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Running Head: Irradiation leads to drastic effects in progeny

Title: Adverse effects induced by chronic gamma irradiation in progeny of adult fish not

affecting parental reproductive performance

Abstract: Multigenerational studies has become of great interest in ecotoxicology since the
consequence of parental exposure to contaminants on offspring generations was established in
situ or in laboratory conditions. This study mainly examined the chronic effects of external
Cs-137 gamma irradiation exposure at 4 dose rates (control, 0.5, 5 and 50 mGy h!) on adult
zebrafish (FO) exposed for 10 days and its progeny (F1) exposed or unexposed for 4/5 days.
The main endpoints investigated included parental reproductive performance, embryo-larval
survival, DNA alterations and ROS production in FO and F1. No effects on reproductive
success, fecundity or egg fertilization rate were observed. However, drastic effects were
observed on F1 exposed to 50 mGy h'!, resulting in a mortality rate of 100%. The drastic
effects were also observed when the progeny was not irradiated. It was demonstrated that the
sensitivity of the embryos was mainly due to parental irradiation. Moreover, these drastic
effects induced by adult irradiation disappeared over time when 10 d- irradiated adults were
placed in a non-irradiated condition. DNA alterations in larvae were observed for the three
dose rates, and an increase of ROS production was also shown for the two lowest dose rates.
This study improves our understanding of the consequences of parental exposure conditions
to the progeny. Furthermore, it provides an incentive to take transmitted generational effects

into account in ecological risk assessments.

Keywords: reproduction, irradiation exposure, zebrafish, risk assessment
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INTRODUCTION

Gamma radiation represents a potential health risk to biota, due to its ability to ionize
molecules in tissue. lonizing radiation is known to induce oxidative stress, DNA damage and
apoptosis, which therefore constitute usual molecular markers for evaluating toxicity
mechanisms(Gagnaire et al. 2015; Jaafar et al. 2013; Knowles 2002; Praveen Kumar et al.
2017, Simon et al. 2011b; Sinha et al. 2018). Significant effects in animals (fish, nematode,
Daphnia) in terms of survival, reproduction and development have been observed (Adam-
Guillermin et al. 2012; Buisset-Goussen et al. 2014; Gagnaire et al. 2015; Knowles 2002;
Parisot et al. 2015; Simon et al. 2011b). Moreover, damage effects in fish have mainly been
observed for early life stages, which are considered as the most vulnerable to ionizing
radiation. Embryogenesis, in addition to gametogenesis and organogenesis, can be affected by
ionizing radiation due to the high rate of cell division, proliferation and differentiation
(Hurem et al. 2017a; Hurem et al. 2018) and enable the consequences of irradiation to be

assessed.

In terms of ecological risk assessment (ERA), endpoints on the impact on adult reproduction
performance (reproductive success, fecundity, fertility) and on development of early stages
(growth, survival) remain the main useful endpoints in characterising the ecological
consequences of pollutants, including ionizing radiation. Radiological protection criteria are
largely based on data from acute exposure experiments of adult organisms, thus information
on the effects of ionizing radiation during sensitive life stages and after chronic exposure are
lacking (Hurem et al. 2017a; Hurem et al. 2017b). Overall, few data are available concerning

the effects of ionizing radiation in fish. The ecological screening benchmark for a generic
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ecosystem of 10 pGy h! based on the HDRs (Hazardous Dose Rate for 5% of the species) for
radioactive substances was built with five EDR1o (Effect Dose Rate related to a change of
10% for a particular effect) from fish, which involved values ranging from 47 to 20,881 uGy
h'! (Garnier-Laplace et al. 2010). This generic benchmark dose rate was proposed by the
European project, ERICA, for the screening of potential radiological effects (Brown et al.
2008). For freshwater and chronic y external exposure, applying a safety factor of 50 to the
lowest EDR ¢ (reproductive endpoint: 516 pGy h!') led to a predicted no-effect value of 10
uGy h'! (Garnier-Laplace et al. 2006). Derived consideration reference levels (DCRLs) i.e.,
“the dose rate band within which there is likely to be some chance of deleterious effects
occurring to individuals of such type of a given type of Reference Animal and Plant (RAP)”
indicate a possible reduction of reproductive success for dose rates ranging between 40 and

4,000 uGy h! for trout (ICRP 2012).

Firstly, the EDR1g did not include the assessment of adult reproduction performance.
Secondly, none of these fish species belong to the cyprinid family. Thirdly, the consequence
of parental exposure for offspring generations have not yet been taken into account in the
ERA. However, multigenerational studies have become of great interest (Buisset-Goussen et
al. 2014; Hurem et al. 2017a; Lemos et al. 2017; Parisot et al. 2015). For fish, the progeny of
adult zebrafish exposed to 53 mGy h'! (!*Co gamma radiation) for 27 days showed a 100 %
mortality rate occurring at the gastrula stage (Hurem et al. 2017a). Thus, parental exposure
can lead to hereditary effects in offspring, probably due to epigenetic mechanisms (Herraez et

al. 2017; Hurem et al. 2017a; Lemos et al. 2017).
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As fish are known to be the most radiosensitive organisms among the poikilothermic
aquatic animals (Garnier-Laplace et al. 2006), zebrafish, or Danio rerio, were chosen in the
present research as a cyprinid model for assessing gamma radiation effects on reproduction
performance and larval development. Zebrafish have been widely used for examining effects
of ionizing radiation (Choi et al. 2010; Choi et al. 2015; Gagnaire et al. 2015; Hurem et al.
2017a; Hurem et al. 2017b; McAleer et al. 2005; Ng et al. 2017; Simon et al. 2011b; Yum et
al. 2010) in addition to transgenerational effects (Hurem et al. 2017a; Kamstra et al. 2018).
Indeed, breeding success, high fecundity and rapid development are the main advantages of

this model in performing multigenerational studies (Lawrence 2007; Simon et al. 2014).

