50 of copper on oyster larvae is between 6 and 16 µg.L-1 of 

Cu2+(ISO17244:2015). Moreover, copper induces genotoxicity on C. gigas larvae with an increase of 

DNA breaks from concentrations of 0.1 µg.L-1 of Cu2+(Mai et al., 2012). Anyway, despite the fact that 

the copper levels inducing developmental abnormalities in early life stages of the Pacific oyster are well 

known, the underlying molecular mechanisms remain unexplored. 

Embryo development is determined by the spatial and temporal coordination of several genes. 

Alterations in gene expression during crucial embryo-larval steps can lead to developmental 

abnormalities and ultimately to death. According to the altered phenotypes observed upon copper 
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exposure (shell and mantle abnormalities as well as development arrest), the malformations in C. gigas 

embryos likely involve impairment of the function of genes having a role in early development as well as 

in shell biomineralization. Many crucial genes for development of the Pacific oyster have been identified 

and characterized by orthology (Paps et al. 2015). Some biomineralization genes such as Collagen, 

Nacrein and Calcineurin B are essential for shell formation processes, including calcification regulation 

and calcium-dependent signal transduction (Miyamoto et al., 2005; Rusnak and Mertz, 2000). More 

recently, it has been shown that epigenetic regulation is an important regulator of C. gigas ontogenesis. 

Indeed, while global DNA methylation levels display variations during larval life, DNA methyltransferase 

inhibition induces major perturbations of oyster development (Riviere et al., 2013). Promoter DNA 

methylation of some early developmental genes has been shown to be inversely correlated to their 

transcript levels (Riviere et al., 2013; Saint-Carlier and Riviere, 2015). Because DNA methylation is 

known to depend on environmental factors (Feil & Fraga, 2011; Vandegehuchte & Janssen, 2014), 

epigenetic processes might participate in developmental impairments induced by contaminant 

exposure. 

In this study we aimed to investigate the underlying molecular mechanisms responsible for larval 

abnormalities in C. gigas embryos exposed to copper. Larval abnormalities and genotoxic effects were 

investigated together with transcript levels of genes involved in early development, biomineralization 

and DNA methylation. We measured the global levels of hydroxy- and methylcytosine and used a 

targeted approach to examine whether larval abnormalities, gene expression, and DNA methylation 

could be associated. 

 

Material and Methods 

1. Fertilization and experimental exposure 

Sexed mature oysters (Crassostrea gigas, Thunberg, 1793) came from the Guernsey Sea Farm 

commercial hatchery (UK). After reception, oysters were stored in seawater at 12°C with aeration. The 

seawater used in this study came from the experimental hatchery of Ifremer La Tremblade (France) and 

was filtered (1 µm) and UV-treated with salinity of 27 PSU. The water was stored at 4°C and filtered 

once more at 0.22 µm prior to use. Mature oysters were induced to spawn by thermal shock transferring 

them into a 29°C bath for 30 min to induce gamete release. Spawning individuals were then isolated in 

individual beakers and gametes were checked for oocyte shape and sperm motility under an inverted 
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microscope. Oocytes and sperm were filtered on a 100 µm and 40 µm sieve, respectively, in order to 

eliminate debris. The oocytes were counted using a Thoma cell counting chamber and fertilization was 

started by adding spermatozoa (10 spermatozoa per oocyte). Within 30 min after mixing, polar body 

emission was observed under an inverted microscope in order to check fertilization success. Zygotes 

were then transferred to the different exposure conditions at a concentration of 50 embryos.mL-1 in 2 L 

glass jars filled with filtered seawater at 24°C and supplied with air bubbling. Five experimental 

conditions were set up, a seawater control and 4 CuSO4 (Sigma-Aldrich) concentrations (nominal Cu2+ 

concentrations: 0.1 ; 1 ; 10 and 20 µg.L-1) with 4 replicates per condition. 

2. Embryo sampling 

Embryos were sampled at 3 hours post fertilization (hpf), 7 hpf, and 24 hpf. These sampling times 

correspond to the morula, gastrula and D-larva stages in control conditions, respectively. Four replicates 

consisting of 2 L glass jars per condition and sampling time (60 samples in total) were sieved on a 20 

µm mesh in order to concentrate the embryos. Larvae (ca. 50000 per aliquot) were then pelleted by 

centrifugation at 100 g for 5 min at 4°C. Pellets were re-suspended in 1.5 mL of TRI Reagent (Ambion), 

and then immediately frozen in liquid nitrogen for RNA extraction or directly snap-frozen in liquid nitrogen 

for DNA extraction. Samples were thawn only once before use. At the gastrula stage, 50000 larvae per 

replicate and condition (20 samples) from additional 2 L jars were sampled for the comet assay and 

50000 for total DNA methylation. For embryotoxicity tests, 1500 D-larvae were collected at 24 hpf, 

directly in the 2 L jars prior to sieve and stored in a 0.1% seawater-formaldehyde solution for visual 

inspection. 

