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The Chernobyl and Fukushima nuclear power plant (NPP) accidents that occurred in 1986 and 2011 respectively have led to many years of chronic radiation exposure of wildlife. However, controversies remain on the dose threshold above which an impact on animal health occurs. Fish have been highly exposed immediately after both accidents in freshwater systems around Chernobyl and in freshwater and marine systems around Fukushima. The dose levels decreased during the years after the accidents, however, little is known about the effects of environmental low doses of radiation on fish health. The present laboratory study assesses the effects of an environmentally relevant dose range of radiation (0.1, 1 and 10 mGy/day) on early life stages of the 3-spined stickleback, Gasterosteus aculeatus.

The cardiac physiology and developmental features (head width, diameter, area) of high exposed embryos (10 mGy/day) showed no significant change when compared to controls.

Embryos exposed to the medium and high dose were slower to hatch than the controls (between 166 and 195 hours post-fertilization). After 10 days of exposure (at 240 hours post-fertilization), larvae exposed to the high dose displayed comparable growth to controls. High-throughput sequence analysis of transcriptional changes at this time point revealed no significant changes in gene regulation compared to controls regardless of exposure conditions. Our results suggest that exposure of fish embryos to environmental radiation elicits subtle delays in hatching times, but does not impair the overall growth and physiology, nor the gene expression patterns in the recently hatched larvae.

Introduction

Serious nuclear accidents at both the Chernobyl Nuclear Power Plant (NPP) in April 1986 and the Fukushima NPP in March 2011 led to high levels of radiation exposure to wildlife. After the Chernobyl accident, the dose to fish found in the cooling pond was estimated at 10 mGy/day [START_REF] Kryshev | Modelling the Accidental Radioactive Contamination and Assessment of Doses to Biota in the Chernobyl NPP's Cooling Pond[END_REF] and then rapidly declined due to the decrease of short life radionuclides and sedimentation processes [START_REF]Chernobyl -Catastrophe and Consequences[END_REF] .

Three decades after the Chernobyl NPP accident, the main radionuclides of concern are 90 Sr (a β emitter) and 137 Cs (a β and γ emitter) due to their long radioactive half-life (28 and 30 years respectively). Transuranium radioelements are also of concern due to their long radioactive halflife and high energetic alpha particle emission. However, their contribution to the total dose to fish at Chernobyl is very low [START_REF] Lerebours | Impact of Environmental Radiation on the Health and Reproductive Status of Fish from Chernobyl[END_REF] . In a highly contaminated lake called Glubokoye, located near the Chernobyl NPP, the total dose rate to perch (Perca fluviatilis) and roach (Rutilus rutilus) 30 years after the accident was up to 16 and 14 Gy/h respectively (less than 0.4 mGy/day) [START_REF] Lerebours | Impact of Environmental Radiation on the Health and Reproductive Status of Fish from Chernobyl[END_REF] . 32 P is a radioisotope of 14.26 days half-life that emits β particles of high energy (1.7 MeV) whose track length is a few millimetres in water. A β-particle directly ionizes molecules by the removal of an electron, whereas  particles (and X-ray) ionize molecules by generating a series of fast electrons (effectively β particles) after first hitting molecules, therefore, the use of a βemitter is relevant to assess the effect of environmental radiation. In order to assess the effects of ionising radiation exposure on fish embryos under laboratory conditions, [START_REF] Dobin | STAR: Ultrafast Universal RNA-Seq Aligner[END_REF] P was selected due to its short half-life minimising the radioactive waste and its high energy β particles. 32 P is used in research laboratories, medical procedures and industry that may lead to discharge into freshwater systems. The Krasnoyarsk Mining and Chemical Industrial Complex in Russia discharged significant amounts of [START_REF] Dobin | STAR: Ultrafast Universal RNA-Seq Aligner[END_REF] P in the Yenisei river that were found to have accumulated in fish, with [START_REF] Dobin | STAR: Ultrafast Universal RNA-Seq Aligner[END_REF] P activities of 2.2 Bq/L in water and 2900 Bq/kg in fish found at 200 km from the industrial site [START_REF] Vakulovskii | 32 P Accumulation in Fish in the Enisei River and Reconstruction of the Irradiation Dose to the Public[END_REF] . In the Columbia River contaminated by the cooling water from the Handford plutonium reactors, the estimated level of [START_REF] Dobin | STAR: Ultrafast Universal RNA-Seq Aligner[END_REF] P in water between 1950 and 1971 varied from 0.1 to 7.7 Bq/L 5 and the activity of [START_REF] Dobin | STAR: Ultrafast Universal RNA-Seq Aligner[END_REF] P in fish was varied from 0.7 x 10 3 to 22 x 10 3 Bq/kg between 1962 and 1964 [START_REF] Honstead | The Uptake and Retention of 32 P and 65 Zn from the Consumption of Columbia River Fish[END_REF] . Waterborne uptake of [START_REF] Dobin | STAR: Ultrafast Universal RNA-Seq Aligner[END_REF] P was found to be negligible as compared to uptake via the dietary route in fish [START_REF] Winpenny | The Uptake of Radioactive Phosphorus by Brown Trout (Salmo Trutta L.) from Water and Food[END_REF][START_REF] Smith | A Review and Model Assessment of 32P and 33P Uptake to Biota in Freshwater Systems[END_REF] . The 3-spined stickleback (Gasterosteus aculeatus) is a vertebrate model used in laboratory settings to assess the mechanistic effects of pollutants and in field surveys using multi-biomarker approaches [START_REF] Katsiadaki | The Potential of the Three-Spined Stickleback (Gasterosteus Aculeatus L.) as a Combined Biomarker for Oestrogens and Androgens in European Waters[END_REF][START_REF] Sanchez | Biomarker Responses in Wild Three-Spined Stickleback (Gasterosteus Aculeatus L.) as a Useful Tool for Freshwater Biomonitoring: A Multiparametric Approach[END_REF] . The early stages of fish embryonic development are sensitive to ionising radiation [START_REF] Simon | Investigating the Embryo/Larval Toxic and Genotoxic Effects of γ Irradiation on Zebrafish Eggs[END_REF] .