In this study, adult zebrafish were exposed to four dose rates (0, 0.5, 5 and 50 mGy h!,
137Cs gamma radiation) over 10 days. The dose rates were higher than those in “hot spots”
measured in freshwater ecosystems around Chernobyl (< 0.2 mGy h™") (Bonzom et al. 2016;
Fuller et al. 2018; Lecomte-Pradines et al. 2014; Lerebours et al. 2018). Reproduction was
initiated and the progeny were then exposed or not to the same dose rates over 96-120 hours.
The objectives of this study were to evaluate (i) the adult reproductive performance, (ii) the
effects in the progeny of irradiated parents and (iii) the responses at the molecular and
organism level. Effects on adults were assessed by reproductive performance and genotoxicity
(comet assay). Effects on the progeny were assessed using the survival rate (%) and the
genotoxic and oxidative stress effects. The progeny were also placed in non-irradiated
conditions (F1 recovery) over 120 hours to evaluate the impact of adult irradiation on the

progeny (generational effects).

Complementary objectives concerned the increase of the exposure duration on the effects
and the time necessary to obtain reproductive resilience: for the two lowest dose rates tested

(lowDR: 0.5, 5 mGy h™"), adult FO exposure duration was increased to 24 days; for the highest

5



133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

dose rate (highDR: 50 mGy h'!), 10 day-irradiated adults (FO) were placed in non-irradiated
conditions over 63 days (FO recovery). Adult performance, progeny survival and molecular

effects were also evaluated during these complementary experiments.

MATERIALS AND METHODS

Fish husbandry

The project (APAFIS#15821) was authorized by the IRSN ethics committee N°81 (EU
0520) in an application under the directive 2010/63/UE relating to animal care. The study was
conducted on wild-type zebrafish that were kept, reproduced and irradiated in a zebrafish
housing system (Zebtec Tecniplast stand Alone, Varese, Italy) with recirculating fresh water.
Adult fish were acclimatised over 2-3 weeks to tap water + 20% demineralized water renewed
daily (Aquadem, Veolia, France) (pH=7.4 + 0.2, conductivity =398 + 2 uS cm’!, T=28.4 +
0.3 °C), with a 14 h light/10 h dark cycle photoperiod. The fish were fed ab libitum twice a

day with commercial flakes (Tetramin®).

Adult and embryo exposure

Figure 1 shows the exposure duration and endpoints for the experiments. Nominal dose
rates were 0.5 and 5 mGy h™! for the low dose experiment (lowDR) and 50 mGy h™! for the
high dose experiment (highDR). As both experiments (lowDR and highDR) were not carried
out at the same time, control fish conditions were implemented for each experiment. Gamma-
rays were emitted from a *’Cs source (444 GBq, 662 keV, IRSN-MICADO-Lab platform).
Dose rates were simulated using MCNPS software and measured using thermoluminescent

dosimeters (Chiyoada Technologies, Japan) and the values represented between 91.1 and
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100.8% and between 80 and 120% of the nominal low DR and high DR values, respectively.

Two control conditions were kept in a separate room (60-80 nGy h™!).

The population density of adult fish was 0.7 L g’!. For the low dose rate experiment
(lowDR), 20 adult fish per condition (female: 0.66 = 0.13 g, n=24, male: 0.50+ 0.065 g,
n=11) were irradiated over 10 and 24 days. For the high dose rate experiment (highDR), 24
adult fish per condition (female: 0.38 = 0.06 g, n=6, male: 0.40 + 0.07 g, n=0) were irradiated
over 10 days. To keep the radiation exposure as long as possible, the daily control of abiotic
parameters (pH, conductivity, Temperature), the animal welfare and the feeding process were
carried out in less than one hour, five times per week. During this hour, irradiation was
stopped in order to access to the tanks. Food was supplied to the fish twice a day by automatic
suppliers. During the weekends, the control of these parameters was achieved through the use
of cameras, allowing animal welfare to be monitored without interrupting the irradiation. The
preparation of reproduction and egg collection required stopping the irradiation during four
hours. After 24 d of exposure, the adults from lowDR were sacrificed and the gonads were
collected. After 10 d of exposure, six adults from highDR were sacrificed and the gonads
were collected. Six other adults were introduced into non-irradiation conditions (FO

Recovery).

For each reproduction event, embryos were obtained from 10 spawning genitors (i.e.
replicates) for lowDR and 12 genitors (i.e. replicates) for highDR per condition. Each group,
consisting of one male and one female, was placed in specific spawning aquariums to avoid
egg predation in the zebrafish housing system. Adults were irradiated during reproduction.
After spawning, the egg viability (3-4 hpf, hours post fertilisation) of each spawn was
confirmed when the blastula stage was reached. The embryos (2.6 ml/egg) were then

reintroduced into small beakers (=9 cm) in the zebrafish housing system to be irradiated (at
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the same dose rate as the adult groups (F1 irradiated group) or without irradiation (F1
Recovery group) and larvae were fed starting from 5 dpf (days post fertilisation) (artificial
commercial food ST-1, Aqua Schwarz GmbH). The culture medium of the embryos was the

same as that of the adults and 10% was replenished daily.