3. Embryotoxicity assay 

One hundred larvae per sample were analyzed under an Olympus CK40 inverted microscope (×20 

magnification) in order to determine the proportion of abnormal larvae, i.e. those presenting shell and/or 

mantle deformities according to the standardized embryo-larval bioassay (ISO17244:2015, 2015; 

Quiniou et al., 2005). 

4. Comet assay 

Four replicates of gastrula pellets per condition (50000 larvae each) for a total of 20 samples, were 

washed in 2 mL of Calcium Magnesium Free Saline buffer (CMFS) (20 mM HEPES, 500 mMNaCl, 12.5 

mMKCl, 5 mM EDTA), and centrifuged at 650 g for 5 min. Two mL of 0.25% Trypsin (Sigma-Aldrich) 

were then added to the pellet and gently agitated at room temperature for 3 min. The cell suspension 
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was sieved through 30 µm Partec CellTrics and the cells were re-suspended in CMFS supplemented 

with 20% RPMI 1640 and 20% SVF. After centrifugation (650 g, 5 min), the supernatant was discarded 

and the cell pellet directly resuspended in 160 µL of 0.5% low-melting point agarose (LMP) in Phosphate 

Buffered Saline (PBS) (137 mMNaCl, 2.7 mMKCl, pH 7.4). The suspension was deposited over 2 glass 

slides previously coated with 0.5% normal melting point agarose (NMP) in PBS and spread using a 

micro-cover glass. Slides were immediately put on a cold tray in the dark in order to allow agarose to 

polymerize then a third layer of 80 µL LMP was added. After agarose polymerization, slides were 

immersed in ice-cold lysis buffer (2.5 M NaCl, 0.1 M EDTA-Na2, 0.01 M Tris base, 1% N-sarcosinate, 

1% DMSO 10%, Triton X-100 1%, pH 10) and incubated in the dark at room temperature overnight. At 

the end of the lysis period, electrophoresis for 20 min at 13 V (390 mA, E = 0.66 V/cm) was performed. 

Slides were then washed in Tris base (0.4 M, pH 7.5) and fixed in absolute ethanol for 10 min. Slides 

were dried overnight and stored at room temperature prior to analysis. Right before microscopic 

analysis, slides were stained with 75 µL of Gel Red (8 mg.L−1) and incubated at least an hour in the dark 

at 4°C. Slides were observed under an optical fluorescence microscope (Olympus BX60, × 40) equipped 

with a CCD camera (Luca-S, Andor Technology) and an image analysis system (Komet 6, Kinetic 

Imaging Ltd.). Fifty nuclei were analyzed per slide and the percentage of DNA present in the Comet tail 

(%Tail DNA) was measured for each observed nucleus. 

5. Total DNA methylation  

One mL of lysis buffer (0.02 M Tris pH 8, 0.1 M NaCl, 1 mM EDTA, 0.5% SDS) was added to each of 

the 4 replicates of gastrula pellets per condition (50000 larvae each, 20 samples in total) and kept 

overnight at 55°C in the presence of 0.3 mg of proteinase K. DNA was extracted with phenol-chloroform 

(1 mL) (ACRO Organics), isopropanol (Sigma-Aldrich) precipitated and quantified using a ND1000 

NanoDrop. Global DNA methylation level was determined by UV-HPLC analysis according to the 

protocol of Armstrong et al. (2011) with some modifications as described in Bachère et al., (2017). For 

each sample, 5 µg of DNA were digested by incubation with nuclease P1 (1.5 U per µg DNA) for 2 h at 

37°C and alkaline phosphatase (2.5 U per µg DNA) for an additional 1 h at 37°C. After centrifugation 

(10 min, 7000 x g, 4 °C), the supernatant was recovered for analysis by HPLC coupled to UV detection 

(Agilent 1200 series). Separation of the deoxyribonucleosides was performed on a Phenomenex 

Security Guard ULTRA Cartridge UHPLC C18 pre-column and a PhenomenexKinetex 2.6 µm C18 100A 

100 x 4.6 mm column. The column oven was set at 10°C. Elution was performed in isocratic mode using 
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a mobile phase composed of 50 mM diammonium-hydrogenophosphate, and 3% acetonitrile, pH 4.1. 

