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One of the scenarios for manned space exploration involves the presence of a community on a lunar base that is partially autonomous in terms of food production. Space aquaculture could represent a source of nutrient-rich food to supplement the supply of photosynthetic organisms. To assess the feasibility of safely transporting aquaculture fish embryos to the Moon, the impact of secondary particles produced by cosmic radiation within the space vehicle cabin on fish embryogenesis and DNA damage was evaluated. Among these secondary particles this study focuses on neutron which is one the most hazardous radiation for living organisms. Using a particle accelerator, European sea bass (Dicentrarchus labrax) eggs were irradiated with neutrons at two dose rates, representative of International Space Station (ISS) and lunar missions. The mean absorbed dose rates in fish eggs were 16.7 μGy h−1 (total dose of 0.57 mGy) and 585 μGy h−1 (total dose of 12 mGy) for the ISS and lunar mission simulations, respectively. Hatching rate, histology and DNA integrity (assessed by alkaline comet assay) of fish larvae were evaluated for both neutron dose rates. Genotoxicity results showed DNA alterations in newly hatched larvae after 48 and 72 h of exposure. However, no modifications in hatching rate or histological structure of the exposed larvae were observed at either dose rate. Although further long-term studies are needed to verify their potential for “off-Earth food production,” these results complement previous experiments and confirm the hatchability of an aquaculture species under neutron exposure conditions of an ISS or lunar mission.
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1 INTRODUCTION
Over the last decade, major space-faring nations have been considering space exploration programs that include medium- and long-term manned stays outside our planet, notably on the Moon. While several technological challenges still need to be addressed, such as the supply of energy and oxygen or the construction of the base, the recycling of biological waste and the nutrition of crews are central concerns (Verseux et al., 2022). Economic constraints and industrial realities drastically reduce the potential for cargo rotation between the Earth and the Moon to provide food. Moreover, the storage of freeze-dried food is unstable, especially concerning essential nutrients such as potassium, calcium and vitamins, with vitamins A, C, B1 and B6 being the most sensitive to storage degradation after 1 year (Cooper et al., 2017). Unstable micronutrients also include vitamins D and K, which are critical for muscle and bone maintenance in altered gravity.
One of the major objectives of a bioregenerative life-support system is to provide fresh food sources for crewed missions (in addition to food delivered by cargo) using in situ resources and converting molecules from the biological waste streams into edible food biomass. Much research has focused on the growth and production of photosynthetic organisms in altered gravity, such as plants, vegetables (Verseux et al., 2022) and microalgae (Zabel et al., 2016). In addition to these photosynthetic sources already studied and considered in a lunar greenhouse (Zeidler et al., 2017), space aquaculture production at a Moon base could be a promising way to complete the nutritional requirements of lunar residents. Furthermore, astronauts on International Space Station (ISS) missions report that deliveries of fresh food provide profound psychological benefits. Beyond nutritional uptake, the diversity of farmed aquatic species and their different tastes could have a positive psychological impact on the crew and help avoid menu fatigue in a remote environment (Douglas et al., 2020).
The Lunar Hatch program, supported by the French Space Agency (CNES) and the French Institute for Ocean Science (Ifremer), is investigating the feasibility of developing space aquaculture by studying the viability of fish embryos sent from the Earth to the Moon. The main growth period of the fish would occur on the Moon, where they would be reared in a recirculating aquaculture system until they reach an edible size (Przybyla, 2021). The first step of this program is to study the impact of the Moon journey environment on aquaculture fish embryos and assess the viability of the organisms once they arrive at the lunar base. In aquaculture hatcheries or in nature, the embryogenesis of fish takes place in calm conditions. The influence of vibrations during launch (Przybyla et al., 2020), the hypergravity induced by rocket acceleration and the simulated microgravity have already been studied. Results show the continuity of embryogenesis until hatching in these uncommon situations. The hatching rates of exposed groups were not significantly different from those of the control groups, regardless of the situation. Moreover, stress and oxygen consumption in simulated microgravity were at the same levels as in an Earth environment (Przybyla et al., 2023).
In addition to these physical factors encountered in space, cosmic radiation may impact fish embryo viability. During the journey to the Moon, the shielded spacecraft structure is exposed to different sources of ionizing radiation: radiation “belts” in the near-Earth environment, which contain mostly energetic “trapped” protons and electrons; galactic cosmic radiation (GCR), composed of energetic protons, He nuclei and heavy ions of nuclear charge up to 26Fe and higher; and solar particle events (SPE), formed of solar protons and heavier ions accelerated by eruptive phenomena such as coronal mass ejections or directional “solar flares” (Shavers et al., 2024). Unlike most SPE particles, which can be stopped by adequate shielding, GCR particles penetrate the spacecraft and other surfaces, producing secondary particles, including neutrons, lighter nuclei, electrons and γ rays (Warden and Bayazitoglu, 2019), inside the habitable section, where the aquaculture fish embryos will be located during the flight. These secondary emissions carry the high energy transferred from the initial incident particle through shielding materials and have the potential to damage critical cellular components when passing through the tissues of living organisms (Chancellor et al., 2018).