Numerous studies describe the effects of acute exposure to radiation on fish embryos.

However, much less is known about the effects of low doses of radiation in the environmental range of 0.1 to 10 mGy/day. Importantly, results from the literature on the effects of low doses on organism health differ [START_REF] Smith | Field Evidence of Significant Effects of Radiation on Wildlife at Chronic Low Dose Rates Is Weak and Often Misleading. A Comment on "Is Non-Human Species Radiosensitivity in the Lab a Good Indicator of That in the Field? Making the Comparison More Robust" by Beaugelin-Seiller et Al[END_REF] . For instance, whilst some studies did not find evidence of radiation effects on populations of aquatic invertebrates 13 , fish [START_REF] Lerebours | Impact of Environmental Radiation on the Health and Reproductive Status of Fish from Chernobyl[END_REF] or mammals [START_REF] Deryabina | Long-Term Census Data Reveal Abundant Wildlife Populations at Chernobyl[END_REF] at Chernobyl, others found adverse effects of radiation on the abundance of invertebrates [START_REF] Moller | Reduced Abundance of Insects and Spiders Linked to Radiation at Chernobyl 20 Years after the Accident[END_REF] , birds [START_REF] Møller | Species Richness and Abundance of Forest Birds in Relation to Radiation at Chernobyl[END_REF] and mammals [START_REF] Møller | Assessing Effects of Radiation on Abundance of Mammals and Predator-Prey Interactions in Chernobyl Using Tracks in the Snow[END_REF] at Chernobyl and Fukushima. Thus, the dose at which significant damage to wildlife populations occurs remains an open question [START_REF] Smith | Field Evidence of Significant Effects of Radiation on Wildlife at Chronic Low Dose Rates Is Weak and Often Misleading. A Comment on "Is Non-Human Species Radiosensitivity in the Lab a Good Indicator of That in the Field? Making the Comparison More Robust" by Beaugelin-Seiller et Al[END_REF] .

Several studies have previously examined the effects of high doses of radiation (approximately 1000-fold above the environmental range) on the morphology of fish embryos. Exposure to acute dose of radiation induced various morphological abnormalities in embryos of zebrafish (Danio rerio) 18192021 , mangrove killifish (Kryptolebias marmoratus) [START_REF] Rhee | Gamma Irradiation-Induced Oxidative Stress and Developmental Impairment in the Hermaphroditic Fish, Kryptolebias Marmoratus Embryo[END_REF] and medaka (Oryzias latipes) [START_REF] Hyodo-Taguchi | Vertebral Malformations in Medaka (Teleost Fish) after Exposure to Tritiated Water in the Embryonic Stage[END_REF] .