The elution flow rate was set at 1.3 mL.min-1 and the pressure in the system was 330 bars. Commercially 

available nucleotides (dAMP, dTMP, dGMP, dCMP, dUMP) were injected individually and in mixture 

(total injection volume of 13 µL) in order to determine their respective retention time following UV 

detection at 280 nm. Standard curves were also generated for cytosine (dCMP: 0.5-2.0 nmoles), 5-

methylcytosine (5-mdC: 0.01-0.10 nmoles) and 5-hydroxymethylcytosine (5-OHmdC: 0.02-0.15 

nmoles). For each sample the 5-mdC% or 5-OHmdC% were calculated as follows: 5-mdCMP%= [5-

mdC/(dCMP + 5-mdC)] × 100 or 5-OHmdC%= [5-OHmdCMP/5-mdC)] × 100. For the conditions 

described, run time was 10 min and the retention times for dCMP, 5-mdC and 5-OhmdC were 1.7, 2.4 

and 0.9 min, respectively. 

6. RNA extraction and Real-Time PCR 

Total RNA was isolated from 60 samples using TRI Reagent according to the manufacturer’s 

instructions. RNA concentrations were determined using a ND-1000 spectrophotometer 

(ThermoScientific, Waltham MA, USA). RNA was treated with DNase I (Ambion, Life Technologies, 0.1 

U·per µg of RNA) following the manufacturer’s instructions, and precipitated with isopropanol (v/v) and 

0.3 M sodium acetate. RNA integrity was assessed on an Agilent bioanalyzer using RNA 6000 Nano 

kits (Agilent Technologies), according to the manufacturer’s instructions, for a mean RNA Integrity 

Number (RIN) of 7.6 ± 0.4. Reverse transcription was carried out with the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems), according to the manufacturer’s instructions on 1 μg of total 

RNA. 

The levels of 15 mRNA transcripts were measured by real-time PCR. Specific primers were designed 

using Primer 3 V 4.0.0 (Untergasser et al., 2012). Two reference genes were considered: 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and elongation factor 1 alpha (EF1). The PCR 

efficiency (E) was assessed for each primer pair on a sample containing cDNA from the three 

developmental stages by serial dilutions and was comprised between 83.5%<E<107%. The primers 

sequences and Genbank accession numbers for the genes considered are in the supplementary file SI 

1a. Real-time PCR reactions (15 µL final volume containing Roche LightCycler 480 Probes Master, 

SYBR Green, 0.05 µM of each primer and cDNA diluted to 1/40) were carried out in triplicate in 384-

wells microplates in a LightCycler 480 thermal cycler (Roche). Runs started with 5 min at 95°C, followed 

by 45 cycles of 10 s at 95°C, 20 s at 60°C and 20 s at 72°C. Accurate amplification of the target amplicon 
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was checked by performing a melting curve. Each run included the cDNA inter-run control, a no-template 

control and a water control. The geometric mean of the two reference genes was used to normalize 

gene expression using the Pfaffl formula (Pfaffl, 2001) and specific amplification efficiencies. 

7.  DNA extraction and MeDIP Real-Time PCR  

MeDIP Real-Time PCR was performed on samples from the control and 10 µg.L-1 copper groups only, 

because this concentration is close to the determined EC50 value and considered as the most potent for 

the induction of both gene expression changes and larval abnormalities. DNA was extracted with 

Nucleospin Tissue Kit (Macherey-Nagel) according to manufacturer’s instructions. Briefly, the DNA of 

50000 larvae was extracted, purified by column affinity chromatography, washed with ethanol, and 

eluted in 5 mMTris/HCl, pH 8.5. Extracted DNA was quantified by spectrometry (Nanodrop 2000, 

Thermo Scientific) and then 10 µg were fragmented by sonication at 100 ng.µL-1 in ultrapure water (10 

pulses of 10 seconds in discontinuous mode, with cooling of 30 seconds on ice every three pulses on a 