This paper focuses on a secondary neutron exposure. Indeed, neutrons are considered highly carcinogenic and far more effective in inducing biological damage than low linear energy transfer radiation in humans (Fisher et al., 2020). In fish embryos, neutrons are also far more effective in inducing biological effects than γ radiation (Hyodo-Taguchi et al., 1973; Kuhne et al., 2009), making them biologically priority particles to study in the context of the exposure of aquaculture fish eggs to secondary particles in the cabin of the space vehicle during a lunar trajectory.
There is a lack of knowledge on the effect of neutrons on aquaculture fish, but data have been published on fish model species. Exposure of medaka (Oryzias latipes) embryos at different developmental stages to increasing absorbed doses of neutrons up to 80 Gy (dose rate of 5.4 107 μGy h−1, average energy of 2 MeV) demonstrated that the hatching rate, mortality and malformations depend on the intensity of exposure. Hatchability was reduced by 50% at 2.25–35 Gy, depending on the developmental stage, while malformations were observed above 2 Gy. Fish embryos appeared to be more resistant to neutrons once the outline of the caudal fin had formed, suggesting robustness linked to critical mass and resistance capability. As often described, hatching times also differ from expectations. Early irradiation appears to induce a prolongation of embryogenesis, while later irradiation accelerates hatching (Hyodo-Taguchi et al., 1973).
Still for the medaka, the effects of neutrons with differential energy spreads ranging from 1 to 800 MeV were also measured in vivo (Kuhne et al., 2009). The number of apoptotic cells in the tail region (mainly muscle tissue) showed a non-linear absorbed dose-response, with a peak of deleterious effects around 250 mGy. Ten days after neutron exposure, the survival rate of the hatched larvae exposed to under 6 Gy was not different from that of the control group (around 99%), whereas the survival rate for the 15 Gy exposed group was around 80%. The LD50 was 0.53 Gy.
Total absorbed dose, absorbed dose rate and the type of radiation influence the effects of ionizing radiation. However, it is difficult to imagine a class of radiation exposure that is more complex in terms of its radiation fields (range of particle types and energies) and more challenging in terms of dose assessment than that presented by the radiation environment of space (Dietze et al., 2013). To account for the different effectiveness of radiation, radiation weighting factors have been recommended for humans by the International Commission for Radiological Protection in Publication 92 (ICRP, 2003) and specified for astronauts in Publication 123 (Dietze et al., 2013). Calculations made for neutrons in the energy range of 10–9–105 MeV indicate that the highest weighting factors are encountered at around 1 MeV (Dietze et al., 2013). While no similar weighting factors are proposed for neutrons in non-human species (Higley et al., 2021), this aligns with the higher lethality rates observed in zebrafish (Danio rerio) embryos compared to photon radiation, which were 10-fold higher for 1 MeV fission neutrons and 2.5-fold higher for p (18 MeV) Be cyclotron-generated fast neutrons (3.5 MeV) (Szabó et al., 2018).
Current technological developments do not allow to reproduce the whole spectrum of secondary particles produced inside the spacecraft. However, an increasing number of particle accelerator facilities are used as ground-based analogues for biology experiments and offer the opportunity to determine the relative contribution of individual secondary particles to observed biological effects. In this work, neutron exposure was performed at the ASNR (French Authority for Nuclear Safety and Radiation Protection) using the AMANDE particle accelerator. Located at the nuclear research site in Cadarache (France), AMANDE is a 2 MV tandem electrostatic accelerator that produces monoenergetic neutron fields of reference between 8 keV and 20 MeV. These fields are of primary interest for radiological protection, neutron metrology and nuclear physics (Gressier et al., 2003).
In the present study, the effect of secondary neutrons produced after the interaction of cosmic radiation with spacecraft shielding was investigated using the European sea bass (Dicentrarchus labrax) embryo, chosen as a candidate aquaculture fish species. The biological endpoints studied were the embryonic development (hatching rate), DNA damage (SSBs, DSBs and alkali-labile sites) and the histology of newly hatched larvae. Two experiments were performed over 2–3 days, enabling to monitor embryonic development until hatching. In the first experiment, exposure conditions were designed to mimic fish embryonic exposure in a low Earth orbiting context, such as a mission to the ISS, while the second experiment simulated exposure of a realistic Moon mission trajectory. Given that the applied dose rates are close to the derived consideration reference levels for fish (42-417 µGy h−1), within which there is likely to be some chance of deleterious effects of ionizing radiation (ICRP, 2008), we expect limited effect of neutron on DNA damage and development of the fish early life stages.