Numerous authors studied the effects of exposure to high doses of radiation on the hatching success of embryos but the results differed according to the type and nature of exposure. No difference in the percentage of embryos that hatched was observed in medaka embryos exposed to 35.42 mGy/h of tritiated water [START_REF] Hyodo-Taguchi | Vertebral Malformations in Medaka (Teleost Fish) after Exposure to Tritiated Water in the Embryonic Stage[END_REF] and in zebrafish embryos exposed to 0.01 and 0.05 Gy of γ radiation [START_REF] Hu | Developmental Toxicity and Oxidative Stress Induced by Gamma Irradiation in Zebrafish Embryos[END_REF] . However, other studies found significant effects on the hatching success. The percentage of zebrafish embryos that hatched decreased significantly after exposure to a total dose range of 0.1 -10 Gy [START_REF] Hu | Developmental Toxicity and Oxidative Stress Induced by Gamma Irradiation in Zebrafish Embryos[END_REF][START_REF] Kumar | Effects of Gamma Radiation on the Early Developmental Stages of Zebrafish (Danio Rerio)[END_REF] , and to a dose rate range of 0.3 -2 Gy/day of γ radiation [START_REF] Pereira | Genotoxicity of Acute and Chronic Gamma-Irradiation on Zebrafish Cells and Consequences for Embryo Development[END_REF] . The percentage of mangrove killifish embryos that hatched decreased significantly after exposure to a total dose range of 2.5 -10 Gy [START_REF] Rhee | Gamma Irradiation-Induced Oxidative Stress and Developmental Impairment in the Hermaphroditic Fish, Kryptolebias Marmoratus Embryo[END_REF] . The hatching time is significantly delayed as compared to controls in zebrafish embryos exposed to a dose range of 0.1 -10 Gy 24 and a dose rate range of 0.3 -2 Gy/day of γ radiation [START_REF] Pereira | Genotoxicity of Acute and Chronic Gamma-Irradiation on Zebrafish Cells and Consequences for Embryo Development[END_REF] . However, whilst many studies have examined the effects of high doses of radiation on hatching, fewer studies have examined hatching processes after exposure to lower doses, and no clear patterns of such dose effects has been observed. An acceleration of hatching was observed in zebrafish embryos exposed to a γ radiation dose of 10 and 1000 mGy/day, but no change was recorded after exposure to 1 and 100 mGy/day [START_REF] Pereira | Genotoxicity of Acute and Chronic Gamma-Irradiation on Zebrafish Cells and Consequences for Embryo Development[END_REF] . Hatching process appears to depend on the embryonic stage of exposure with some authors finding an acceleration of hatching in embryos exposed from 3 hpf (blastula stage) but not from 24 hpf (segmentation stage) to 1-1000 mGy/day of radiation [START_REF] Simon | Investigating the Embryo/Larval Toxic and Genotoxic Effects of γ Irradiation on Zebrafish Eggs[END_REF] .

Several studies investigated the effects of high doses of radiation on the cardiac physiology of fish embryos. Studies reported no effect [START_REF] Zhao | Developmental Toxicity and Apoptosis in Zebrafish Embryos Induced by Low-Dose γ-Ray Irradiation[END_REF] or a decreased heart rate [START_REF] Si | Toxic Effects of 56Fe Ion Radiation on the Zebrafish (Danio Rerio) Embryonic Development[END_REF] in zebrafish embryos. To our knowledge, no studies in the literature have yet described the heart physiology of embryos exposed to environmentally relevant doses of radiation.

Several recent studies explored the effects of short-term exposure to radiation (from a few seconds to 96 hrs) on the transcriptional response of embryos. Gene expression changes were described in zebrafish embryos exposed to a total dose of 10 mGy to 100 mGy during 11 to 110 secs respectively (dose rate: 79.2 Gy/day), and the number of the differentially expressed genes was positively correlated to the dose [START_REF] Zhao | Developmental Toxicity and Apoptosis in Zebrafish Embryos Induced by Low-Dose γ-Ray Irradiation[END_REF] . Transcriptional response of genes involved in apoptosis [START_REF] Si | Toxic Effects of 56Fe Ion Radiation on the Zebrafish (Danio Rerio) Embryonic Development[END_REF] and DNA damage repair mechanisms [START_REF] Si | Toxic Effects of 56Fe Ion Radiation on the Zebrafish (Danio Rerio) Embryonic Development[END_REF][START_REF] Arcanjo | Tritiated Water Exposure Disrupts Myofibril Structure and Induces Mis-Regulation of Eye Opacity and DNA Repair Genes in Zebrafish Early Life Stages[END_REF] were changed in zebrafish embryos exposed to 0.5 -4 Gy of 56 Fe ion irradiation (Si et al. 2017) [START_REF] Si | Toxic Effects of 56Fe Ion Radiation on the Zebrafish (Danio Rerio) Embryonic Development[END_REF] or 9.6 and 96 mGy/day of  radiation [START_REF] Arcanjo | Tritiated Water Exposure Disrupts Myofibril Structure and Induces Mis-Regulation of Eye Opacity and DNA Repair Genes in Zebrafish Early Life Stages[END_REF] .

The present study is one of the few to assess of the effects of very low doses of radiation on fish embryo development under laboratory conditions, combining both high throughput molecular and biometric analyses. The aim was to investigate whether exposure to environmental low doses of radiation induces developmental, physiological and transcriptional changes in stickleback embryos.