VibraCell sonicator (Bioblock Scientific) at 40% power using a 2 mm diameter probe) in order to obtain 

ca. 500 bp fragments as assessed on 1% agarose gel electrophoresis followed with ethidium bromide 

staining. Methylated DNA immunoprecipitation was performed using the MagMeDIP Kit (Diagenode) 

according to manufacturer’s instructions. Briefly, 1.2 µg of fragmented DNA was denatured 3 minutes 

at 95°C. A DNA aliquot (ca. 100 ng, 'input' fraction) was saved at this point from each sample and stored 

at 4°C during immunoprecipitation of the 'IP' fraction. Fragmented DNA was immunoprecipitated ('IP' 

fraction) with an anti-5-methylcytosine monoclonal antibody (clone 33D3, Diagenode) coated on 

magnetic beads at 4°C overnight. Samples were extensively washed and recovered by retention on a 

magnetic rack. Potential remaining protein contamination (RNase) were removed with 1 U proteinase K 

for 15 minutes at 55°C, followed by inactivation at 100°C for 15 minutes. The immunoprecipitated DNA 

was eluted (IP DNA) and the 'Input' fraction diluted (Input DNA) in a final volume of 100 µL using DIB 

buffer (Diagenode). Real time PCRs (15 µL final volume) were realized on 3 µL Input and IP DNA with 

GoTaq qPCR Master Mix, (Promega) and gene-specific primers (0.3 µM each) using a CFX96 Real-

Time PCR Detection System (Bio-Rad). Cycling conditions were: 5 min at 95°C followed by 45 cycles 

of 10 s at 95°C, 40 s at 60°C. Primers were designed to target potentially methylated CpG regions on 

exons within the HoxA1, Hox2, Engrailed 2 and Notochord genes. The primers’ PCR efficiency (E) was 

estimated for each primer pair using a 4-log dilution series of genomic DNA (0.05 to 50 ng final 

concentration) pooled from the three developmental stages examined. The specificity of the 
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immunoprecipitation was checked using 0% and 100% methylated DNA included in the samples. It 

corresponds to the proportion of methylated DNA enrichment in the IP fraction. Reactions were validated 

only for specificities above 95%. The primer sequences, the number of CpGs per amplified region and 

their localization in gene exons are given in SI 1b. The methylation level of each examined region is 

given by the ratio between the real-time PCR signal between the IP and Input fractions, IP/Input = 2(Ct 

Input – Ct IP). Methylation levels are given relative to controls (=1). 

8. Statistics  

Data were processed and analyzed using the language R/BioConductor, (R Development Core Team) 

(Gentry et al., 2004). “drc” package was employed to model the dose response curve with the Weibull 

3 parameters model (Ritz et al., 2015). PCA analyses were performed with the “ade4” package analyses 

(Dray and Dufur, 2007). Normality and homogeneity of variance were tested on residuals using the 

Shapiro–Wilk test and Fligner test. Angular transformation was used for percentage data. One-way 

ANOVA and Least-significant difference post hoc tests were performed to discriminate groups if the 

homoscedasticity was observed; otherwise Kruskal-Wallis rank sum test was performed. Target DNA 

methylation data were normalized to control samples and further tested with Student’s t-Test. p-values 

<0.05 were considered as significant.  

 

Results 

1. Embryotoxicity and genotoxicity tests 

Copper caused increases in C. gigas larval abnormalities with an EC50 value of 9.1 μg.L-1 (Figure 1a). A 

Significant rise in embryo-larval abnormalities was recorded starting from 10 μg.L-1 of Cu2+ (ANOVA p-

value<0.001). Given the low percentage (16 ± 5%) of larval abnormalities in control conditions as well 

as the EC50 value between 6 and 16 µg.L-1, the embryo-larval test was validated according to the criteria 

given by the standardized test (ISO17244:2015). At the highest concentration (20 μg.L-1Cu2+), most of 

the observed abnormalities were shell abnormalities and 10% of the individuals presented a 

developmental arrest (Figure 1b). The comet assay revealed a significant increase in DNA strand breaks 

in gastrula embryos from 1 μg.L-1 of Cu2+ (ANOVA p-value<0.001, Figure 2). 

2. Global DNA Methylation 
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Global DNA methylation levels (5-Methylcytosine) were not significantly affected by the different 

experimental conditions (Fig. 3a). The level of 5-Hydroxymethyl-deoxycytosine was significantly 

decreased upon exposure at the highest tested copper concentration (ANOVA p-value<0.05, Fig. 3b). 

3. Gene expression analysis 

The PCA analysis of gene expression clearly indicates that developmental stages are associated with 

specific transcript patterns (components 1 and 2 accounted for 48.47% and 29.76% of the variance, 

respectively) and underline the implication of the genes examined in the different stages of oyster 

development (Figure 4). Six of those genes have their mRNA level influenced by copper exposure 

(Figure 5) while the expression of the other 9 is not significantly affected by the treatment (SI 2). At the 

morula stage, Notochord was the only gene examined whose transcription was significantly increased 

in copper-exposed oysters when compared to controls (p = 0.03). In gastrulas, Notochord (p = 0.01), 

HOXA1 (p = 0.006) and HOX2 (p = 0.04) displayed a concentration-dependent decrease in their mRNA 

expression regarding copper concentration. In contrast, CXXC-1 transcript levels were significantly 

increased at the highest copper concentration (p = 0.04). At the D-larvae stage, for the 20 µg.L-1 copper 

concentration Lox5 expression was increased (p = 0.04), whereas DNMT3 transcripts decrease (p = 

0.05) compared to control samples. 

