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Abstract

Ionizing radiation from natural sources or anthropogenic activity has the potential to cause

oxidative stress or genetic damage in living organisms, through the ionization and excitation

of molecules and the subsequent production of free radicals and reactive oxygen species

(ROS). The present work focuses on radiation-induced biological effects using the zebrafish

(Danio rerio) vertebrate model. Changes in developmental traits and gene expression in

zebrafish were assessed after continuous external gamma irradiation (0.4, 3.9, 15 and 38

mGy/h) with corresponding controls, starting at 2.5 hours post fertilization (hpf) and lasting

through embryogenesis and the early larval stage. The lowest dose rate corresponded to

recommended benchmarks at which adverse effects are not expected to occur in aquatic

ecosystems (2–10 mGy/day). The survival observed at 96 hours post fertilization (hpf) in the

38 mGy/h group was significantly lower, while other groups showed no significant difference

compared to controls. The total hatching was significantly lower from controls in the 15

mGy/h group and a delay in hatching onset in the 0.4 mGy/h group was observed. The

deformity frequency was significantly increased by prolonged exposure duration at dose

rates� 0.4 mGy/h. Molecular responses analyzed by RNA-seq at gastrulation (5.5 hpf tran-

scriptome) indicate that the radiation induced adverse effects occurred during the earliest

stages of development. A dose-response relationship was found in the numbers of differen-

tially regulated genes in exposure groups compared to controls at a total dose as low as

1.62 mGy. Ingenuity Pathway Analysis identified retinoic acid receptor activation, apoptosis,

and glutathione mediated detoxification signaling as the most affected pathways in the

lower dose rate (0.54 mGy/h), while eif2 andmTOR, i.e., involved in the modulation of

angiogenesis, were most affected in higher dose rates (5.4 and 10.9 mGy/h). By comparing

gene expression data,myc was found to be the most significant upstream regulator, fol-

lowed by tp53, TNF, hnf4a, TGFb1 and cebpa, while crabp2b and vegfab were identified as
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most frequent downstream target genes. These genes are associated with various develop-

mental processes. The present findings show that continuous gamma irradiation (� 0.54

mGy/h) during early gastrula causes gene expression changes that are linked to develop-

mental defects in zebrafish embryos.

Introduction

Living organisms are continuously exposed to ionizing radiation from naturally occurring

radionuclides (e.g., radon daughters), cosmic radiation and from various anthropogenic activi-

ties (weapon testing, nuclear fuel reprocessing, nuclear accidents). Ionizing radiation interacts

with matter by excitation and ionization of molecules, thereby producing free radicals and

subsequently reactive oxygen species (ROS) and reactive nitrogen species (RNS) which can

attack cell membranes or break chemical bonds in biological molecules, leading to oxidative

stress or DNA damage [1]. Proliferating cells are specifically sensitive to radiation [2].

It is established that humans and animals are most vulnerable to ionizing radiation during

early life stages such as gametogenesis, embryogenesis and organogenesis [3,4], due to the high

rate of cell division, proliferation and differentiation. Ionizing radiation can affect all organs

and biological systems, and can induce non-cancer effects as well as cancer [5]. Experimental

studies have documented that exposure to ionizing radiation during critical periods of devel-

opment may alter (reprogram) the differentiation signals leading to permanent toxic effects

which can manifest later in life [5,6]. Permanent (irreversible) “developmental programming”

is, among other mechanisms, attributed to epigenetic modification of gene transcription [7,8].

For aquatic organisms exposed to ionizing radiation, dose rates lower than 0.42 mGy/h (corre-

sponding to 10 mGy/d) have been proposed as benchmark levels that are not likely to produce

adverse effects at the population level [9]. Recently, a much lower predicted no effect dose rate

(PNEDR) of 0.01 mGy/h (0.24 mGy/d) has been proposed as a risk assessment screening value

below which one could be confident that exposures would not lead to adverse effects [10]. Pro-

tection criteria is based mostly on data from acute exposure experiments of adult organisms

(IAEA), and the information on effects of ionizing radiation during sensitive life stages such as

the embryonic and early larval development is scarce.

The zebrafish model offers many practical benefits, which may contribute to a better under-

standing of biological effects of radiation in both humans and non-human biota. Age-synchro-

nized and optically transparent zebrafish embryos enable the visualization of major organ

system development within all stages of the embryonic and early larval period. The available

genomic resources in zebrafish, including a fully sequenced genome, have been proven valu-

able for providing various biological insights, including into human diseases [11]. Transcrip-

tome analysis allows registration of changes in gene expression related to various biological

processes and can be used to reveal potential mechanisms of radiotoxicity. The genome of the

zebrafish is roughly half the size of the human genome and in comparison to it, shares about

70% of human gene orthologs and 82% of cancer gene orthologs [12,13].