2 MATERIALS AND METHODS
2.1 Aquaculture fish embryo fertilization, transportation and exposure design
European sea bass eggs were produced at the Ifremer aquaculture laboratory (Palavas-les-Flots, France) following the protocol described by Przybyla et al. (2023). Several thousand eggs were deposited into an incubator for 20 h. European seabass eggs (size ≈ 1.1 mm) are transparent and buoyant when alive. Small groups of 20 eggs were taken from the surface of the incubator to visually check their viability (binocular microscope Motic-w10X20) and then placed in the experimental containers, successively, until reaching the final number of 100 eggs per container (6 cm wide, 500 mL volume). Three experimental groups were created: (i) the group exposed to neutrons at ASNR’s AMANDE facility, consisting of a triplicate of containers dedicated to the hatching rate assessment, one container for DNA damage analysis and one container for histological analysis; (ii) the non-exposed control group, consisting of the same number of containers kept at ASNR; and (iii) the standard group, consisting of a triplicate of containers kept at the Ifremer aquaculture facilities to assess only the hatching rate in an optimal aquaculture environment (without transport to the experimental site at ASNR).
The “exposed” and “control” groups were transported by car in a thermoregulated box maintained at 16.0°C ± 0.4°C from the Ifremer laboratory to the ASNR laboratory (200 km, 2 h 15 min. Containers were placed in large glass aquaria filled with water, allowing temperature regulation via a secondary thermoregulation circuit during exposure. Since fish embryo development is temperature-dependent, special attention was given to maintaining consistent water temperatures across all sites and groups. For all experiments and groups, water temperature was maintained at 16.10°C ± 0.1°C. The oxygen level measured inside the embryo containers never dropped below 92.3% of water saturation.
2.2 Neutron exposure
Neutron exposure was carried out at ASNR’s AMANDE facility during working hours, with daily interruptions to take measurements or collect samples. The two exposure experiments were conducted separately in different dates under identical water temperature conditions and followed the same methods for fertilization, transport and egg distribution. Fertilized embryos were exposed to neutrons until hatching from 28 h post-fertilization (hpf) for ISS mission simulation, at 48-hpf for the Lunar journey simulation (Figure 1).
[image: Figure 1]FIGURE 1 | Exposure sampling timeline for the ISS-type experiment (mean cumulated dose and dose rate of 0.57 mGy and 16.7 μGy h−1, respectively - red) and lunar mission experiment (mean cumulated dose and dose rate of 12 mGy and 585 μGy h−1, respectively - blue).
2.3 Experiment 1: ISS-type exposure
2.3.1 Experimental design
The front glass wall of the aquarium containing the fish embryos in the small containers was positioned 188 cm from the accelerator beam’s starting point (Figure 2). Inside the aquarium, a line of five submerged containers holding embryos was positioned in front of the particle accelerator beam. Particular attention was given to aligning the neutron beam with the embryo’s waterline to ensure dose homogeneity. This line of containers on a single row was designated for DNA damage/histology analysis (container No. 1), hatching rate assessment (containers No. 2-3-4) and temperature sensor (container No. 5). The centers of the containers were positioned 4.5 cm from the aquarium wall.
[image: Figure 2]FIGURE 2 | Cross-section of the AMANDE particle accelerator configuration for the ISS-type exposure experiment (1.2 MeV neutrons, mean dose rate of 16.7 μGy h−1, mean total dose 0.57 mGy) and the position of the European sea bass embryo containers in the glass aquarium (n = 100 embryos/container). 1 - sea bass eggs dedicated to DNA damage/histological analyses; 2, 3, 4 - sea bass eggs for hatching rate assessment; 5 - temperature sensor.
2.3.2 Neutron dose and dose rate choice
For the ISS-type exposure, measurements performed by Smith et al. (2013) in the ISS were used. These measurements showed that the neutron spectra in the station presented two peaks at 1 MeV and 30 Mev, with a preponderance of the 1 MeV peak. The maximal dose rate measured was 378 μGy d−1 (16 μGy h−1).
2.3.3 Exposure in AMANDE’s facility
Given that the AMANDE facility provides mono-energetic neutrons, an energy of 1.2 MeV was chosen to mimic the neutron exposure conditions at the ISS. This energy is the reference derived from the standard ISO8529-1 (2021) and aligns with the spectra measured in Smith et al. (2013), which indicated a strong peak around 1 MeV. The energy was produced by directing a 2037 keV proton beam at a 780 μg cm−2 tritium target. A mean dose rate of 16.7 μGy h−1 per container was absorbed by the sea bass eggs. This exposure was provided over 34.2 h of irradiation (distributed across 47.6 h), which allowed to monitor the neutron effect on embryonic development. The mean total absorbed dose was 0.57 mGy. Absorbed doses and dose rates were also calculated for each endpoint (Supplementary Tables S1 and S2).