4. Targeted analysis of DNA methylation 

The DNA methylation levels of the exons of 4 genes were investigated by Me-DIP Real-Time PCR in 

samples exposed to 10 µg.L-1 of copper relative to controls. HoxA1, Hox2 and Notochord were 

differentially expressed upon copper exposure, while Engrailed2 was not. HoxA1 was chosen to 

investigate the relationship between expression and methylation levels during oyster development. A 

strong positive correlation was observed between the transcript level and the level of DNA methylation 

of the first exon in control samples (r=0.93, p=2.7e-05). This correlation was disrupted in samples 

exposed to copper (r=0.58, p=0.04) (Figure 6). The majority of changes in DNA methylation of HoxA1 

induced by copper exposure of embryos were detected at gastrula stage (Figure 7a). Modifications in 

the methylation level were not consistent between exons with a decrease for exon 1 and an increase for 

exon 2. Hox2 presented a global increase of DNA methylation in all studied regions at the gastrula stage, 

albeit significantly only on exon 1 (Figure 7b). Notochord showed a high variability of DNA methylation 

levels in the 2 studied regions at morula stages (Figure 7c). Engrailed 2 did not display significant 
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changes in methylation, but showed a weak global trend similar to HoxA1 at the gastrula stage (Figure 

7d). 

 

Discussion 

The main objective of this study was to contribute to the identification of some of the molecular 

mechanisms involved in larval abnormalities of oyster induced by copper contamination. Because oyster 

larvae are highly sensitive to copper, this metal trace element has become a positive control for 

embryotoxicity tests and is therefore a good model for studying the underlying pathways. The EC50 

values for larval abnormalities herein (9.1 µg.L-1Cu2+) are similar to those of former studies that range 

from 7.35 (Gamain et al., 2015) to 12.5 Cu2+(Mai et al., 2012).The slight differences in concentrations 

at which significant increases of abnormalities are detected between experiments may be explained by 

several factors. First, copper might be naturally present in the seawater used for the conduction of the 

bioassays at non-negligible concentrations (Gamain et al., 2015). In addition, a decreased salinity 

increases abnormalities, thereby lowering the EC50 as demonstrated by Gamain et al., (2015). 

Furthermore, DOM, and especially humic acids, can exert protective effects by complexing copper ions 

as shown in several models (De Schamphelaere et al., 2004; Knezovich et al., 1981; Lorenzo et al., 

2002). Besides, the bioavailability of copper depends on the tested larval concentration (Franklin et al., 

2002), and some studies may not comply to the normative guidelines of 20-50 embryo.mL-1 with some 

impact on the observed embryotoxicity. Finally the broodstock origin can have an influence as 

demonstrated by Gamain et al.(2016), native wild oysters being more sensitive. Therefore, even though 

many parameters can influence the percentage of observed larvae abnormalities and explain small 

discrepancies between studies, the effect of copper is highly reproducible and its embryotoxicity remains 

within a comparable range among experiments. 

Although copper is a trace element essential for a normal functioning of cells, high concentrations may 

catalyze the formation of reactive oxygen species potentially leading to oxidative stress (Balamurugan 

and Schaffner, 2006), which in turn induces damages to cellular macromolecules such as nucleic acids. 

The comet assay has widely been used to estimate the potential genotoxic effects of pollutants on 

aquatic organisms (Frenzilli et al., 2009). Mai et al (2012) found a significant increase in the DNA breaks 

when oyster larvae were exposed to 0.1 µg.L-1 of copper, a concentration also leading to increased 
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larval abnormalities. In our study, significant genotoxic effects were observed at lower concentrations (1 

µg.L-1) than those required to induce embryotoxicity, suggesting that oxidative damage to DNA might be 

an earlier marker of larval abnormalities as already suggested for organic pollutants (Wessel et al., 