This study aimed to assess biological effects such as survival, hatching and the occurrence

of deformities in zebrafish exposed to gamma radiation (dose rates 0.4, 3.9, 15, and 38 mGy/h)

and controls during embryogenesis and larval development (2.5 to 96 hpf). In order to

elucidate the changes in gene expression with accompanying functional network analyses,

RNA sequencing of total RNA extracted from irradiated (0.54, 5.4 and 10.9 mGy/h) pooled

embryo samples and controls was performed. The embryos were exposed during 2.5–5.5 hpf,

Dose-dependent effects of gamma radiation on the early zebrafish development and gene expression
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corresponding to the blastula period until the onset of the gastrula stage of development

(256-cell stage until approximately 50% epiboly) [14]. This timeframe also includes the zygotic

genome activation (ZGA) and onset of cell specification takes place [15–17]. The early molecu-

lar events initiated by a very low total dose of gamma radiation at 5.5 hpf and analyzed by tran-

scriptomics were shown to be consistent with the observed developmental adversity in later

stages.

Materials andmethods

Ethics statement

The research was carried out according to the Norwegian Animal Protection Act (imple-

mented EU Directive 2010/63/EU) and approved on December 12, 2013 by IACUC at Norwe-

gian School of Veterinary Science (since 2014 Norwegian University of Life Sciences, Faculty

of Veterinary Medicine and Biosciences, Oslo, Norway), under approval number FOTS ID

5793.

Zebrafish maintenance and embryo handling

Embryos from the AB wild type strain were obtained from the NMBU zebrafish facility (Nor-

wegian Zebrafish Platform) and maintained according to standard operating procedures. Zeb-

rafish were kept at 28 ± 1˚C on a 14–10 hour light-dark cycle at a density of 5–10 fish/L. The

system water (SW) was prepared from particle and active charcoal filtered reverse osmosis

(RO) deionized tap water, kept sterile by UV irradiation. To generate a conductivity of 500 μS/
cm, general hardness (GH) of 4–5 and pH 7.5 (adjusted with 1M HCl), 155 mg synthetic sea

salt (Instant Ocean, Blacksburg, USA), 53 mg sodium carbonate and 15 mg calcium chloride

(Sigma-Aldrich) was added per liter RO water. Adult fish were fed with GemmaMicro 300

(Skretting, Stavanger, Norway) dry feed twice a day and live artemia (Scanbur, Copenhagen,

Denmark) once a day. Health was monitored by daily inspection, sentinel fish were sent to

ZIRC for pathology every six month and water sent for microbiology analysis (NMBU Vetbio,

Oslo). Adult fish were allowed to mate for 30 min in standard 1 L breeding tanks (Aquatic

Habitats, Apopka, FL). For gamma radiation experiments, embryos were collected immedi-

ately after breeding and individually placed in 2 first rows of replicate 96 well plates (Nunc™,
Thermo-Fisher Scientific, Waltham, Massachusetts, USA) with 200 μl of egg water (temperate

autoclaved system water). A second group of embryos was placed in 2.5 ml tubes (Thermo-

Fisher Scientific, Waltham, Massachusetts, USA) (50 embryos/ tube) with 2 ml egg water.

Embryo irradiation and dosimetry

After collection, embryos were transported to the FIGARO experimental irradiation facility at

NMBU, Ås, Norway (60Co source, activity ~ 420 GBq). For both the toxicity endpoints and

transcriptomic analyses, external gamma irradiation of zebrafish embryos commenced at 2.5

hpf with total doses to water ranging from 1.62 mGy– 3496 mGy during a 3 hour, 43.8 hour

and 92 hour irradiation timespan (Table 1). Dose rates of 0.4, 3.9, 15 and 38 mGy/h were used

for general toxicity analyses, and 0.54, 5.4 and 10.9 mGy/h for the transcriptomic analyses

(Table 1). The experiments for both analyses were performed at separate time intervals. All

exposures included corresponding controls. For the adverse effect observations and RNA-seq,

96-well plates and 2.5 ml tubes, respectively, were positioned at different distances from the

gamma source corresponding to the dose rates to water (DWater) presented in Table 1.