Methods

Fish maintenance

Adult sticklebacks were kept in artificial reproduction conditions in order to generate the embryos for in vitro fertilization. The artificial water composition and experimental conditions were selected according to the OECD guideline for the testing of chemicals (CaCl 2 : 294, MgSO 4 : 123, NaHCO 3 : 65, KCl: 6 mg/L, pH = 7.5, T°C = 19°C, photoperiod: 16h light/8h dark) [START_REF] Lehninger | Principles of Biochemistry[END_REF] . Four distinct couples were used to generate the embryos. The fertilization procedure was performed according to the protocol described in the OECD guideline for the testing of chemicals (test number 236). In total, 54 embryos were used for monitoring growth and physiology (27 controls and 27 exposed to the high dose), 108 for recording the hatching success (27 for each of the four exposure conditions), 104 for next generation sequencing (NGS) analyses (Table S3) and 36 to check [START_REF] Dobin | STAR: Ultrafast Universal RNA-Seq Aligner[END_REF] P uptake in the chorion, prolarvae and larvae (Table S2).

Three hours after fertilization, each embryo was placed in an individual glass tube and waterborne exposed to 3 mL of a radioactive solution of 0.1, 1 and 10 mGy/day (or 4, 40 and 400 Gy/h) using a solution of adenosine triphosphate labelled on the gamma phosphate group with 32 P (PerkinElmer). The final concentration of ATP in control, low and medium experimental tubes was adjusted to 1.1 x 10 -5 μM by addition of stable ATP. This ATP concentration is negligible as compared to the concentration found in a typical cell of 5 mM 27 . The doses encompass the chronic low (L) (0.1 mGy/day) and medium (M) (1 mGy/day) doses encountered in the environment at Chernobyl 30 years after the accident, and the initial high dose (H) to fish after the accident (10 mGy/day). These doses span the Environmental Agency (EA) guidance level of 40 Gy/h (0.96 mGy/day) described in the radiological impacts on non-human species report of the EA in 2011 [START_REF]Radiological impacts on non-human species. UK EPRTM nuclear power plant[END_REF] . Control embryos were kept in clean artificial water. 2.5 mL of the water was renewed every 3 days. The embryos were exposed for 10 days and euthanized according to schedule 1 of the Home Office Licence (ASPA, 1986) [START_REF]Guidance on the Operation of the Animals (Scientific Procedures) Act[END_REF] using tricaine methanesulfonate (Sigma).

Dose calculation and monitoring

Dose at the centre of the hemisphere was calculated from data in Berger (1971) [START_REF] Berger | Distribution of Absorbed Doses around Point Sources of Electrons and Beta Particles in Water and Other Media[END_REF] (Figure S1). Activity of 32 P was measured using a HIDEX 300SL liquid scintillation counter and associated MikroWin 2000 software (Version 4.43).

Developmental and physiological measurements

The morphological parameters were measured using a Zeiss axiozoom microscope and the Zen Pro software. The physiological parameter was measured using an optical microscope. The growth of embryos was recorded at 4 dpf (days post-fertilization) by measuring the diameter (mm), area (mm 2 ) and eye distance (mm). The hatching rate was calculated as the proportion of fish that hatched to the total number of fish from the same condition for each observation time.

The cardiac physiology was assessed at 6 dpf by counting the heart beat rate (beats/min). The growth of larvae was recorded at 10 dpf by measuring the length (mm) and head width (mm) of the larvae through the glass tubes.

Next generation sequencing (NGS)

Differential expression analysis was conducted using NGS. For each of the 4 conditions (control, low dose, medium dose and high dose), 3 biological replicates of pools of 4 to 10 embryos aged of 10 days were used for NGS analyses (Table S3). Total RNAs were extracted using the High Pure RNA Tissue kit (Roche Diagnostics Ltd, West Sussex, U.K.) according to the manufacturer's instructions. RNA quality and integrity were evaluated using a bioanalyzer (Agilent, Santa Clara, USA). RNA integrity numbers ranged from 7.4 to 9.5 and showed low RNA degradation rates. NGS libraries for each pool were generated using the Illumina TruSeq mRNA library kit following the manufacturer's instructions. Libraries were sequenced using the Illumina HiSeq 2500 analyser, generating 125 base, paired-end sequences from libraries yielding an average of 33.4  5.2 M paired reads per sample (Table S4). Quality control of raw fastq reads was conducted using fastQC (bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were trimmed using the Trim Galore script to remove adapter sequences and low quality sequence tails (bioinformatics.babraham.ac.uk/projects/trim_galore/). Trimmed reads were mapped against the BROAD S1 Gasterosteus aculeatus 3-spined stickleback genome from Ensembl 30 using the STAR universal RNA seq aligner [START_REF] Kersey | Ensembl Genomes 2018: An Integrated Omics Infrastructure for Non-Vertebrate Species[END_REF] with parameters '--outSAMmultNmax 300'. Reads that mapped uniquely to the genome in a proper pair with mapping quality score greater that 20 were used in downstream analyses.