2007). Such an apparent discrepancy likely reflects the onset of compensatory mechanisms, which 

counteract the toxicity of Cu up to threshold concentrations above which the exposure cannot be 

physiologically managed thereby leading to larval abnormalities. Metal-induced oxidative stress is also 

known to affect DNA through epigenetic changes (Vandegehuchte and Janssen, 2011). For example, 

when exposed to copper, zinc, lead, cadmium or a metal mixture, the goldfish Carassius auratus showed 

increased DNA methylation levels in the liver (Xinwen et al., 2001). Furthermore, the ability of 

methyltransferases to interact with DNA may be affected by oxidative DNA damage thus resulting in a 

generalized altered methylation of CpG sites (Baccarelli and Bollati, 2009). Because methylation is a 

main factor driving gene expression, alterations of the genome structure such as DNA strand breaks 

could lead to epigenetic and transcriptional changes. Copper homeostasis in eukaryotes is directly 

linked to metal response element (MRE) at the promoter level of transcription factors regulating the 

metallothionein expression (Balamurugan and Schaffner, 2006). The presence of a MRE-binding 

transcription factor has been highlighted in C. gigas and its mRNA level was increased in a 

concentration-dependent manner upon cadmium exposure, activating metallothionein gene 

transcription (Qiu et al., 2013). However, the putative promoter regions of homeobox genes do not 

display any consensus MRE region in the present assembly of the oyster genome. Therefore such MRE-

mediated transcriptional regulation unlikely participates to the expression pattern disruptions observed 

here. However, caution should be taken because of the lack of precision in promoter prediction in the 

present version of oyster genome (Riviere et al., 2015; Saint-Carlier and Riviere, 2015). 

Gene expression was examined for genes involved in development (homeobox genes), shell 

biomineralization and DNA methylation, as potential candidates mediating larval abnormalities. As 

already demonstrated in C. gigas, severe phenotypic alterations of embryo development occur in the 

presence of a DNA methylation inhibitor in association with the disruption of function of homeobox and 

methylation genes (Riviere et al., 2013). The examined genes all showed an expression pattern strongly 

dependent on developmental stage. The expression pattern of some genes present a strong 

heterogeneity in some cases, possibly as the result of their acute and localized expression (Zhang et 

al., 2012). Thus, sampling duration, rate of cellular divisions and mismatched synchronization of 
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embryos during the first hours, could create a shift in the expression peak of some genes. Furthermore, 

performing RNA extractions on large pools of larvae may mask some individual effects because of inter-

individual variability. The temporal coordination of homeobox genes is fundamental for a proper embryo 

development in many species, and has recently been described in C. gigas (Paps et al., 2015; Zhang 

et al., 2012). The expression of oyster homeobox genes peaks either during early development (egg to 

gastrula) or in late development after the trochophore larval stage (Paps et al. 2015). Here, 5 out of the 

15 genes studied had their expression peak at the morula and 7 at the gastrula stage. Copper exposure 

was highly potent in inducing changes in expression of homeobox genes, especially at the gastrula 

stage. A global concentration-dependent decrease in the transcripts of Notochord, HOXA1, and HOX2 

was observed at this stage at a copper concentration starting from 1 µg.L-1, which corresponds to 

environmental values often recorded in coastal areas near or within estuaries or bays bearing shellfish 

production (Gamain et al., 2017). In contrast, an increased transcription was observed for Notochord at 

the morula stage and for Lox5 at the D-larvae stage for higher copper concentrations. Nevertheless, 

when considering the highly precise temporal and spatial pattern of homeobox gene expression (see SI 

3, data from GigaTON Database, Riviere et al., 2015), the observed disrupting effects of copper 

exposure on their mRNA level might disturb developmental processes. Therefore, copper-induced 

stress may delay, disrupt and/or arrest the development, although a higher sampling frequency would 

be required to precisely determine whether the measured mRNA levels reflect a shift in the 

developmental kinetics rather than an overall copper-induced alteration in the expression of the 

observed genes. 

Hox genes are transcription factors regulating the downstream expression of a great number of 

developmental genes encoding homeodomain-containing transcription factors that control the anterio–

posterior body axis patterning of animals. Because the regulatory mechanisms shared between species 

are considered conserved during animal evolution, mollusks, which belong to Lophotrochozoans, are 

often included in studies that discuss the origin of the metazoan body plan (Xu et al., 2016). Molluscan 

Hox gene orthologues are related to the activation of genes involved in shell formation (Jackson and 

Degnan, 2016), as suggested by the studies reporting their spatio-temporal expression pattern. In C. 

gigas, Notochord expression peaks at the blastula stage extending until early gastrula (see SI 3). In the 

closest phylogenetically studied species, the brachiopod Terebratalia transversa, Notochord is 

expressed from the early gastrula stage until completion of larval development (Altenburger et al., 2011) 

ACCEPTED M
ANUSCRIP

T



in the area of the apical lobe, which corresponds to the region that bears the cilia used for swimming. 