Ecologically-representative endpoints for adults

For the lowDR experiment, adult FO reproductive performance (n=10 couples per condition)
was assessed after 10 and 24 days of exposure for both dose rates tested. Endpoints concerned
the reproductive success (number of couples that spawned), the fecundity (number of eggs per
female) and the egg survival rate at 3 hpf (fertilization rate). For the highDR experiment, FO
reproductive performance was assessed after 10 days of irradiation (n=12 couples per
condition) and after 6, 36 and 63 days in non-irradiated conditions (FO Recovery, n=6

couples) (Figure 1).

Ecologically-representative endpoints and oxidative stress analysis _for progeny

For both experiments, the progeny survival rate (%) was assessed after 24 and 48 h in the
control, irradiated and non-irradiated (recovery) conditions. Complementary experiments
consisted of irradiating 3 hpf-eggs at 50 mGy h™! over 96 h (30 eggs from three spawns per

condition) to measure the survival rate.

For the lowDR experiment, two pseudo-replicates of 80 eggs originating from three spawns
per condition including the control, irradiated and non-irradiated conditions, were followed to
measure the progeny survival rate over 1, 2, 10 and 22 d. For the highDR experiment, 30 eggs

from six spawns of the three conditions were tracked over 5 d (120h).
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For the highDR experiment, photographs of 72 hpf-larvae were recorded. Morphology
(whole body size, surface of yolk reserve), malformations and cardiac edema were then
assessed using software (Danioscope image analysis system version 10.0, Noldus). Analyses
were made on 10 72 hpf-larvae per condition after 10 d FO exposure (FOIrr. 10d) and after FO

recovery at 6 days (T10d+R6d) and at 36 days (T10d+R36d).

Reactive oxygen species (ROS) production was measured in F1-progeny from the
lowDR experiment using a protocol adapted from Hurem et al, (2017) and Gagnaire et al
2015. Given the high larval mortality rate, no measurements were made during the highDR
experiment. ROS production was determined using the fluorescent probe (2°, 77 —
dichlorodihydrofluorescein diacetate (H.DCFDA, Sigma-Aldrich, St. Louis, USA)) in 10
larvae per condition (larvae exposed from 3-4 hpfto 4 or 10 days originating from 10 d-adult
and 24 d-adult reproduction). Through the oxidation of H;DCFDA in dimethylsulfoxide
(DMSO, Sigma-Aldrich, St. Louis, USA) water by ROS (mainly H20;) the molecule was
converted into 2°, 7’ dichlorodihydrofluorescein (DCF), which is highly fluorescent. The
reported wavelengths for the measurement of DCF fluorescence are 500 nm for excitation and

525 nm for emission (TECAN Infinite M1000, Switzerland).

Genotoxic effects in progeny and adult

The genotoxic effects induced by gamma irradiation in the developmental stages (1 d, 4
d, 10 d for lowDR and 1 d for highDR experiments) and in gonads (10 d, highDR experiment)
of zebrafish were evaluated using the alkaline comet assay as described in Sing et al, (1998)
(1988) with modifications (Simon et al. 2011a; Simon et al. 2018). After centrifugation (110
g, 10 min, 8 °C, Eppendorf, 5427R, Germany), pellets were suspended in 1 mL of L15-

HEPES and used immediately. Cells were counted on a Malassez cell and their viability was
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assessed using trypan blue. Two hundred nucleoids per slide were analysed at x400
magnification under a fluorescence microscope (Nikon Eclipse E600) equipped with a 515—
560 nm excitation filter. Comet pictures were analysed using Comet IV software (Perceptive
Instruments). This assay was performed on three pools of ten 24-hpf eggs, on 10 individual
96-hpf larvae and on three pools of whole gonads per sex and per condition. The Tail Moment
was defined as the percentage of DNA in the tail multiplied by the length between the centre

of the head and tail.

Statistical analysis

All data are presented as means + SD with significance taken at p<<0.05. A comparison
between the control and irradiation or recovery exposures was performed. Before the
statistical analyses, the normality and homogeneity of the variance were tested using the
Shapiro-Wilks and Fisher tests, respectively. The T-test and one or two ways-ANOVAs were
used when data were normally distributed. The non-parametric test (Kruskal-Wallis) was used

when data were not normally distributed.

RESULTS

There were no instances of adult fish mortality during the experimental periods (control,

low DR and high DR experiments).

Cumulative doses after exposure conditions

For the LowDR experiment, cumulative doses in adults ranged between 120 and 2880
mGy after 10 and 24 days of exposure, respectively. For the highDR experiment, the

cumulative dose in adults was 12 Gy (SD Table 1). For the progeny, maximal cumulative

10
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doses ranged from 264 to 2640 mGy for the lowDR experiment and 6 Gy for the highDR

experiment (SD Table 1).

Adult performance (reproductive success, fecundity, total egg number and 3hpf-egg mortality)

For the highDR experiment, all females (n=12 per condition) spawned after 10 days of
exposure. For the lowDR experiment (n=10 per condition), reproductive success was 100%

and 80% for both the irradiated conditions and control conditions, respectively.

Figure 2 shows the fecundity (number of eggs per female) after 10 days of exposure for
both experiments. High inter-individual variability was observed in all conditions. A
significant difference (Kruskal-Wallis, p=0.03) was observed between 0.5 mGy h'! (240 eggs
+ 132) and control (364 eggs + 123) conditions. In the control LowDR, 43% of all spawns
ranged between 101 and 300 eggs and 57% of spawns had higher than 300 eggs. At 0.5 mGy
h', 20% of all spawns produced less than 100 eggs. At 5 mGy h!, no significant difference in
fecundity (413 eggs + 148) was observed even though 89% of spawns had more than 300
eggs. At the high dose rate (50 mGy h'), a change in the size of spawns was also observed,
with an increase in the number of spawning events (75%, 9/12), providing between 101 and

300 eggs compared to the control (42%, 5/12).