2.4 Experiment 2: lunar journey scenario
2.4.1 Experimental design
The front glass wall of the aquarium was positioned 90 cm from the accelerator beam’s starting point (Figure 3A). In this lunar journey experiment, we separated the DNA damage and histology groups which led to creating a second row of embryo samples in the aquarium. The positioning of the first line of containers was the same as in the ISS-type experiment with centers located 4.5 cm from the aquarium glass. Due to neutron radiation passing through a thicker water layer to reach the second row, the cumulative neutron irradiation dose for embryos dedicated to histological analysis (container No. 5) was lower than that of the first row (See Supplementary Table S5). The center of the water temperature sensor (container No. 5; Figure 3B) and water temperature sensor were located at 11.8 cm from the aquarium glass.
[image: Figure 3]FIGURE 3 | (A) View from above of the irradiation design for the lunar journey simulation experiment (20 MeV neutrons, mean dose rate of 585 μGy h−1, mean cumulative dose 12 mGy) and the position of European sea bass embryo containers in the glass aquarium (n = 100 embryos/container). 1 - sea bass eggs dedicated to DNA damage analysis; 2, 3, 4 - sea bass eggs dedicated to hatching rate assessment; 5 - sea bass eggs for histological analyses; 6 - temperature sensor. (B) Distance traveled by neutrons through the aquarium glass wall into the water, depending on the container position (example shown for containers No. 2 and No. 5).
2.4.2 Neutron dose and dose rates: simulation of the exposure during the lunar journey
The provisional trajectory of the lunar mission of the canceled ESA Heracles mission was used as a case study for this experiment. The characterization of secondary neutrons resulting from the interactions of high-energy particles (mainly protons) with the shielding was performed in terms of fluence integrated over the duration of the mission (expressed in neutrons. cm−2) and absorbed dose. Proton spectra, which are important input data, were derived from two sources of protons: protons trapped in the Van Allen belt (3 days of exposure; Figure 4) and protons originating from the solar wind (5 days of exposure; Figure 4). Initial spectra for these two proton sources were computed using OMERE 5.6© software (https://www.trad.fr/spatial/logiciel-omere/). These spectra were then used as input data for the MONTE CARLO simulation toolkit Geant4 version 11.0.0 software (Agostinelli et al., 2003; Allison et al., 2016). Geant4, based on the interaction probabilities of particles with matter, allows the transport of particles through matter and to calculate the production of secondary particles as well as energy deposits like any Monte Carlo code. Geant4 was suitable for this study because it includes physical models adapted to the production and transport of secondary neutrons. Indeed, these physical models have been validated for secondary neutron yields in proton therapy applications for 113 and 256 MeV protons (Arce et al., 2021). For each proton source, protons were generated at the surface of an aluminum sphere 3.7 mm thick and 300 mm in radius, representing the shielding, and filled with water to mimic the fish’s living environment. The assumed shielding thickness, which is still in the design phase, represents a scenario that maximizes the impact of ionizing radiation in terms of dosimetry, which remains suitable for radiation protection. The actual shielding will certainly be thicker, making this experimental design an oversized extreme case in terms of exposure. The results obtained for 1.5 109 protons were then normalized to the actual fluence of the mission’s total duration.
[image: Figure 4]FIGURE 4 | Flux of protons from the Van Allen belt (in red, 3 days of flight) and the solar wind (in blue, 5 days of flight).
As expected, the main contribution to the production of secondary neutrons during the mission comes from the radiative environment of the Van Allen belt. With the assumptions made in the simulation, the total flux for the Van Allen belt was 5.05 108 cm−2, whereas the flux from the solar wind was 1.84 107 cm−2. This corresponds to absorbed doses of 24.5 mGy for the Van Allen belt and 0.9 mGy for the rest of the mission. Thus, the total secondary neutron absorbed dose for the 8-day lunar mission was 25.4 mGy, (corresponding to a dose rate of 130 μGy h−1). It is possible to characterize the secondary neutron spectra for each proton source as shown in Figure 5. These spectra were normalized to the total flux expected during the mission. The mean energies of the secondary neutron spectra were 30 and 24 MeV for the Van Allen belt and solar wind origins, respectively.
[image: Figure 5]FIGURE 5 | Flux of secondary neutrons produced over the entire mission duration by protons from the Van Allen belt (in red, 3 days of flight) and the solar wind (in blue, 5 days of flight).