Field dosimetry (air kerma rates measured with an ionization chamber) was traceable to the

Norwegian Secondary Standard Dosimetry Laboratory (Norwegian Radiation Protection

Dose-dependent effects of gamma radiation on the early zebrafish development and gene expression
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Authority, NRPA, Oslo, Norway) [18]. Average dose rates to water in the first and second

rows of microplate wells were estimated according to established technical guidelines [19]

and used as a proxy for dose rates to the fish embryos. Controls were placed in the same room,

outside the beam cone and shielded by lead reducing the external (background) dose rate

to� 0.35 μGy/h (Thermo Eberline FHT6020). The irradiation room was thermostatically

heated (28 ± 2˚C), and had a 14–10 hours light-dark cycle (250–320 lx). To minimize variation

in temperature, 2 control groups were used for the transcriptomic analyses.

Sampling procedure and experimental analysis of general toxicity
endpoints

At approximately 48 hpf, half of the 96-well plates were removed from exposure (Table 1,

Group “A”), while the remaining embryos were irradiated until 96 hpf (Table 1, Group “B”),

n� 145/ group. To determine the general toxicity in terms of adverse effects on survival and

hatching, the embryos and larva were manually observed in a stereo microscope (3.5–45x) at

48 and 96 hpf in group “A”, and at 96 hpf in group in “B” (S1 Table). Additionally, the occur-

rence of deformities was observed at 96 hpf in both “A” and “B”. Analysis of endpoints was

performed according to observations guidelines [20]. After observations, the larva used in

this study was euthanized (prior to independent feeding at 120 hpf) using Tricaine (MS-222)

(Sigma-Aldrich) overdose followed by rapid freezing (-70˚C). For RNA extraction, embryos

were sampled at 5.5 hpf (Table 1, Group “C”) in 2.5 ml tubes (n = 50/ sample).

Transcriptome analysis at 5.5 hours post fertilization

RNA sequencing was conducted to compare gene expression profiles between the controls and

the 0.54, 5.4 and 10.9 mGy/h exposed embryos. Total RNA was isolated from embryos exposed

between 2.5 hours and 5.5 hpf with TRIzol Reagent (Invitrogen) and purified with RNeasy

Mini Kit (Qiagen) according to manufactures’ instructions. Briefly, 1 ml TRIzol was added to

each sample consisting of 50 embryos and homogenized using Magnalyser Beads (Roche Diag-

nostics). Isolated RNA was DNase I (Qiagen) treated for 20 min at 25˚C before further purifi-

cation. Each sample was eluted in 50 μl RNase-free water and stored at − 80˚C until required.

RNA purity and yield (A260/A280> 1.8, A260/A230> 2, yield> 200 ng/μl) was determined

using NanoDrop-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE) and

quality (RIN> 8.5) was assessed with Agilent 2100 Bioanalyzer (Agilent Technologies, Palo

Alto, CA) using RNA Nano LabChip Kit (Agilent Technologies). None of the samples showed

any signs of degradation or impurities. Photometric parameters and RNA integrity number

(Bioanalyzer; Agilent technologies, USA) determined the quality of RNA sequenced samples.

The RNA was sequenced (Illumina HiSeq 2000) at BGI Tech Solutions Co., Ltd., Hong Kong.

Three single-end libraries (biological replicates), in the 5.4 and 10.9 mGy/h groups and a

duplicate per 0.54 exposure group were sequenced. The bioinformatics analysis pipeline of the

Table 1. Exposure groups and dosimetry. Total doses frommeasured dose rates during different time periods of exposure. (A): 43.8 hours; (B): 92 hours
and (C): 3 hours.

Developmental traits Dose rate DWater (mGy/h)* 0.4 3.9 15 38

Total dose DWater (mGy) (A) 17.5 171 657 1664

(B) 36.8 359 1380 3496

RNA-seq Dose rate DWater (mGy/h)* 0.54 5.4 10.9

Total dose DWater (mGy) (C) 1.62 16.2 32.7

*Uncertainty (K = 2) for dose rate estimates is ~10% (Bjerke and Hetland, 2014).

https://doi.org/10.1371/journal.pone.0179259.t001

Dose-dependent effects of gamma radiation on the early zebrafish development and gene expression
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RNA sequencing data is presented in S1 Fig. Quality assessment of raw reads (49 nt long) and

adapter trimming was performed using Trim Galore! v0.3.7, a wrapper tool around Cutadapt

and FastQC to consistently apply quality and adapter trimming to FastQ files [21,22]. Only

reads with Phred score> 20 were kept. Afterwards, using TopHat v2.0.9 [23] with bowtie1,

reads were mapped to the ZF genome (version Zv9, release 76) downloaded from Ensembl

(http://www.ensembl.org/Danio_rerio/Info/Index). Options -g (maximum multihits number)

was modified from its default value to 1, - -no-coverage-search was allowed, - -library type was

set to “fr-unstranded” and -p (number of threads) was restricted to 4. As for bowtie1 options,

-q (fastq files), -v (report end to end), -k 20 (report up to 20 good alignments), -m 20 (suppress

all alignments if> 20), -S (to use SAM format) were used. BAM files were uploaded into Seq-

monk [24] for visualization of aligned and mapped reads and read counting. Reads were

counted as reads exactly overlapping with exons and the resulting count table was analyzed for

gene expression under edgeR v3.4.2 Bioconductor [25]. The RNA-seq experiment was depos-

ited in SRA database (https://www.ncbi.nlm.nih.gov/) and is publically available under acces-

sion SRP096352.