A significant difference was observed between both control fish fecundity (lowDR: 364 eggs
+ 123 per female (n=7) versus the highDR: 203 + 117 eggs per female (n=12), p=0.042

Kruskal-Wallis test) and egg quantity distribution.

The quality of oocytes was assessed by the survival 3hpf-progeny, indicating the number of
fertilized versus non-fertilized eggs. The survival rate at 3 hpf remained high (>89%) without

any significant difference between exposure conditions (SD Figure 1). Over the 50 spawns

11
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monitored, only two presented a survival rate of less than 80%. Almost 85% of the spawns

presented a survival rate of 90-100%.

Reproductive success after 24 days of lowDR exposure was not impacted by irradiation; 80,
90 and 100% of couples reproduced for the controls, 0.5 and 5 mGy h’!, respectively. The
significant difference in fecundity previously observed after 10 days between the control and
0.5 mGy h'! was not observed after 24 d of exposure. Fecundity was 375 + 102, 289 + 138
and 357 & 138 eggs per female for the controls, 0.5 and 5 mGy h™!, respectively. In the
controls, 37.5% of spawns contained between 101 and 300 eggs and 62.5% contained more
than 301 eggs, as observed after 10 days. At 5 mGy h™!, 75 % of spawns presented more than
301 eggs, as previously observed after 10 days of exposure. The survival rate at 3 hpf-egg was

close to the one measured after 10 days of adult exposure.

Progeny survival and size

Figure 3 shows F1 progeny survival rate (%) measured at 24 and 48 h for all exposure
conditions of both experiments. For the lowDR experiment, the survival rate was higher than
87%, with no significant difference between the conditions. For the highDR experiment, a
significant difference was observed between the control and larvae exposed to 50 mGy h'! for
24 h (p=0.02) and 48 h (p=0.006). Significant differences were also observed between the
control and F1 recovery conditions for both times (p=0.015 and p=0.006 for 24 and 48 h,
respectively). Figure 4 shows the survival rate (%) in F1 progeny originating from the lowDR
experiment. Survival rates were higher than 80% and 60% at 2 and 10 d, respectively, for all
exposure conditions. No significant effect of treatments and control was observed in the

progeny coming from 10 d-irradiated adults. Similar results were observed for the progeny

12
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coming from 24 d-irradiated adults. A significant difference was observed between 5 and
F1RS (Kruskal-Wallis test: p=0.049, n=6) at 22 days of exposure. No significant differences

were observed for the hatching rate (%) at 48 h (data not shown).

For the irradiated and non-irradiated (F1 Recovery) larvae (Figure 5), 100% died after
120 h of highDR exposure, although the average survival rate for the control condition was 84
+ 11%. In the control condition, the mortality rate was low and remained constant from 24
hpf. F1 irradiated (51%) and F1 Recovery (58%) survival rate at 24 hpf was low compared to
the control and ranged between 16 to 96%, indicating a high spawn variability (SD Figure 2).
Drastic effects seemed to appear more rapidly for F1 irradiated larvae than for F1 Recovery

larvae (SD Figure 2).

Figure 6 shows the survival rate (%) in F1 progeny coming from the highDR
experiment where adults were placed in non-irradiated exposure conditions (FO Recovery)
over 63 days. Fish were induced to spawn after 6, 36 and 63 days. Drastic effects of adult
irradiation on survival progeny rate lasted for at least 6 days (35 £ 22, n=11 spawns) and until
36 days (48 + 37, n=8 spawns). All larvae alive at 48 h from FOROd, FO R6d and FO R36d,
died at 96 h. After 63 days in non-irradiated conditions, the progeny survival rate remained
high (>85%, n=11 spawns) and no significant difference was observed compared to the

control until 96 h.

For the highDR experiment, the body sizes of F1 irradiated and F1 Recovery larvae decreased
significantly compared to the control (Figure 7). Similar results were also observed for non-
irradiated 72 h-larvae originating from FO recovery conditions after 6 days. After 36 d in non-
irradiated conditions (FO R36d), the body sizes of non-irradiated progeny showed no

significant difference compared to the controls although 100% of mortality at 120 h was

13
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observed. The surface of vitellus and pericardia area also showed no statistical difference with

the controls (data not shown).

Oxidative stress

Figure 8 shows ROS production in F1-progeny coming from the lowDR experiment.
Irradiation at 5 mGy h'! led to an increase of ROS production in 4 d-exposed larvae coming
from 24 d-adult exposure. However, F1 R progeny exposed over 4 d at both dose rates
showed a significant increase in ROS production for larvae coming from 10 d- and 24 d-adult
exposure. No effects were observed in larvae (irradiated and recovery) exposed over 10 d

(Figure 10B).

Genotoxic effects

Figure 9 shows DNA damage measured in progeny coming from 24 d-adults in the
lowDR experiment, expressed by the tail moment. The progeny were placed in irradiated and
non-irradiated conditions (F1 Recovery) over 10 days. Significant DNA damage was noticed
at 4 d for irradiated (0.5 mGy h™": 11.3 £4.3%; 5 mGy h'': 14.4 +2.1%) and non-irradiated
larvae (FIR: 0.5 mGy h'': 8.4 + 3%) compared to the controls (x10). At 10 d, the tail moment

showed no difference between the conditions.