Differential expression analyses

Differential expression analyses were conducted using the DESeq2 package [START_REF] Love | Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2[END_REF] in R. Gene models were taken from Ensembl version 82 [START_REF] Kersey | Ensembl Genomes 2018: An Integrated Omics Infrastructure for Non-Vertebrate Species[END_REF] , and read counts over unique genes were quantified using the "summarizeOverlaps()" function in the GenomicAlignments package [START_REF] Lawrence | Software for Computing and Annotating Genomic Ranges[END_REF] using mode "Union". Raw read counts were normalised using the regularised log transformation in DEseq2 for visualisation (Figure S2). P values were adjusted for multiple testing by using the Benjamini and Hochberg correction [START_REF] Benjamini | Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing[END_REF] . To account for potential confounding effects of lineage due to a systematic difference in the pooling for replicate 3 compared to replicates 1 and 2 (Table S3), lineage was included as a covariate in the analysis. Significant differentially expressed genes were identified based on a fold-change of 2-fold or greater (up-or down-regulated) and an adjusted p-value less than 0.05. To avoid over-representing differential expression in lowabundance genes, significant genes were further filtered to remove those whose normalised expression was less than 1 for both the exposed and control groups. Gene ontology analysis was conducted using the clusterProfiler package [START_REF] Yu | ClusterProfiler: An R Package for Comparing Biological Themes Among Gene Clusters[END_REF] .

Statistical analyses

Statistical analyses were performed using R version 3.1.2. After satisfying the assumptions of the normal distribution of the residuals, linear models were used to assess the potential differences. If the normality of the residuals wasn't respected a Kruskal-Wallis rank test was applied. A Fisher exact test was applied to assess any difference between hatching success at different times post-fertilization. When significant, post-hoc tests were performed and a Bonferroni correction of the α error was applied.

Results

Dose monitoring

The mean activity of 32 P solutions measured during the 10 days exposure experiment were 0.7 ± 0.2, 27 ± 3, 253 ± 24 and 2588 ± 199 Bq/mL (n = 12) (Table S1) and in accordance with the targeted activity of 2500, 250, 25 and 0 Bq/mL respectively, in each glass tube. After 3 days of exposure, the activities measured in the chorion were 1 ± 0 Bq for controls and low exposure conditions, and 3 ± 2 and 42 ± 11 Bq for the medium and high exposure conditions (mean ± SD, n = 3). The activities measured in dechorionated embryos were 1 ± 0 Bq for control, low and medium exposure conditions and 3 ± 2 Bq for the high exposure condition (mean ± SD, n = 3).

After 9 days of exposure, the activities measured in the larvae were 1 ± 0 for control, low and medium exposure conditions and 2 ± 0 Bq for the high exposure condition (mean ± SD, n = 3) (Table S2).

Developmental and physiological parameters

Radiation exposure to 10 mGy/day did not significantly affect the growth of embryos. After 4 days, exposed embryos were equivalent in size. The diameter, surface and head width of exposed embryos were 1.46 ± 0.01 mm, 1.68 ± 0.02 mm 2 and 0.85 ± 0.03 mm respectively. These measures did not significantly differ from controls (diameter: 1.46 ± 0.01 mm, p = 0.65, area:

1.67 ± 0.02 mm 2 , p = 0.64 and eye distance: 0.85 ± 0.03 mm, p = 0.17) (Table 1). After 6 days, the cardiac physiology of exposed embryos was not disturbed by exposure to radiation. The mean heart beats rate of exposed embryos were equal to 163.2 ± 12 beats/min and did not significantly differ from controls (150.0 ± 3.1 beats/min, p = 0.22) (Table 1). After 10 days, the development between exposed and control larvae remained similar. The length of exposed larvae was 5.98 ± 0.06 mm and their head width 0.82 ± 0.01 mm. These values did not significantly differ from controls (length: 5.99 ± 0.05 mm, p = 0.88 and head width: 0. 81 ± 0.01 mm, p = 0.48) (Table 1).

During the hatching process, embryos exposed to 1 (M) and 10 (H) mGy/day were slower to hatch at 170 hpf (hours post-fertilization), with 22% and 24% of the embryos respectively displaying a delay in hatching (p = 0.014 and p = 0.010 respectively) (Figure 1). At 174 hpf, the embryos exposed to the H condition reached 90% of hatching (HT 90 ) [169-176], 6 hours later than the controls that hatched at 168 hpf [164-169] (based on 95% confidence interval overlap) (Figure 2). There was no delay observed for the embryos exposed to L (HT 90 : 171 hpf [168-173]) and M (HT 90 : 172 hpf [166-175]) conditions as compared to the controls (Figure 2). Eventually, at 195 hpf, no significant difference in hatching success was observed between conditions (p = 0.058) (Figure 1) and the hatching percentage reached 100% [88-100] for the control embryos and 92%; 96% and 93% for the embryos exposed to 0.1 (L), 1 (M) and 10 (H) mGy/day conditions respectively (Figure 1).