2.4.3 Exposure in AMANDE facility
To expose the sea bass eggs to a neutron configuration corresponding to the simulated lunar mission, a series of calculations and assumptions were required with the AMANDE facility. First, as the AMANDE facility provides mono-energetic neutrons, the highest neutron energy available—20 MeV—was chosen to approximate the mean energies of the simulated secondary neutron spectra (30 and 24 MeV). Given that the neutron weighting factor at 20 MeV is higher than at 24 and 30 MeV (Supplementary Table S3), the choice of this energy potentially leads to more severe biological effects, ensuring a conservative toxicity assessment. Second, the total simulated neutron fluence (5.2 108 cm−2) was the target nominal neutron fluence to be achieved at the AMANDE facility. A prior measurement of neutron fluence at the facility was performed using a reference long counter (Gressier et al., 2014) to determine the irradiation time required at 20 MeV to achieve this fluence. The required irradiation time was of 20.5 h, distributed over 4 days of irradiation (Supplementary Table S4). After verifying the experimental neutron characteristics, adjusted dose and dose rate were calculated to account for the presence of deuterium implanted in the target over time, which produces neutrons of 7 MeV (Supplementary Information). Finally, the mean experimental neutron dose and dose rate absorbed by the fish embryos were 12 mGy and 585 μGy h−1, respectively. As in the ISS-type experiment, average doses and dose rates were calculated for each endpoint (Supplementary Tables S4 and S5). It must be underlined that although this dose is lower than the simulated one (25.6 mGy), it accounts for the presence of 7 MeV neutrons, which are more deleterious than 20 MeV neutrons, as detailed in the Supplementary Information file. Furthermore, as the neutron dose was distributed over 20.5 h instead of 8 days for a lunar mission, the resulting experimental dose rate (585 μGy h−1) was higher than the simulated one (130 μGy h−1). These conditions remain conservative in terms of toxicity evaluation.
2.5 Hatching rate assessment
The hatching rate was assessed after samples were filtered with a 700-μm mesh and visually analyzed to determine the number of newly hatched larvae. The same operator and binocular microscope were used for all counts to ensure consistency. The percentage of hatched fish was calculated based on the number of hatched eggs and the sample size (Przybyla et al., 2020).
2.6 Alkaline comet assay
Following the exposure of European sea bass eggs in the AMANDE facility, DNA damage was analyzed in embryos and larvae at 0 h (48 hpf), 24 h (72 hpf) and 48 h (96 hpf) after the start of neutron exposure in experiment 1, and at 0 h (28 hpf), 24 h (52 hpf) and 72 h (100 hpf) after the start of neutron exposure in experiment 2. The control groups (non-exposed, kept in the AMANDE facility) were analyzed at the same times.
The method used to measure DNA damages is the comet assay, which has been developed over the past 30 years (Collins, 2004). In this method, the final step consists in analyzing images resembling a comet, with a head representing the nucleus and a tail mainly consisting of single-stranded DNA that has migrated out from the cell nucleus. The magnitude of the comet’s DNA-tail provides information about the extent of DNA lesions in the cell. The comet assay descriptor used in this experiment is the tail moment (the product of percentage of DNA in the tail and of tail length), which is one of the most widely used descriptors (Møller et al., 2014).
The alkaline comet assay, which detects DNA strand breaks (single- and double-strand breaks, as well as alkali-labile sites), was applied to European sea bass embryos and larvae. For 24 h and 48 h exposure times (non-hatched eggs), 3 to 5 pools of 4–10 eggs were used. In the case of larvae (72 h exposure time), the analysis was performed on four to six individual larvae. Embryos and larvae were kept on ice in seawater prior to the dissociation protocols. Cell dissociation was then performed using a pestle (Dutscher, 947827, France) in a PBS solution (100 mM phosphate-buffered saline) by mechanical homogenization.
The alkaline comet assay was conducted according to the procedure of Bourrachot et al. (2014) and MIRCA recommendations (Møller et al., 2020). Cells were stained with SYBR Gold diluted 1:10 (Invitrogen, S11494, United Kingdom), and one hundred nucleoids per slide were analyzed at ×400 magnification under a fluorescence microscope (Nikon Eclipse E600) equipped with a 515–560 nm excitation filter. Comet figures were analyzed using Comet IV software (Perceptive Instruments, United Kingdom). Two replicate slides were prepared per sample.
2.7 Histological analysis
European sea bass larvae (n = 5) were sampled from the exposed and control groups at 96 hpf in experiment 1 and at 100 hpf in experiment 2 (Figure 5), fixed in buffered paraformaldehyde (pH = 7.2) and stored at 4°C overnight. The following day, larvae were dehydrated using a graded series of ethanol and stored in 70% ethanol at 4°C until further processing. After dehydration, larvae were embedded in paraffin using an automatic tissue processor (STP120, Myr, France). Paraffin blocks were then prepared and cut into serial sagittal sections (3 μm thick) with an automatic microtome (Leica, RM 2235RT, United States). Paraffin sections were kept at 37°C overnight. Subsequently, samples were deparaffinized using a graded series of xylene substitute and stained with hematoxylin and eosin for general micromorphological observations. Histological preparations were observed under a microscope equipped with a camera (Leica, DM6 B, Germany). Tissue and cell integrity observations were carried out in three different section areas per organ and larva.