Quantitative real-time PCR (qPCR) analysis

To verify the RNA-sequencing results, eight differently expressed genes were selected for

qPCR analysis, based on their common differential expression in the exposure groups. The

DNA Sequence information for each gene was retrieved from genebank (http://www.ncbi.

nlm.nih.gov/Genbank). The Primer3Plus software (http://www.bioinformatics.nl/cgi-bin/

primer3plus/primer3plus.cgi/) was used to design primers. These primers were analyzed for

oligo duplex and primer dimers. Amplicons which are shorter than 130 bp and spanned over

different exons were selected (S1 Table). The cDNA was prepared from 1 μg of same total

RNA used for RNA sequencing analyses (n = 3). For cDNA synthesis, Superscript III reverse

transcriptase (Invitrogen, USA) and random hexamer primers were used according to product

specifications. The qPCR was performed on a LightCycler1 96 Real-Time PCR system (Roche,

Mannheim, Germany) using LightCycler1 480 SYBR Green I Master (Roche). Each cDNA

was analyzed in a duplicate and composed of 5 μL mastermix, 2 μL primer mix (5 μM of each

forward and reverse), and 3 μL of each 10× diluted cDNA sample in a total volume of 10 μL.
The cycling parameters were 10 min pre-incubation at 95˚C, followed by 45 cycles of amplifi-

cation at 95˚C for 10 sec, 60˚C for 10 sec and 72˚C for 8 sec, followed by a melting curve from

60˚C to 95˚C. The qPCR assay was performed in three biological replicates. RefFinder analysis

tool (http://fulxie.0fees.us/) [26] was used to find the best candidate reference genes. Analyzed

reference genes were hmbs (hydroxymethylbilane synthase), b-actin (beta-actin) and rps18
(ribosomal protein S18). For all exposure groups, hmbs was found to be the most stable house-

keeping gene. The expression of each target gene transcript was normalized to hmbs and the

fold change was calculated using the CTmethod.

Ingenuity pathway analysis

For predicted networks/pathways and biological function analyses of differently transcribed

genes, IPA software (http://www.ingenuity.com, Ingenuity Systems Inc., Redwood City, CA)

was used. The Core analysis and comparison sub analysis blocks were used to determine the

interaction networks of up- and down-regulated genes, upstream regulators and biological

states (diseases and bio functions) in each and across the three exposure doses. A right-tailed

Fisher’s exact test was used to determine the probability that each biological function is due

to chance alone and the association identified as statistically significant and non-random

(p< 0.05). The results in gene regulation are given as negative logarithms of the p-value

Dose-dependent effects of gamma radiation on the early zebrafish development and gene expression
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computed by numbers of genes participating in the process, number of genes from the refer-

ence dataset mapped to the network and the size of the entire network in the Ingenuity knowl-

edge database. The upstream regulator analysis examines how many known targets of each

transcription regulator are present in the dataset, comparing their expression to what is

known from the literature. In the present study, ranking by overlap p-value (cutoff p-

value� 0.001) and filtering for genes, RNAs and proteins in order to predict the most relevant

transcriptional regulators was used. For the predicted activation state of the transcription regu-

lators, a z-score describing the quantity of activated (z-score> 0) or inhibited predictions (z-

score< 0) was calculated. However, this prediction is not available for upstream regulators

with less target genes in the datasets (i.e. in lower dose-rates), and could not be considered to

determine the most likely relevant regulators where the value of the correction for the z-score

was too high (bias> 0.25).

Statistical analyses

After establishing the database for the general toxicity observations, tabulating and checking

for errors in Excel1, data were transferred to Stata (MP/14 for Windows, StatCorp, College

Station, TX). Confidence intervals were calculated using the proportion command for each of

the outcomes survival, hatching and deformities at dose levels and the two exposure durations.

Further logistic regression reported as odds ratios (OR) was used to estimate the effect of the

treatments on hatching, survival and deformities and standard methods were used to check

model fit. If significant, multiple comparisons were conducted using Tukey’s or Dunnett’s

tests (Graphpad Prism 6, La Jolla, USA). Statistical significance was set to p< 0.05.