Differential expression analysis

Analysis of the NGS data quality identified these data as showing excellent base calling qualities and post-filtering mapping rates of approximately 90% were seen throughout (Table S4). Following gene abundance identification, principal component analysis identified little difference between the dosage treatments in these data (Figure 3). A batch effect, resulting from the parentage of individuals pooled in the different replicates was found (Table S3). This batch effect was incorporated into the model for differential expression analysis.

Differential expression analysis was performed to identify genes whose expression was significantly deregulated following radiation exposure by comparing each of the three dosed treatments against a control treatment as described. No significant change in gene expression was observed, with only a single gene showing significant differential expression in the low dosage after filtering (Figure S2).

Data availability

The RNA sequencing data can be obtained from ArrayExpress (https://www.ebi.ac.uk/arrayexpress/) with the accession number E-MTAB-7872.

Discussion

In the present study, embryo mortality was below 12% in each condition, in the range of what is considered as normal in studies using zebrafish embryos. In the literature, zebrafish embryos survival was reduced after exposures to higher doses such as 100 mGy [START_REF] Zhao | Developmental Toxicity and Apoptosis in Zebrafish Embryos Induced by Low-Dose γ-Ray Irradiation[END_REF] and after 2 and 4 Gy of exposure to 56 Fe 20 .

During the hatching process, embryos exposed to 1 mGy/day (M) and 10 mGy/day (H) conditions displayed reduced hatching successes, by 22 and 24% respectively. No change was observed in embryos exposed to the lowest dose 0.1 mGy/day (L). At the end of the hatching process, no significant difference on the hatching success of embryos was noticed between controls and exposure conditions with percentages reaching 92% (L), 96% (M) and 93% (H).

Exposure to different dose and nature of radiation can accelerate hatching. For instance, zebrafish embryos exposed to 9.6 mGy/h for 65h [START_REF] Yu | ClusterProfiler: An R Package for Comparing Biological Themes Among Gene Clusters[END_REF] , 0.3 to 2 Gy/day 18 , 1-1000 mGy/day [START_REF] Simon | Investigating the Embryo/Larval Toxic and Genotoxic Effects of γ Irradiation on Zebrafish Eggs[END_REF] and to an X-ray dose of 25 mGy 37 hatched earlier than control embryos. The embryonic stage at which radiation exposure occurs, appears to have consequences on the hatching sensitivity of embryos.

For instance, mangrove killifish embryos displayed a higher sensitivity when exposed at an early stage to 2.5, 5, 7.5, and 10 Gy of γ radiation. In addition, the hatching success was significantly decreased in embryos that were exposed early (10.5 hpf) for all doses [START_REF] Rhee | Gamma Irradiation-Induced Oxidative Stress and Developmental Impairment in the Hermaphroditic Fish, Kryptolebias Marmoratus Embryo[END_REF] .

Other experiments showed that exposure to radiation induced a delay in hatching. Exposure to an X-ray dose above 25 mGy delayed hatching zebrafish embryos 38 During hatching, biochemical and behavioural process are synchronised to destroy the chorion 41 . Proteolytic enzymes and embryos movement contribute to the chorion disruption to allow hatching. Hatching may be delayed because of potential changes induced by radiation to those enzymes, as evidenced by studies on the effects of copper on rainbow trout eggs 41 . The delay could also reflect a protective response to stress where the chorion would protect the embryos from external hazard. A similar delay has been reported in zebrafish embryos exposed to metals 42,[START_REF] Fraysse | Development of a Zebrafish 4-Day Embryo-Larval Bioassay to Assess Toxicity of Chemicals[END_REF] . The present data suggest that a delay in hatching is a good indicator of exposure to environmental low dose of radiation in laboratory settings, which is in agreement with the study by Bourrachot et al (2008) 39 that uses waterborne 233 U. A developmental delay of maturing fish eggs has also been observed in organism exposed in their natural environment. A delay of oocyte growth has been evidenced in perch exposed to a total dose rate of 10-16 µGy/h (0.2-0.4 mGy/day) in exposed lakes at Chernobyl, 30 years after the accident, and was correlated to the radiation dose [START_REF] Lerebours | Impact of Environmental Radiation on the Health and Reproductive Status of Fish from Chernobyl[END_REF] . The precise mechanism by which radiation induces this delay is unknown. At the molecular level, a recent study found that transcriptional response of genes involved in the circadian clock was modulated in zebrafish larvae (at 96 hpf) exposed to 0.4 and 4 mGy/h of tritiated water [START_REF] Arcanjo | Tritiated Water Exposure Disrupts Myofibril Structure and Induces Mis-Regulation of Eye Opacity and DNA Repair Genes in Zebrafish Early Life Stages[END_REF] .