Figure 10A shows DNA damage expressed by the tail moment in the progeny coming
from 10 d-adult fish from the highDR experiment. The progeny was collected in irradiated
and non-irradiated conditions (F1 Recovery) for 24 h. The high mortality rate did not allow
larval collection at 4 and 10 d. A significant increase of the tail moment was observed
between the control, irradiated (x6.5) and non-irradiated (x5) conditions. 10B-C shows DNA

damage in the gonads of males and females after 10 days of irradiation. DNA damage
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increased for both sexes compared to the control. The effects were more pronounced for

males (x3) than for females (x1.7).

DISCUSSION

In the present work, embryo-larval and adult fish stages were exposed to 0.5, 5 and 50
mGy h! (3¥Cs gamma radiation) to augment the dataset of gamma ray effects after parental

and progeny exposure.

Zebrafish as a relevant model for multigenerational studies

Reproduction was achieved for almost all couples and with a high egg survival rate (93
+ 7 % at 3 hpf for both control conditions, n=19), confirming the relevance of this model for
multigenerational studies (Lawrence et al. 2012; Simon et al. 2014). Differences in
reproductive performances were observed between the controls used in both lowDR and
highDR experiments. The body weights of the control adults in both experiments was
significantly different and could explain the differences in fecundity. Indeed, zebrafish
fecundity, and more generally reproduction performance, can be influenced by the quality of
the diet, the female body size and environmental enrichment (Karga et al. 2017; Lawrence
2007; Lawrence et al. 2012; Wafer et al. 2016). It is important to note that although zebrafish
reproduce easily in laboratory conditions, assessing inter-individual variability of

reproductive performances requires a large number of couples.

No effect of irradiation was observed on adult reproduction performance

For the testes dose rates, irradiation did not alter the reproductive capacity. Many
pollutants which contribute to oxidative stress are known to alter reproductive performance,

indicating that this physiological function may be sensitive to changes in the environment
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(FaBbender et al. 2013; Newman et al. 2015; Simon et al. 2014; Wang et al. 2011).
Perturbation of reproduction was previously observed in other fish species. Woodhead (1977)
demonstrated that the total fecundity of guppies (Poecilia reticulata) was markedly reduced at
dose rates of 1.7, 4 and 12.7 mGy h™! without drastic impacts on the mortality rate and
survival of offspring. Rackham et al. (1984) demonstrated that spermatogenesis of adult
butterfly splitfins (Ameca splendens) was disrupted (no production of sperm) after 7.3 mGy h
L of exposure over 52 days and that developing oocytes were less sensitive to the effects of
radiation than spermatogenesis. Knowles (2002) observed a significant decrease in adult
zebrafish in the mean number of eggs per spawn after 30 days at 7.4 mGy hl. Compared to
this study, the toxic modes of action seem to be strongly influenced by the biological model
and the experimental conditions of the dose rates. Under our experimental conditions, adult

zebrafish stage did not exhibit sensitivity.

Drastic effects from irradiation on progeny survival were observed and transferred from

adult fish

Drastic effects on progeny were only observed after high dose rate exposure and
certainly had a detrimental effect at the population level. After exposure of adults to 5 mGy h°
L over 10 or 24 days (cumulative dose rates of 1.2 and 2.8 Gy, respectively), no effect on
progeny survival rate was observed until after 22 days. The range of these induced effects (5-
50 mgGy h') is narrow and encourages us to more precisely determine the EDR1o. The non-
irradiated progeny of 27 d-FO exposed to 53 mGy h'! (34.3 Gy) previously showed a 100%
mortality rate occurring at the gastrulation stage (8 hpf) (Hurem et al. 2017a). In this study,
drastic effects appeared at a lower cumulative dose (12 Gy) for the same dose rate. These
results raise questions regarding the best criteria (cumulative dose versus dose rate) for

measuring gamma radiation exposure in the ERA.

16



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

The experimental design for the lowDR and highDR experiments did not allow the
identical cumulative dose to be obtained. It could potentially be beneficial to vary the duration
of exposure (1d at 50 mGy h'; 100d to 0.5 mGy h™") to compare the effects obtained at the

same cumulative dose.

Adverse effects seemed to be due to adult exposure since (1) irradiated and recovery
progeny showed identical effects compared to the control, and (ii) direct irradiation of
embryos at this high dose rate did not cause significant mortality as confirmed in this study
and by Simon et al, 2011. Vertebrate embryos are particularly sensitive to ionizing radiation,
due to a high rate of cell division and migration (Hu et al. 2016; Hurem et al. 2017a; Jarvis et
al. 2003; Rhee et al. 2012). The sensitivity of early stages (development and antioxidant
enzymes activities) has already been demonstrated; 6hpf-embryos were more sensitive than
12- and 24-hpf embryos to gamma irradiation (0.01-1 Gy) (Hu et al. 2016). However, we
demonstrated here that the sensitivity of the progeny to ionizing radiation was particularly

high when they originated from irradiated parents.