2.8 Statistical analyses
As the hatching rate data were expressed in percentages and close to the extremes [0; 1], a statistical analysis was performed with a converted value using [image: image]. The transformed data were subjected to one-way analysis of variance (ANOVA). GraphPad Prism 9.0 software (Dotmatics, Boston, Massachusetts, United States) was used for statistical analyses. Homogeneity of variance was tested using Fisher’s test and the normality of distribution was assessed using the Shapiro–Wilk test.
For the comet assay, all statistical analyses were implemented with the statistical computing software R 4.2.2 (2022 The R Foundation for Statistical Computing). Raw data of the individual nucleoid tail moment were used for the analysis. Tail moments equal to zero were considered artifacts of the image analysis. However, since they represent “true” zeros (i.e., cells with no or poor DNA damage), they were replaced, if necessary, by the smallest value observed on the slide. Data were then log transformed. To address the nested design of the comet assay, a linear mixed-effects model was constructed using the nlme package, with treatment as the fixed factor and replicates (slides) as the random factor. Then, random permutation tests were applied using the pgirmess package, with the number of permutations fixed at 2,000.
2.9 Ethic statement
The experiments conducted at Ifremer and ASNR-AMANDE were carried out in accordance with the recommendations of the European Union Ethical Guidelines and Directive 2010/63/EU on the protection of animals used for scientific purposes. The Ifremer Marine Experimental Platform of Palavas (PEMP) permit for animal experimentation E 34-192-006 and the site’s regional ethics committee (CEEA36 - Occitanie Méditerranée, France) ensured adherence to handling rules by the scientific team.
3 RESULTS
3.1 Hatching rates
Hatching for all groups and both exposure levels occurred during the night of the last day of the experiment, between 96–99 hpf. For the ISS-type exposure experiment, the neutron field was active when the first hatching occurred, and the young pre-larvae managed to escape from the chorion around 86 hpf. Only one dead and one malformed larvae were observed in the “standard” group during the ISS-Type experiment.
The hatching rates of the “control,” “exposed” and “standard” groups are presented in Figure 6 and show no significant intra-group differences within each exposure level. The hatching rates from the ISS and lunar mission exposures cannot be compared because the fish embryos originated from different broodstock.
[image: Figure 6]FIGURE 6 | (A) Hatching rates of European sea bass embryos after a 34-h, 10-min neutron exposure simulating an ISS mission (1.2 MeV, 0.57 mGy, 16.7 μGy h−1) compared to the control (non-exposed at AMANDE) and standard (non-exposed at Ifremer) groups. (B) Hatching rates of European sea bass embryos after a 20-h, 30-min neutron exposure simulating a lunar mission (7 and 20 MeV, 13.5 mGy, 585 μGy h−1) compared to the control (non-exposed at AMANDE) and standard (non-exposed at Ifremer) groups. All groups were composed of 300 fertilized European seabass eggs divided in triplicate (3*100). Error bars represent the standard deviation. P < 0.05 (ANOVA).
3.2 DNA damage
The time-course histograms of DNA damages assessed via the comet assay are presented in Figures 7, 8. For the ISS-type exposure experiment, statistical analysis showed a significant increase in tail moments 48 h after the start of neutron exposure (p = 0) but not after 24 h (p = 0.073) (Figure 7).
[image: Figure 7]FIGURE 7 | Genotoxicity (alkaline comet assay) induced after 24 h (left panel) or 48 h (right panel) of ISS-type exposure (1.2 MeV neutrons, 0.54 mGy and 15.9 μGy h−1 absorbed by eggs in containers dedicated to DNA damage analysis). 3 to 5 pools of 4–10 eggs were used. The bar represents the mean of 100 comets scored per slide. Error bars represent the standard error. ***: p < 0.001 (variance analysis with linear mixed-effects model).
[image: Figure 8]FIGURE 8 | Genotoxicity (alkaline comet assay) induced after 24 h (left panel) or 72 h (right panel) of a lunar mission simulation exposure (7 MeV and 20 MeV neutrons, 12.09 mGy and 590 μGy h−1 absorbed by eggs in containers dedicated to DNA damage analysis). 3 to 5 pools of 4–10 eggs and four to six larvae were used, respectively for 24 h and 72 h exposure times. The bar represents the mean of 100 comets scored per slide. Error bars represent the standard error. **: p < 0.01 (variance analysis with linear mixed-effects model).