For analysis of gene expression, the dataset was TMM normalized first (trimmed mean of

M-values, edgeR v3.4.2 Bioconductor, Robinson, McCarthy, and Smyth 2010), followed by

data exploration using the statistical package R v3.0.2 [27]. Data was explored for descriptive

statistics such as: minimum, maximum, 1st quantile, 3rd quantile, median, mean, standard

deviation, also the similarity among samples was determined by correlation analysis and hclust

(ward method) analysis to determine the distance between samples. The statistical analysis of

differentially expressed genes (DEGs) was based on pairwise comparison between treatment

and control RNA-seq samples (biological replicates) with a cut off set to ± 0.40 log2 fold

change (1.3 FC). The FDR (false discovery rate) was set up to a significance of p� 0.05. Venn

diagram (Venny v2.1, Oliveros, (2007–2015)) was used to explore overlapping differential

expressed genes among radiation treatments. For qPCR, obtained mean relative gene expres-

sion values (exposed vs. control) were compared to mean relative gene expression values

for the same genes from RNA-seq and a Pearson’s correlation coefficient was calculated

(p< 0.05) for all three exposure groups (Graphpad Prism 6, La Jolla, USA).

Results

General toxicity

To determine the effects of gamma radiation on the embryonic and larval development, the

survival, hatching rate and deformities were assessed at 48 and 96 hpf. Compared to controls, a

decrease in survival was observed in all exposed groups, albeit only the 38 mGy/h group was

statistically significant, both after a 43.8-hour and 92-hour exposure (Table 2, S2 Table). The

timing of hatching was significantly affected by irradiation, as a premature onset of hatching

in the 0.4 mGy/h group (p< 0.0001) and a delayed onset of hatching in the 38 mGy/h group

(p = 0.0072), respectively, were observed (S2 Table). The total hatching was above 95% in all

exposure groups, however, with significantly lower total hatching in fish exposed to 15 mGy/h

compared to controls (Table 2, S2 Table). The deformity frequency at 96 hpf increased linearly

Dose-dependent effects of gamma radiation on the early zebrafish development and gene expression
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in response to dose for both the 43.8- and 92-hour exposure (linear regression, R2 = 0.93 and

R2 = 0.99, respectively) and was significantly higher than in controls (p< 0.05) in all exposure

groups, except from the 43.8-hour exposure to 0.4 mGy/h and 3.9 mGy/h (Fig 1, Table 2). The

lowest dose rate (0.4 mGy/h) caused significant increase in deformities (p = 0.049) only in the

group exposed for 92 hours (Fig 1, Table 2). The most frequently observed deformities were

retardation in development manifested as failed hatching and absence of pigmentation, irregu-

larities in formation of the head and eyes, as well as a short tail or lack of a tail (S15 Fig). In

summary, a significant dose dependent response was observed for deformities and mortality,

whereas hatching showed a non-monotonic dose-response.

Gene expression analysis

Transcriptional analysis was performed at the gastrula stage 5.5 hpf in order to identify poten-

tial changes to the transcriptional program induced by the gamma exposures. An average of 27

million reads (49 nt long) were obtained in both the treated and control groups. The mapping

statistics showed a high grade of similarity among all samples (S2 Fig, S3 Table). The expres-

sion dataset analysis for replicability and distribution by means of multidimensional scaling

Table 2. Adverse effects. Adverse effects on total hatching, survival and deformities at 96 hpf, reported as Odds Ratios with 95% confidence intervals and
related p-values compared to the base level (OR = 1). The OR describes the risk for occurrence of an adverse effect, given the two variables: dose rate and
duration of exposure to the specified dose-rates. Significance denoted with (*).

Odds ratio (95% CI); p-values compared to base level

Variables Hatching Survival Deformities

Dose rate (mGy/h) Control 1.00 (-) 1.00 (-) 1.00 (-)

0.4 0.40 (0.08–2.10); 0.28 0.65 (0.41–1.04); 0.07 5.00 (1.09–23.0); 0.04*

3.9 0.39 (0.08–2.03); 0.26 0.66 (0.42–1.06); 0.09 8.44 (1.93–37.0); 0.005*

15 0.13 (0.03–0.59); 0.008* 0.75 (0.47–1.20); 0.23 13.43 (3.16–57.0); <0.001*

38 0.26 (0.05–1.24); 0.09 0.46 (0.29–0.73); 0.001* 18.4 (4.37–77.6); <0.001*

Duration of exposure (hours) 43.8 1.00 (-) 1.00 (-) 1.00 (-)

92 0.77 (0.45–1.33); 0.35 0.99 (0.78–1.27); 0.98 1.61 (1.09–2.37); 0.015*

https://doi.org/10.1371/journal.pone.0179259.t002

Fig 1. Deformities.Deformities observed at 96 hpf which occurred after a 43.8- and 92-hour exposure to the
specified dose rates. The exposures had separate controls. Values presented as mean percentage ± 95%
confidence interval (p < 0.05).

https://doi.org/10.1371/journal.pone.0179259.g001
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plot (MDS) showed a clear difference between exposed and their respective controls (S3 Fig).