In the present study, radiation exposure to 10 mGy/day did not significantly affect the growth of embryos (no difference of diameter, area and eye distance at 4 dpf) and larvae (no difference of head width and length at 10 dpf) respectively. Similarly, no deformity (short tail, spinal curve, absence of pigment, failed hatching) and no length difference as compared to controls was observed in embryos exposed to 9.6 mGy/h [START_REF] Hurem | The Effects of Copper on the Morphological and Functional Development of Zebrafish Embryos[END_REF] . A recent environmental study found that the length and Fulton condition index of perch and roach were similar between lakes, in addition, no malformation of gonads and oocytes was recorded revealing that fish were in good health in general [START_REF] Lerebours | Impact of Environmental Radiation on the Health and Reproductive Status of Fish from Chernobyl[END_REF] . Other studies found a tail detachment in zebrafish exposed to 20 µg/L of 233 U but not in embryos exposed to 100 µg/L of 233 U and a decrease of the body length for both exposures 39 . A reduction of body length was also found in zebrafish embryos exposed to high dose of radiation (1 -10 Gy) 40,[START_REF] Kumar | Effects of Gamma Radiation on the Early Developmental Stages of Zebrafish (Danio Rerio)[END_REF] . Exposure to a γ radiation dose of 0.3 to 2 Gy/day induced morphological abnormalities (tail atrophia and trunk axis malformations) in zebrafish embryos [START_REF] Pereira | Genotoxicity of Acute and Chronic Gamma-Irradiation on Zebrafish Cells and Consequences for Embryo Development[END_REF] . Using an acute dose of radiation, deformities (including spinal curvature, pericardial cyst enlargement and thoracic cavity variation) were noticed from 0.1 Gy, and hatching was reduced from 0.05 Gy [START_REF] Zhao | Developmental Toxicity and Apoptosis in Zebrafish Embryos Induced by Low-Dose γ-Ray Irradiation[END_REF] .

Malformations such as tail deformity, pericardial edema and spinal curve were found to increase in zebrafish embryos exposed to 2 and 4 Gy of 56 Fe ion irradiation [START_REF] Si | Toxic Effects of 56Fe Ion Radiation on the Zebrafish (Danio Rerio) Embryonic Development[END_REF] and 0.01 to 1 Gy of γ radiation [START_REF] Hu | Developmental Toxicity and Oxidative Stress Induced by Gamma Irradiation in Zebrafish Embryos[END_REF] . Pericardial and yolk sac edema, curved notochord and thin caudal fin were observed in the hermaphroditic fish embryos exposed to a total dose range of 2.5 -10 Gy of γ radiation [START_REF] Rhee | Gamma Irradiation-Induced Oxidative Stress and Developmental Impairment in the Hermaphroditic Fish, Kryptolebias Marmoratus Embryo[END_REF] .

Vertebral malformations were reported in medaka embryos exposed to 35.42 mGy/h of tritiated water [START_REF] Hyodo-Taguchi | Vertebral Malformations in Medaka (Teleost Fish) after Exposure to Tritiated Water in the Embryonic Stage[END_REF] . Only a few studies have looked at the head development. Freeman et al. ( 2014) 40 found that exposure to high dose of radiation (10 Gy) reduced eye diameter and head length. However, this dose is higher than the environmental dose range used in the present study.

The physiology of 6 dpf embryos exposed to 10 mGy/day was not changed as compared to controls based on the heart beats count. This is in agreement with a few previous studies that did not observed any change in zebrafish embryos exposed to a total dose of 10 to 100 mGy for 10.9 s to 109 s respectively (dose rate of 79.2 Gy/day) [START_REF] Zhao | Developmental Toxicity and Apoptosis in Zebrafish Embryos Induced by Low-Dose γ-Ray Irradiation[END_REF] or after exposure to 2 Gy of 56 Fe ion irradiation (dose rate: 0.5 Gy/min) [START_REF] Si | Toxic Effects of 56Fe Ion Radiation on the Zebrafish (Danio Rerio) Embryonic Development[END_REF] . The present work represents one of the rare studies that have assessed this physiological criterion at environmental low doses.

Interestingly, no significant transcriptional changes were observed in 10 dpf larvae after exposure to all dose levels. This may be a result of genes involved in protective mechanisms already being activated before the larval stage to compensate for the negative effects of radiation exposure, but returning to normal levels in later stages of development. In a recent transcriptomic study assessing the effects of tritiated water on zebrafish embryos, it was suggested that the onset of an early protective mechanism against oxidative stress may not be observed at the larval stage of development (96 hpf) [START_REF] Arcanjo | Tritiated Water Exposure Disrupts Myofibril Structure and Induces Mis-Regulation of Eye Opacity and DNA Repair Genes in Zebrafish Early Life Stages[END_REF] . Indeed, antioxidant defence mechanisms that are activated in embryos may lead to a decrease in lipid peroxidation [START_REF] Hurem | The Effects of Copper on the Morphological and Functional Development of Zebrafish Embryos[END_REF] and a reduction in DNA damage [START_REF] Gagnaire | External Gamma Irradiation-Induced Effects in Early-Life Stages of Zebrafish, Danio Rerio[END_REF] .