Similarly, for the second exposure experiment, corresponding to a 12.09 mGy absorbed dose and a dose rate of 590 μGy h−1, no significant increase in tail moments was observed at 24 h after the start of neutron exposure (p = 0.38), whereas a significant increase was observed at 72 h (p = 0.002) (Figure 8).
3.3 Histology
The overall organization of the various developing organs appeared to be maintained across all groups (Figure 9). For both the ISS and lunar mission simulation exposures, no signs of tissue or cellular damage were observed in any of the examined structures at 96 and 100 hpf, respectively, compared to the control groups. This applies to the brain, eyes, gills, notochord, muscle, digestive system and yolk sac. Although not statistically significant (One Way ANOVA, P > 0.05), the number of melano-macrophage centers (MMC) tended to be higher in the brain and muscle areas of the group exposed to 7.3 mGy neutron radiation compared to the control group (Figure 9D–D′).
[image: Figure 9]FIGURE 9 | Longitudinal paraffin-embedded sections of European sea bass larvae at 96- and 100-h post-fertilization (hpf) for the ISS and lunar mission simulation experiments, respectively, showcasing the eye, brain, yolk sac and muscle of the control group ((A–D), respectively) versus the group exposed to neutron radiation ((A′–D′), respectively). Panel (A′) shows tissue after exposure of eggs in containers dedicated to histology analysis to 0.54 mGy and 15.9 μGy h−1 (ISS-type exposure); panels (B′–D′) illustrate tissue after exposure of eggs in containers dedicated to histology analysis to 7.27 mGy and 355 μGy h−1 (lunar journey exposure). Sections were stained with hematoxylin and eosin. Anatomical features are labeled as follows: CGL, ganglion cell layer; GL, granular layer; INL, inner nuclear layer; L, lens; MF, muscle fiber; N, notochord; NU, nucleus; ONL, outer nuclear layer; UDT, undifferentiated digestive tract; YS, yolk sac. Arrowheads indicate melano-macrophage centers (MMC). Scale bar: 25 µm.
4 DISCUSSION
The fish embryos dedicated to hatching rate assessment during the ISS and lunar mission simulations were exposed to a dose of 0.57 mGy (at a mean dose rate of 16.7 μGy h−1) and 13.5 mGy (at a mean dose rate of 659 μGy h−1), respectively. No mortality or shift in the expected hatching date was observed under either exposure condition, contrary to observations in simulated microgravity tests on European sea bass where the hatching date was advanced by a few hours (Przybyla et al., 2023). Accelerated hatching has been observed in zebrafish embryos exposed to γ-radiation dose rates of 33 and 23,8 103 μGy h−1 from 3 hpf to 96 hpf (Gagnaire et al., 2015), medaka embryos until the germ-ring stage exposed at up to 5 Gy (at a very high dose rate of 5.4 107 μGy h−1) of 2 MeV neutrons (Hyodo-Taguchi et al., 1973) and Hong Kong catfish (Clarias fuscus) exposed to fast neutrons at 54 Gy h−1 (Hyodo-Taguchi et al., 1973).
The ISS- and lunar mission-type exposure experiments were conducted with embryos originating from different broodstock. Neither exposure level had deleterious effects on hatching performance compared to the standard or control groups. Hypometabolic states in fish could be studied for long space journeys, as zebrafish in a hypometabolic state following anoxic conditions have demonstrated tolerance (80% survival) to a supralethal dose of 20 Gy γ radiation (Ghosh et al., 2017). Hypometabolism could play a role in the physiological energy balance of fish in response to radiation-type aggression. Comparative ionizing radiation exposure studies involving temperate and tropical fish embryos could provide valuable insights for selecting aquaculture candidate species less susceptible to damage during their embryonic and larval stages.
DNA integrity in human and wildlife genomes is continuously challenged by both endogenous and environmental mutagens. Ionizing radiation, one of the first environmental genotoxic agents identified, can induce a wide variety of DNA lesions, including single-strand breaks, double-strand breaks and oxidative lesions. Among these, DNA double-strand breaks are considered the most deleterious, as their inaccurate repair can lead to cell death or mutations.
Genotoxicity can be assessed using several methods, including the comet assay under alkaline conditions (pH > 13), which can detect single and double-stranded breaks, and alkali-labile sites (OCDE, 2016). Comet assay results presented in this study indicate that neutrons increase DNA alterations 48–72 h after the start of exposure. These DNA damages may result from neutron interactions with DNA or from transient strand breaks resulting from DNA excision repair.