A total number of ~10000 genes was expressed in all samples, while the number of differen-

tially expressed genes (DEGs) showed a clear dose rate dependency (Fig 2 and S4 Fig and the

full list of DEGs is available in S4 Table).

In the 0.54 mGy/h exposure group, 16 genes were up-regulated (FC from 1.3 to 2.2) and

two genes down-regulated with FC from 1.3 to 1.7 (Fig 2, S4 Table). In the 5.4 mGy/h exposure

group, 129 genes were up-regulated with FCs from 1.3 to 674, while 27 were down-regulated

with FCs from 1.3 to 2 (Fig 2, S4 Table). In the 10.9 mGy/h exposure group 556 DEGs were

split between 454 up-regulated with FCs from 1.3 to 3.2 and 102 down-regulated genes with

FCs of 1.3 to 2.4 (Fig 2, S4 Table). Among the DEGs, two were found to be differentially

expressed in all three exposure groups: pfkfb3 (6-phosphofructo-2-kinase-fructose-2,6-bipho-
sphatase 3) up-regulated in 0.54, but down-regulated in the 5.4 and 10.9 mGy/h; crabp2b (cel-
lular retinoic acid binding protein 2b) which is similarly up-regulated in all exposure groups

(Fig 3A, S4 Table).

Fig 2. Expressed and differentially expressed genes in each exposure. Threshold set to FC ±1.3
FDR < 0.05; down-regulated genes (blue), up-regulated genes (red) and total number of expressed genes
(yellow).

https://doi.org/10.1371/journal.pone.0179259.g002

Fig 3. Venn diagram showing common and unique sets of differentially expressed genes between exposure
treatments. Total number of (A) common genes between 0.54, 5.4 and 10.9 mGy/h after pairwise comparison to controls
(FC ± 1.3, FDR < 0.05); (B)Up-regulated genes; (C)Down-regulated genes.

https://doi.org/10.1371/journal.pone.0179259.g003
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In addition, five and 54 DEGs were overlapping between the 0.54/10.9 and 5.4/10.9 mGy/h

groups, respectively (Fig 3A). As for the up-regulated DEGs, four genes were overlapping

between the 0.54 and 10.9 mGy/h, while 50 genes were overlapping between the 5.4 and 10.9

mGy/h group (Fig 3B). Furthermore, down-regulated overlapping genes were found (five

genes) only between the 5.4 and 10.9 mGy/h exposure (Fig 3C). The most up-regulated com-

mon gene in the 10.9 mGy/h group, tfa (transferrin-a), was also highly up-regulated in the 5.4
mGy/h group (S4 Table), although the FC values differed between the groups (S4 Fig). In addi-

tion, lipoprotein genes: apoBb (apolipoprotein Bb), apoA1a and apoA1b (apolipoprotein A-Ia/
Ib), and common with the 10.9 mGy/h group, apoA-IV (apolipoprotein A-IV) were amid the

top up-regulated in the 5.4 mGy/h group. The most down-regulated common gene between

5.4 and 10.9 mGy/h was vegfab (vascular endothelial factor Ab (S4 Table). The expression lev-
els for up and down-regulated genes overlapping between the three dose rates are presented in

Fig 4.

Pathway analysis

General pathways analysis. The core analysis IPA software tool was used to find the most

significantly affected biological signaling (canonical) pathways by the DEGs in the three expo-

sure groups. A statistically significant difference between the signaling pathways in the 0.54

mGy/h exposure group compared to the 5.4 and 10.9 mGy/h was found. In the lowest dose

rate, the most affected signaling pathway was retinoic acid receptor activation (RARa), fol-
lowed by RAmediated apoptosis and glutathione mediated detoxification signaling (Fig 5).

Interestingly, compared to the signaling pathways in 0.54 mGy/h, the higher doses demon-

strated some RA pathway activity, but this was below the significance threshold (Fig 5, S11

Fig). In the two higher dose rates, the most significantly affected signaling pathways were eif2
(eukaryotic initiation factor 2) andmTOR (mechanistic target of rapamycin), which were not

affected (p-value> 0.05) in the lowest dose rate group (Fig 5, S12 and S13 Figs).