Parental effects observed in the highDR experiment were reversible, as they
disappeared when adults were placed in non-irradiated conditions for between 36 and 63 days.
These results suggest FO recovery of reproductive capacity. The FO adults zebrafish exposed
to 53 mGy h! during 27 days (31 Gy) and placed in non-irradiated conditions failed to
produce viable offspring 1.5 year after irradiation (Hurem et al. 2017a). The differences in
terms of experimental design and cumulative dose between the present study and that of
Hurem et al. (2017) encouraged us to elucidate the mechanisms behind the transfer from adult

to progeny and the FO recovery induction over time.
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The earliest stages of embryonic development rely on maternal products that are
generated during oogenesis and supplied to the egg. Yolk lipoprotein nutrients, vitamins,
hormones, mRNA transcripts, and DNA methylation statuses have been identified as markers
of egg quality. The damage to these maternal products could also explain the drastic effects
observed in the progeny. Note that the period of maternal control of embryonic development
varies among animals and could explain difference of ionizing radiation effects between
species (Abrams et al. 2009; Vastenhouw et al. 2019). Among transferred maternal products,
cortisol is essential for early development (Faught et al. 2016; Nesan et al. 2013; Nesan et al.
2016). Then, de novo synthesis of cortisol starts after hatching (48 hpf) (Nesan et Vijayan
2016). Finally, elevated cortisol levels in embryos leads to the same effects (mortality,
pericardial oedema and heart malformation) (Nesan et al. 2012) observed in this study.
Moreover, high levels of cortisol in females may directly impact estradiol production,
possibly affecting vitellogenin production and its incorporation into the oocyte, leading to
drastic effects in the progeny. In this study, we hypothesize that the high dose rates of gamma
irradiation could have led to an alteration of the cortisol deposition and its transfer to eggs,

which may have resulted in altered offspring phenotypes.

ROS production and genotoxicity after irradiated and recovery conditions

From potentially toxic mechanisms, the genotoxicity and ROS induction were assessed.
Gamma irradiation is known to induce ROS formation in zebrafish larvae (Gagnaire et al.
2015; Jarvis et Knowles 2003). In this study, ROS production compared to the control was
increased after 4 d of exposure of larvae originating from adults exposed during 10 and 24
days. Recovery larvae showed ROS production, without being irradiated. ROS production
was higher in F1 recovery larvae than in irradiated larvae (originating from F0-10d). Once

again, adult exposure led to high ROS production in larvae. This would seem to be a
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consequence of an effect inherited from the parents. Results were similar to those observed in

other exposure conditions (dose rate, recovery duration) by Hurem et al, 2017.

As no effect was observed in 10 d-larvae, the oxidative stress induced by gamma
irradiation seems to be transitory. The activities of antioxidant enzymes are known to change
in a developmental stage-dependent manner. However, larval ROS production in 4 d larvae
was increased by gamma irradiation and persisted in F1 recovery condition. We hypothesized
that under our experimental conditions, irradiation of the progeny led to an induction of
protective agents that could counteract ROS production and re-establish a healthy cellular
redox balance. Antioxidant enzyme activities could be assessed in further experiments in 10

d-irradiated larvae to test this hypothesis.

Significant genotoxic effects were observed at 4 d-irradiated and non-irradiated progeny
coming from adults exposed in the lowDR experiment (0.5 and 5 mGy h!) during 24 days.
High inter-individual variability was however observed for the lowDR experiment, preventing

the highlighting of significant differences.

Genotoxicity has previously been demonstrated in eggs exposed to gamma rays in
chronic or acute experiments (Gagnaire et al. 2015; Praveen Kumar et al. 2017; Simon et al.
2011b) or to non-radioactive pollutants (Kosmehl et al. 2008; Vicquelin et al. 2011). In this
study, tail moment values were comparable to those measured in eggs/larvae exposed over 4 d
at 24 mGy h'! (Gagnaire et al. 2015). Thus, these results suggest an increase in the intensity of
genotoxic effects due to parental irradiation and confirm the molecular effects inherited from
the parents. The genotoxic effects decreased at 10 d, suggesting a better efficiency of DNA

repair mechanisms at this larval stage, potentially related to a better efficiency of the

19



447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

antioxidant system. It would be interesting to measure some of the DNA repair mechanisms

(as gamma H2AX activity) in order to confirm this hypothesis.

Irradiation of adults at high dose rates led to significant genotoxic effects on irradiated
and non-irradiated progeny as early as 1 d, unlike results obtained at lower dose rates.
However, the levels of genotoxic effects at 1 d remained lower than the ones measured at 4 d
in the lowDR experiment which did not lead to a high mortality rate. The comparison between
the different stages of development remains difficult and we have to take into account
possible differences in reparation mechanism induction between the different stages to explain
the relationship between mortality and genotoxicity effects. We suggest that the early live

stage could be more sensitive than the later life stage.

High irradiation exposure led to significant genotoxic effects on adult gonads. However,
the effects were lower than those measured after low uranium waterborne exposure (Simon et
al. 2018). Significant differences were also observed in the controls between males and
females, as previously observed in other studies (Simon et al. 2018). Moreover, irradiation
effects seemed more pronounced for males than for females. Further studies may be
completed by the determination of genotoxicity levels in zebrafish sperm, allowing a better
link with genotoxicity observed in the progeny, as proposed by Reinardy et al. (2013). Indeed,
during spermatogenesis, chromatin is processed and packaged and contact between DNA
and nuclear matrix is reorganized. Furthermore, the epigenetic pattern is also totally re-
modelled and transcription is stopped. All these events contribute to the control of embryo

development in the early-life stages (Herraez et al. 2017).
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CONCLUSION