Neutrons are highly energetic uncharged particles that induce, via secondary protons, more localized and structurally complex clusters of double-strand break than γ rays. Modelling tools for calculating radiation-induced DNA damages have shown the propensity of neutrons to inflict clusters of DNA lesions containing DSBs (Baiocco et al., 2016; Manalad et al., 2023), findings that have been experimentally validated (Thibaut et al., 2023). Several studies describe various DNA damages induced by neutron exposure, although fish models have been scarcely addressed. In medaka, increased micronuclei frequencies were reported in gills of fish irradiated with a neutron-γ-ray mixed field from 235U-enriched U fuel at a dose rate of 0.4 mGy h−1, mean energy of fission neutrons of 1.3 MeV (Zhang et al., 2016). These results are in accordance with DNA damages induced by gamma exposure in various fish species showing an induction of genotoxicity in embryo and larvae from 33 μGy h−1 (Adam-Guillermin et al., 2012; Gagnaire et al., 2015). For other biological models exposed to neutrons, an increase in micronuclei was observed in human lymphocytes 24 h after irradiation with 0.3 Gy (1.55 Gy h−1) neutrons whose spectrum was close to the Hiroshima neutron spectrum (Wang et al., 2021), while DNA DSBs were induced at doses from 0.125 Gy after exposure to fast neutrons (29.8 MeV) at both high (24 Gy h−1) and low (0.9 Gy h−1) dose rates (Nair et al., 2019). In rat peripheral blood cells, DNA DSBs were also induced at low dose rates (0.028 mGy h−1) after 30 days of exposure to with neutrons and γ rays (cumulative dose of 16.8 mGy) (Zhang et al., 2016). The frequencies of somatic mutation and recombination were increased in Drosophila melanogaster exposed to fast and thermal neutrons from the Triga Mark III reactor in Mexico at doses up to 0.84 Gy (Guzmán-Rincón et al., 2005).
These studies indicate that DNA damages may occur at low doses and dose rates of neutrons (from 16.8 mGy to 0.028 mGy h−1), as detected using the very sensitive γ-H2AX biomarker for DNA DSB, which is in accordance with the results presented here showing DNA damages from 0.54 mGy (0.016 mGy h−1).
Interestingly, in 96-hour-old larvae of D. melanogaster irradiated with neutrons, the frequencies of mutations were higher than in 72-hour-old larvae (Guzmán-Rincón et al., 2005), which aligns with our results of higher and significant DNA damages in older embryos and larvae. This late onset of DNA damage could be explained by higher cell turnover during earlier developmental stages, resulting in lower DNA damage, or by an accumulation of DNA damage in later developmental stages due to higher absorbed doses.
Histological examinations are widely acknowledged as a reliable method for assessing the health of organisms faced with environmental challenges (Schwaiger et al., 1997; Zhao et al., 2020). Health condition indices are generally divided into three categories according to the levels of biological organization: whole organism, tissue and cellular levels, each functioning on distinct timescales. Simpler levels of biological organization tend to respond more swiftly to environmental changes, whereas more complex levels require more time to demonstrate changes. These variations depend on the specific developmental stage, species and environmental conditions. Given that DNA damage was observed in larvae 72 h after exposure began, it is unclear whether alternations at histological levels could have been observed at later developmental stages or whether DNA SSBs, DSBs and alkali-labile sites were either repaired or eliminated through apoptosis. Furthermore, the different locations of the containers for DNA damage and histological analyses within the aquaria, and the resulting differences in the absorbed dose and dose rate—nearly half of the values in the case of the histology samples—may have also influenced the differences between the DNA damage and histological results. Nonetheless, the observed tendency for an increased number of MMC in some organs of the exposed group of experiment 2 may suggest a physiological response to neutron exposure, given that MMC are considered reliable indicators of environmental stress, such as starvation, hypoxic conditions and chemical exposure (Agius and Roberts, 2003).
5 CONCLUSION
Despite primary DNA damages observed in both types of exposure after 48 and 72 h for ISS-type and lunar journey exposures, respectively, embryogenesis in European sea bass was not significantly altered, which may indicate that DNA damages were repaired or were not lethal. Although the larvae in this experiment are alive with normal behavior, further investigation is needed to determine the impact of neutron radiation on the integrity of cells, tissues and organs at later developmental stages, as well as its subsequent influence on overall fish growth performance and health. Alongside similarly positive results from previous experiments on the effects of launcher vibration, hypergravity and microgravity on aquaculture fish eggs, our results reinforce the suitability of aquatic organisms as candidates for integration into ecological life support systems beyond Earth, potentially contributing to space food production activities. Further studies might consider other exposures to primary and secondary particles, such as proton or alpha radiation generated in the cabin during a lunar mission. The promising results of the ground-based mono-parametric simulations in this study (neutrons) and in previous studies (rocket vibrations, hypergravity, microgravity) allow us to consider the study of the cumulative impact of these environmental parameters during a space mission through a proof-of-concept flight in order to describe the hatching and larval development of an aquaculture fish species either on the ISS or during a bio-mission to the Moon.
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