Considering a putative conserved role of developmental gene orthologues in closely related species, a 

disruption in Notochord expression might lead to a disrupted rotatory movement in early swimming 

stages of oyster. In C. gigas, expression peak of HOXA1 occurred at early gastrula, while HOX1 

transcripts in the gastropod Gibbula varia were localized in the shell field at the trocophore stage (10 

hpf) (Samadi and Steiner, 2009). HOX1 is known to be involved in patterning of the shell field in a range 

of mollusks, being clearly expressed in cells associated with the shell field at 7hpf in Haliotis asinine 

prior to the transcription of downstream shell-forming genes (Jackson and Degnan, 2016). Consistently, 

disruption in expression of HOXA1 and HOX2 in this study could lead to perturbation of the shell 

formation process. Thus, in line with the observed shell abnormalities, the disrupted expression pattern 

of those genes, chosen by orthology, support their role in the molecular mechanisms involved in copper 

embryotoxicity. Nonetheless, it has to be considered that only transcript levels were measured here, 

and more studies are needed to fully understand the influence on the actual gene product which also 

involves posttranscriptional regulation that was not examined here. 

DNA methylation is fundamental for a proper early embryo development in C. gigas and acute embryo 

abnormalities were observed in the presence of DNA methylation inhibitors (Riviere et al., 2013). It has 

been demonstrated that genome-wide methylation dynamics are major regulators of oyster early life 

through the control of development gene expression, as demonstrated using both a targeted approach 

on some Hox genes (Saint-Carlier and Riviere, 2015) and a genome-wide methodology (Riviere et al., 

2017). If global DNA methylation varies strongly during the different stages of embryo development in 

C. gigas embryos (Riviere et al., 2013), we did not observe global 5-mdC content variations upon copper 

exposure at gastrula stage. Therefore we hypothesized that the observed disrupted expression of early 

expressed genes in copper-exposed embryos, and especially of homeotic genes, could be linked to 

DNA methylation disruption at their locus. Here, differences in CXXC1 and DNMT3b transcript levels 

were observed for the highest copper concentration. Both are oyster orthologues of genes encoding 

proteins involved in the DNA methylation machinery: CXXC1 binds to methyl-DNA and DNMT3b is the 

de novo DNA methyltransferase. Although copper induced alterations in the expression of DNA 

methylation regulators, we did not observe changes in the DNA methylation level at the global scale. 

Nevertheless, variations in the 5-mdC content of some targeted loci were reflected by our MeDIP-qPCR 

results (see below). Therefore alteration by copper exposure of CXXC1 and DNMT3b expression is 
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consistent with changes in DNA methylation at precise loci and their possible transcriptional outcomes. 

Inversely, demethylation in mammals is promoted by Tet 1, which oxidizes 5-mdC into 5-OHmdC in a 

Fe2+ and alpha-ketoglutarate-dependent manner (Tahiliani et al., 2009). In this study no Tet 1 oyster 

orthologue mRNA level modification was detected, although copper induced a decrease in global 5-

OHmdC content. It is possible that the presence of high Cu2+ concentrations interferes with the iron-

dependent catalytic activity of a putative Tet 1 in the oyster thereby explaining the decrease in 5-OHmdC 

in exposed embryos. Altogether, through altered DNA methyltransferase transcription, transcript content 

of the gene encoding methyl-DNA binding protein, or catalytic activity of the product of Tet 1, these 

results likely explain changes in the methylation pattern at precise loci. Such changes may partly be 

responsible for shifts in the expression pattern of development genes, especially because they occur at 

loci including 5' regions (putative promoter and/or first exons) of developmental genes. Indeed, the role 

of promoter methylation on C. gigas developmental gene expression has been demonstrated (Saint-

Carlier and Riviere, 2015). In addition, CpG methylation occurs mainly on exons and a positive 

correlation between exon methylation and gene expression has been demonstrated in adult oyster 

tissues (Olson and Roberts, 2014; Wang et al., 2014). In this study we show that HOXA1 first exon 

methylation was positively correlated with HOXA1 transcript levels in control conditions, while such 

correlation was decreased when embryos were exposed to 10 µg.L-1 of copper. This clearly suggests 

that methylation participates or reflects epigenetic mediation of copper-induced transcriptional response 

involved in larval abnormalities. Yet, the methylation changes observed in copper-exposed conditions 

compared to control ones, were different between genes and even between exons within a gene and 