These results on fish reproductive performance after gamma irradiation provide
additional information for ERAs. Drastic effects on progeny and consequently on population
levels were observed at dose rates between 5 and 50 mGy h'!, confirming the DCRL values.
However, it is important to note a difference in the sensitivity between the trout reference
organism and the Danio rerio, the model organism in our study. Moreover, this study
highlights that parental exposure leads to significant effects in the progeny at the molecular
level (ROS, genotoxicity), even at low dose rates (0.5 m Gy h™!). The consequences of these
molecular effects will need to be studied following chronic exposure. The results encourage
us to take into account the consequences of transmitted generational (i.e. heritable) effects for
the determination of DCRL values. This study improves our understanding of the
consequences of multigenerational exposure conditions for a better radioprotection of aquatic
ecosystems. It confirms the difference in sensitivity of model species and identifies a narrow
range of occurrence of drastic effects. It also acts as an incentive to acquire new data from

multigenerational chronic exposure at low dose levels.
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Figure legends

Figure 1. Exposure duration, conditions and endpoints for lowDR and highDR experiments.
For each exposure condition, a control condition was included. For the lowDR experiment
(0.5, 5 mGy h"), adults were exposed over 24 days. Reproduction was assessed after 10 and
24 days of irradiation. The progeny were then placed in irradiated and non-irradiated (F1
Recovery) exposure conditions over 10 and 22 days. For the highDR experiment (50 mGy h°
1, adults were exposed over 10 days. The progeny were then placed in irradiated and non-
irradiated (F1 Recovery) exposure conditions over 120 hours. 10d-irradiated adults were
placed in non-irradiated exposure (FO Recovery) over 63 days. Reproduction was assessed
after 6, 36 and 63 days in FO recovery conditions. The progeny were placed in non-irradiated

exposure conditions over 96 hours for each time point (6, 36 and 63 days).

Figure 2. Fecundity (number of egg per female) of FO adults measured after 10 days of
exposure for both lowDR and highDR experiments (Treatment versus Control, *, Kruskal-

Wallis p=0.03). n=number of spawns.

Figure 3. Individual (points) and average (histograms, means =+ sd) survival rates (%,) of F1
progeny at 24 and 48 h. F1 progeny came from adults irradiated during 10 days for all
experiments. F1 R: F1 recovery condition, i.e progeny spawned by irradiated adults and

placed in non-irradiated conditions.

For lowDR experiment (control, 0.5, 5, R0.5, RS mGy h™), survival rate was calculated from

3 spawns (with 2 pseudo-replicates, 1 male+1 female).
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For highDR experiment (control, 50, R50 mGy h™'), survival rate was calculated from 6
spawns (1 male+1 female). (Kruskal-Wallis test: Treatment versus Control, a: p=0.024, b:

p=0.015, c: p=0.006, d: p=0.006; a>b>c>d).

Figure 4. Survival rate (%) of F1 progeny over time for lowDR experiment. Data are means +
SD of two replicates of 80 eggs for 3 spawns per condition. (Kruskal-Wallis test: 5 versus

F1R, a: p=0.049, n=6).

A. F1 progeny coming from adults irradiated during 10 days. Immediately after spawning, F1
progeny was placed in irradiated and in non-irradiated (F1R Recovery) exposure conditions

during 22 days.

B. F1 progeny coming from adults irradiated during 24 days. Imnmediately after spawning, F1

progeny was placed in irradiated exposure conditions during 10 d.

Figure 5. Survival rate (%, n=6) of F1 progeny (3-4 hpf) over time. Progeny came from 10d-
irradiated adults for highDR experimentation. F1 Progeny were placed in irradiated and non-
irradiated (F1R, Recovery) exposure conditions over 120 h. (Kruskal-Wallis test: Treatment

versus Control, a: p=0.006, b: p=0.006, c: p=0.003, d: p=0.003; e=0.003, {: p=0.003).

Figure 6. Individual (points) and average (histograms, means = SD) survival rates (%, n=4-6)
of F1 progeny after 24 and 48 h. Progeny came from adults irradiated during 10 days and then

placed in non-irradiated conditions (FOR, Recovery) during 63 d. (Kruskal Wallis test,
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Treatment versus Control, a: p=0.015 n=12, b: p=0.0060 n=11, c: p=0.05 n=8, e: p=0.0058

n=11, f: p=0.05 n=11).

Figure 7. Body length (mm) and typical aspect of F1 progeny at 72 h. F1 progeny came from
adults exposed during 10d (Irr. 10d) and 10d followed by 6 days (FO Irr. 10d+FOR 6d) and 36
days in non-irradiated (FO Irr. 10d+FOR 36d) conditions. (Kruskal Wallis test, Treatment
versus Control, *, p<0.05, FOIrr. 10d p=0.002 n=20; 0.0049 n=20, FO Irr. 10d+FOR 6d,

p=0.00007 n=33, FO irr. 10d+FOR 36d, p=0.077, n=85).

Figure 8. ROS production measured in larval exposed during 4 d coming from FO adults
exposed during 10 (A1) and 24d (A2) and in larval exposed during 10 d coming from FO
adults exposed during 24 d (B) of lowDR experiments. Nd: not determinate n=20 per

condition, Anova test *, p<0.05.

Figure 9. DNA damage (Tail moment) in F1 progeny after 1, 4 and 10d of exposure. Progeny
came from adults irradiated during 24d for lowDR experiment. Progeny (3-4 hpf) were placed

in irradiated and non-irradiated (F1R, Recovery) conditions. Kruskal Wallis test, *, p<0.05.