Toxicological pathways. To identify the top diseases and biological functions of altered

genes in each exposure group, the gene expression data sets were compared between all expo-

sure groups in IPA. The DEGs in the datasets were shown to be involved in gene networks

associated with various embryonic developmental processes and cell functions (Fig 6).

In the 0.54 mGy/h exposure group, gene networks associated with apoptosis and other cell

death mechanisms were active, while gene networks associated with organismal death and pro-

liferation of tumor cell lines (Fig 6) were inhibited. In contrast, in the 5.4 and 10.9 mGy/h

groups, gene networks associated with apoptosis were inhibited and gene networks related to

proliferation of tumor cell lines were active. Similarly to the lower dose rate exposure, the gene

networks related to organismal death in these groups were inhibited. Comparison of expres-

sion of apoptosis genes showed that of total 129 DEGs found in the network, 5 were found in

the 0.54 mGy/h group (all up-regulated), 40 in the 5.4 mGy/h group (34 up- and 6 down-regu-

lated) and 101 in the 10.9 mGy/h (83 up- and 18 down-regulated) (S14 Fig). The one common

and similarly expressed gene between all exposures in the apoptosis network was crabp2b,
while expression levels of 16 common genes between 5.4 and 10.9 mG/h groups differed (S14

Fig). Additionally, networks associated with cell movement, growth, cardiovascular develop-

mental processes and cancer development were significantly activated in the two higher dose

rate exposure groups; albeit more significantly in the highest dose (Fig 6).

Key regulators. A transcription factor enrichment analysis was conducted to identify

upstream regulators of transcriptional networks modulated by ionizing radiation. A total of

159, 632 and 939 transcription regulators in the 0.54, 5.4 and 10.9 mGy/h exposures were iden-

tified, respectively (S5 Table).Myc (v-myc avian myelocytomatosis viral oncogene derived

Dose-dependent effects of gamma radiation on the early zebrafish development and gene expression
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Fig 4. Expression levels for up and down-regulated overlapping genes between exposures.
Expression levels in the 0.54, 5.4 and 10.9 mGy/h groups are given in log2 of the fold changes (FC).

https://doi.org/10.1371/journal.pone.0179259.g004
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homolog), TNF (tumor necrosis factor), tp53 (tumor protein p53) and hnf4a (hepatic nuclear
factor 4, alpha) were identified as upstream regulator genes in all exposure groups (S5 Table,

S5–S8 Figs). In the two higher dose rates, TGFb1 (transforming growth factor, beta 1) and
cebpa (CCAAT/enhancer binding protein C/EBP, subunit alpha) were found to be significant
upstream regulators (S5 Table, S9 and S10 Figs).

Validation by quantitative real-time PCR (qPCR)

In order to validate the RNA sequencing results, eight differently expressed genes were selected

for quantitative real-time polymerase chain reaction (qPCR) analyses in the groups exposed to

0.54, 5.4, 10.9 mGy/h and controls. The selected genes and their respective fold changes are

presented in Table 3. The data from real-time qPCR and the RNA-sequencing showed a good

correlation (Pearson’s linear correlation coefficient r = 0.89, p< 0.0001).

Two of the selected genes are common between all three exposure groups (pfkfb3 and
crabp2b). Three are common between 0.54 and 10.9 mGy/h groups (vox, ppp1r15a and shisa2)
and between 5.4 and 10.9 mGy/h (sox2, tfa and eef2b). Only two genes were found to have an
opposite regulation at one of the dose rates; pfkfb3 in the 5.4 mGy/h group was up-regulated,
while shisa2 in the 10.9 mGy/h was down-regulated (Table 3).

Discussion

Previous studies in zebrafish reported underlying molecular mechanisms responsible for

adverse biological effects such as DNA damage [28,29], ROS, oxidative stress, apoptosis,

bystander effects [30–32] and also genetic [32–34] and epigenetic changes [8] following expo-

sure to ionizing radiation. However, most of the genetic responses were studied following

acute exposures.