Another hypothesis is that the environmental doses used in the present study may be too low for eliciting a differential gene expression change. The basal gene transcriptional levels may be sufficient for the larvae to account for the effects of radiation. Results from the literature indicate a change in gene expression for higher exposure. Kumar et al (2017) [START_REF] Kumar | Effects of Gamma Radiation on the Early Developmental Stages of Zebrafish (Danio Rerio)[END_REF] found that exposure to 5

Gy of radiation induced transcriptional changes of sox genes involved in development. The expression of genes seemed dependent on the embryonic stage of development and the dose level. Transcriptional changes of genes involved in antioxidant defence were found in early stage zebrafish embryos exposed to low doses, but not to high doses. These gene transcriptional levels were unchanged at a later stage for both exposure conditions [START_REF] Arcanjo | Tritiated Water Exposure Disrupts Myofibril Structure and Induces Mis-Regulation of Eye Opacity and DNA Repair Genes in Zebrafish Early Life Stages[END_REF] . The environmental doses used in the present study and currently existing at Chernobyl may be too low to induce a significant oxidative stress [START_REF] Fuller | Does Chernobyl-Derived Radiation Impact the Developmental Stability of Asellus Aquaticus 30 Years On?[END_REF] and subsequent DNA damage. No genotoxic effect was evidenced as measured by micronuclei in erythrocytes of perch, roach 3 and catfish 46 exposed to environmental radiation at Chernobyl.

These data suggest that low levels of radiation exposure have a negligible effect on gene expression profiles and embryo growth and physiology but result in subtle delays to hatching times that does not affect the final numbers of fish that hatched. The current levels of environmental radiation at NPP sites are therefore unlikely to negatively impact embryonic development of future offspring. These results support the findings from a previous large-scale environmental study that found a delay in the maturation of perch eggs, and that fish were otherwise in good general health [START_REF] Lerebours | Impact of Environmental Radiation on the Health and Reproductive Status of Fish from Chernobyl[END_REF] . Moreover, these results corroborate other environmental studies led at Chernobyl on aquatic macro-invertebrate development and physiology [START_REF] Fuller | Does Chernobyl-Derived Radiation Impact the Developmental Stability of Asellus Aquaticus 30 Years On?[END_REF][START_REF] Fuller | Reproduction in the Freshwater Crustacean Asellus Aquaticus along a Gradient of Radionuclide Contamination at Chernobyl[END_REF] . Finally, this laboratory study is important as it provides environmentally relevant data to refine the current thresholds for which an effect is observed. 10 mGy/day or 2500 Bq/mL see Figure S1 for the dose calculation) renewed every 3 days (mean ± SD, n = 3). Measurements were performed using a HIDEX liquid scintillation counter. 
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Table 1 .

 1 

	Morphological and	Exposure condition
	physiological parameters	Control	10 mGy/day
	Embryos 4 dpf		
	Diameter (mm)	1.46 ± 0.01	1.46 ± 0.01
	Area (mm 2 )	1.67 ± 0.02	1.68 ± 0.02
	Eye distance (mm)	0.91 ± 0.02	0.85 ± 0.03
	Embryos 6 dpf		
	Heart beats (beats/min)	150.0 ± 3.1	163.2 ± 12
	Larvae 10 dpf		
	Head width (mm)	0.81 ± 0.01	0.82 ± 0.01
	Length (mm)	5.99 ± 0.05	5.98 ± 0.06

Table S2 .

 S2 Table showing the[START_REF] Dobin | STAR: Ultrafast Universal RNA-Seq Aligner[END_REF] P activity measured in the chorion and the dechorionated embryos after 3 days of exposure to control, medium and high dose (mean ± SD, n = 3) and in ("unique") or multiple distinct loci ("multihits"). or multihits, the total number of hits and the number of distinct reads are shown in brackets. Reads were filtered to keep only those mapping uniquely in a proper pair with quality greater than 20 for downstream analyses.

		Activity (Bq/mL)			
	0 SampleName	Control 0.6 ± 0.1 22.6 ± 0.5 229.0 ± 6.8 Low Medium NumReads Trimmed Unique	High 2714.3 ± 155.3 Multihits	Filtered	Mapped
	3	0.8 ± 0.1 28.3 ± 1.2 251.5 ± 5.4	2533.9 ± 31.3		
	6	0.6 ± 0.1 31.4 ± 1.2 290.0 ± 3.2	2781.9 ± 14.7		
	9	0.8 ± 0.4 26.4 ± 0.1 240.0 ± 1.4	2320.5 ± 19.8		
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Supplemental Information.

Table S1. Table showing the 32 P activity measured for each exposure solutions (corresponding to the control, low: 0.1 mGy/day or 25 Bq/mL; medium: 1 mGy/day or 250 Bq/mL and high dose: the larvae after 9 days of exposure to control, medium and high dose (mean ± SD, n = 3).

Measurements were performed using a HIDEX liquid scintillation counter.
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Activity (Bq)