Figure 10. DNA damage (tail moment) in progeny (A: 1d, irradiated and non-irradiated
exposure (F1R, Recovery)) and in gonads of FO adults (B: female, C: male) coming from

highDR experiment. Kruskal Wallis test: *, p<0.05.
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Figure 1. Exposure duration, conditions and endpoints for the lowDR and highDR experiments. For each exposure condition,
a control condition was included. For the lowDR experiment (0.5, 5 mGy h-1), adults were exposed over 24 days.
Reproduction was assessed after 10 and 24 days of irradiation. The progeny were then placed in irradiated and non-
irradiated (F1 Recovery) exposure conditions over 10 and 22 days. For the highDR experiment (50 mGy h-1), adults were
exposed over 10 days. The progeny were then placed in irradiated and non-irradiated (F1 Recovery) exposure conditions
over 120 hours. 10 d-irradiated adults were placed in non-irradiated (FO Recovery) exposure conditions over 63 days.
Reproduction was assessed after 6, 36 and 63 days in FO recovery conditions. The progeny were placed in non-irradiated
exposure conditions over 96 hours for each time point (6, 36 and 63 days).
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Figure 2. Fecundity (number of eggs per female) of FO adults measured after 10 days of exposure for both the lowDR and
highDR experiments (Kruskal-Wallis test: Treatment versus Control, * p=0.03). n=number of spawns.



120

24h 48h
T a
100 s s : . M s .
L] L ] L
== iLE 'y ) T Ll e =5 Y
L I . ] . | . [
(] L L] L]
L] .
80 . ¢
€ .
- . . ¢
2 . .
H L] .
3 60
= ® L
@
® L]
g .
a ° o
40
. L]
L] L]
L
20
L] L]
L]
L]
0
Ctrl lowDR 0.5mGy/h 5mGy/h  FIR FiR crl  50mGy/h  FIR Ctrl lowDR 0.5mGy/h 5mGy/h  FIR F1R crl  50mGy/h  FIR
0.5mGy/h 5mGy/h  highDR 50mGy/h 0.5mGy/h 5mGy/h  highDR 50mGy/h

Exposure conditions

Figure 3. Individual (points) and average (histograms, means + sd) survival rates (%, n=xx) of the F1 progeny at 24 and 48 h.
F1 progeny came from adults irradiated during 10 days for all experiments. F1 R: F1 recovery condition, i.e. progeny
spawned by irradiated adults and placed in non-irradiated conditions.

For the lowDR experiment (control, 0.5, 5, R0.5, R5 mGy h1), the survival rate was calculated from 3 spawns (with 2 pseudo-
replicates, 1 male+1 female).

For the highDR experiment (control, 50, R50 mGy h'1), the survival rate was calculated from 6 spawns (1 male+1 female).
(Kruskal-Wallis test: Treatment versus Control, a: p=0.024, b: p=0.015, c: p=0.006, d: p=0.006; a>b>c>d).
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A. F1 progeny coming from adults irradiated over 10 days. Immediately after spawning, the F1 progeny was placed in

irradiated and in non-irradiated (F1R Recovery) exposure conditions over 22 days.

B. F1 progeny coming from adults irradiated over 24 days. Immediately after spawning, the F1 progeny was placed in
irradiated exposure conditions over 10 d.
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Figure 5. Survival rate (%) of 6 F1 progeny (3-4 hpf) over 120 h. The progeny came from 10 d-irradiated adults from the
highDR experiment. The F1 Progeny were placed in irradiated and non-irradiated (F1R, Recovery) exposure conditions over
120 h. (Kruskal-Wallis test: Treatment versus Control, a: p=0.006, b: p=0.006, c: p=0.003, d: p=0.003; e:=0.003, f: p=0.003).
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Figure 6. Individual (points) and average (histograms, means + SD) survival rates (%, n=4-6) of F1 progeny after 24 and 48 h.
The progeny came from adults irradiated over 10 days and then placed in non-irradiated conditions (FOR, Recovery) over 63
d. Kruskal Wallis test: Treatment versus Control a: p=0.015 n=12, b: p=0.0060 n=11, c: p=0.05 n=8, e: p=0.0058 n=11, f:
p=0.05 n=11.
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Figure 7. Body length (mm) and typical aspect of F1 progeny at 72 h. The F1 progeny came from adults exposed over 10 d
(Irr. 10 d) and 10 d followed by 6 days (FO Irr. 10d+FOR 6d) and 36 days in non-irradiated (FO Irr. 10d+FOR 36d) conditions.
Kruskal Wallis test, Treatment versus Control *, p<0.05, FOIrr. 10d p=0.002 n=20; 0.0049 n=20, FO Irr. 10d+FOR 6&d,
p=0.00007 n=33, FO irr. 10d+FOR 36d, p=0.077, n=85.
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Figure 8. ROS production measured in larvae exposed over 4 d coming from FO adults exposed over 10 (A1) and 24 d (A2)
and in larvae exposed during 10 d coming from FO adults exposed over 24 d (B) of lowDR experiment. Nd: not determinate

n=20 per condition, Anova test *, p<0.05.
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Figure 9. DNA damage (Tail moment) in the F1 progeny after 1, 4 and 10 d of exposure. The progeny came from adults
irradiated over 24 d for the lowDR experiment. The progeny (3-4 hpf) were placed in irradiated and non-irradiated (F1R,
Recovery) conditions. Kruskal Wallis test, Treatment versus Control *, p<0.05.
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Figure 10. DNA damage (tail moment) in the progeny (A: 1 d, irradiated and non-irradiated exposure (F1R, Recovery)) and in
gonads of FO adults (B: female, C: male) coming from the highDR experiment. Kruskal Wallis test, Treatment versus Control

% p<0.05.