no global trend could be identified. Our results indicated the possibility of expression changes without 

methylation changes (as for Notochord), and conversely, methylation changes without expression 

changes (as for Engrailed 2). These mismatches reflect a high complexity of methylation regulation at 

the gene scale and prompt caution in the interpretation of methylation outcomes regarding gene 

expression. Consistent with recent hypotheses (Riviere et al., 2017), abnormal methylation could indeed 

disrupt the accessibility to regulatory sequences for the transcription machinery thereby mediating 

transcription activation/inhibition. Such effects could be the result of chromatin remodeling (Castellano 

et al., 2006). However, molecular mechanisms linking methylation to expression remain unclear in 

distant organisms. Many questions remain open regarding the molecular pathways involved in embryo-

larval defects due to contaminant exposure. Although this study brings evidence that epigenetic changes 
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are associated to alteration in development gene transcription. Nonetheless, as stated above, other 

mechanisms could play a role in causing larval abnormalities and additional work on various chemicals 

coupling genome-, transcriptome- and epigenome-wide analyses is required to gain more insights into 

these mechanisms. 

 

Conclusions 

This study brings transcriptional and epigenetic data on molecular mechanisms involved in larval 

abnormalities induced by copper in oyster early life stages. Embryotoxic effects were observed from 10 

µg.L-1 of Cu2+ and genotoxic effects at even lower concentrations (1 µg.L-1) confirming the sensitivity of 

C. gigas embryos to copper. Early expressed genes including homeotic genes had their expression 

pattern disrupted by copper exposure. Moreover, global DNA methylation was not significantly modified 

by copper exposure, whereas 5-HOmdC levels decreased at high copper concentrations. Nevertheless, 

specific DNA methylation changes in copper-exposed conditions were observed in targeted regions and 

differed between genes and between exons. This indicates that even if global methylation is not 

changed, the methylation of specific genes varies and is correlated to the gene expression. Altogether 

our results suggest that local changes in DNA methylation of developmental genes participate in 

expression impairment associated to the embryotoxic effect of copper in oyster larvae. This study brings 

new insights into the identification of functional early markers and their role in the embryotoxic effects of 

pollutant in C. gigas, a widespread marine sentinel species. 
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Figure 1.Embryotoxic effect of copper on Crassostrea gigas D-larvae. 1a) percentage of normal shaped D-larvae, 

significant increase of larval abnormalities is observed from 10 µg Cu2+.L-1; 1b) abnormality types dependent on 

copper concentration (expressed as µg.L-1). Data are presented as the mean of 4 biological replicates. 

 

Figure 2. Boxplot of the level of DNA strand breaks measured with the comet test on embryonal cells of Crassotrea 

gigas gastrula. Significant effects of copper (expressed as µg.L-1) toxicity are observed from 1 µg Cu2+.L-1. Letters 

represent statistically different groups calculated by the least significant difference post hoc test (n=4). 
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Figure 3. Global DNA methylation, 3a) % of 5-methylcytosine in whole DNA; 3b) levels of 3-hydroximethylcitosyne 

(calculated as 5-HOmdC/5-mdC %), Letters represent statistically different groups calculated by the least significant 

difference post hoc test (n=4). 
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Figure 4. PCA of transcript levels differentiating developmental stages, components 1 and 2 accounted for 48.47% 

and 29.76% of the variance, respectively 
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Figure 5.Boxplot of the relative expression of transcripts showing a significant effect upon copper exposure (expressed as µg.L-1) in C. gigas embryos. Letters represent 

statistically different groups calculated by the Kruskal-Wallis rank sum test (n=4). 
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Figure 6. Correlation between the transcript and  DNA methylation levels of the first exon of the HOXA1 gene in 

control  (left) and 10 µg Cu2+.L-1-exposed embryos (right) at different developmental stages (blue, M, morula, 

green, G, gastrula, red, D, D larvae). The correlation coefficient (r) is given. 
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Figure 7.Specific DNA methylation measured by Me-DIP Real-Time PCR. Results are expressed as the ratio of 

samples exposed to 10 µg.L-1 Cu2+ compared to control samples ± standard deviation (n=4). The methylation levels 

were measured at the morula (blue, HoxA1, Notochord), gastrula (green, HoxA1, Hox2, Engrailed2) and D-larvae 

(orange, HoxA1) stages. The exons (or exon regions for Hox2 exon 4) examined for specific methylation are 

indicated. Significance codes +: p<0.1; *: P<0.05, ** P<0.01 (two-tailed Student's T test, Welsh's correction was 

applied when required). . 
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