Fig 5. DEG functional analysis (IPA). Top signaling pathways in canonical pathway comparison between all
exposure groups: 0.54 mGy/h, 5.4 mGy/h and 10.9 mGy/h. The rankings were based on Fisher’s exact test and
high-ranking categories are displayed along in a decreasing order of significance from top. The threshold line
(red) denotes the cut-off for significance (p-value 0.05).

https://doi.org/10.1371/journal.pone.0179259.g005
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Fig 6. Themost affected biological function and diseases networks. IPA predictions in comparison
analysis between 0.54 (1) 5.4 (2) and 10.9 mGy/h (3) group. The heat map is based on the activation z-score,
consistent with the particular activation state: “activated” (orange) or “inhibited” (blue). Z-score cut off set
to ± 2.5 (arbitrary).

https://doi.org/10.1371/journal.pone.0179259.g006
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In this study, we focused on potential adverse effects on the embryonic development caused

by low dose and dose rate ionizing radiation. To this end, we investigated the developmental

and toxicological effects of continuous gamma irradiation (doses between 17.5–3496 mGy)

during early blastula (2.5 hpf; 256-cell stage), through to the hatching period (48–72 hpf) and

early larval development, i.e., life stages associated with numerous delicate morphological

changes [35].

To investigate molecular initial events associated to effects of ionizing radiation later in

development, analysis of the gastrula stage 5.5 hpf embryo transcriptome was carried out using

RNA sequencing combined with a functional gene network analysis software.

Adverse effects of radiation in developing embryos

The results from the observations of survival, deformities and total hatching at 96 hpf showed

that radiation caused a significant dose-dependent reduced survival, affected the total hatching

and increased the number of deformities. (Table 2, Fig 1). The exposure dose rates for evaluat-

ing the phenotypic effects used in the present work (0.4, 3.9, 15, and 38 mGy/h) were higher

than the ERICA screening value of 10 μGy/h (0.24 mGy/d) [10]. However, the dose-rates span
the proposed level of 0.42 mGy/h (10 mGy/day), which is considered to be a level below which

there is not likely to be any detrimental effect on aquatic populations (UNSCEAR Report,

1996) and the derived consideration reference levels (DCRL) for fish (~0.42 mGy/h– 40 mGy/

h), at which there are “likely to be some observable adverse effects occurring to individuals”

[36].

The lowest dose rate in the present work at which deformities were observed was 0.4 mGy/

h (total dose 36.8 mGy). The onset of hatching was premature in the 0.4 mGy/h exposure

group (17.5 mGy total dose, Table 1), and significantly delayed in the 38 mGy/h group (1664

mGy total) (S2 Table). The total hatching in these groups was unaffected (Table 2). Interest-

ingly, in a previous study of hatching intervals following X-ray exposure during the blastula

stage, earlier hatching was associated with low dose (25 mGy at 0.43 Gy/min), while higher

doses (250–500 mGy) delayed the onset of hatching [37]. In addition, other studies report that

both low and high doses had an accelerating effect on the hatching interval [28,32]. In the 15

mGy/h group, the total hatching was significantly decreased (Table 2). A similar result was

reported after X-rays exposure to 500 mGy [37], which is close to the total dose (657 mGy) in

the present 15 mGy/h exposure group (Table 1). The survival, although exceeding 82% in all

groups (S2 Table), was significantly lower than control in the 38 mGy/h group (Table 2) after

both 43.8 and 92 hours of exposure. Previously, mortality in zebrafish embryos was reported

only for acute exposures from 1 to 24 hpf (1–10 Gy, X-rays) [38]. Although embryo mortality

Table 3. Real time qPCR verification of RNA sequencing. Results presented as fold change (FC) for eight genes. The (n.a.*) refers to not differentially
expressed, while the fold change was not available for this gene in this group.

Gene ID FC RNA-seq FC RT qPCR

Dose rate (mGy/h) 0.54 5.4 10.9 0.54 5.4 10.9

pfkfb3 1.8 1.3 1.5 1.8 1.4 0.9

crabp2b 1.9 2.1 2.0 2.9 2.3 2.0

vox 1.5 1 1.5 1.6 2.2 0.7

ppp1r15a 1.6 0.8 1.5 1.8 1.3 0.6

shisa2 1.3 1 1.3 1.5 1.9 0.7

sox2 n.a.* 3.3 2.2 3.0 1.6 0.8

tfa n.a.* 93.2 3.2 1.2 40.7 20.7

eef2b 1.1 1.3 1.2 0.6 1.6 1.4

https://doi.org/10.1371/journal.pone.0179259.t003
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from the 43.8 h exposure was observed at 48 hpf, no further increase was observed at 96 hpf

(S2 Table). Collectively, these observations might indicate that the early developmental stages,

prior to the hatching interval, are more sensitive to the effects of ionizing radiation, resulting

in mortality. Other studies have reported no significant differences in embryo viability after

receiving acute ionizing radiation doses ranging from 1–10 Gy [34,39], nor following continu-

ous exposures up to 24 mGy/h (2280 mGy) [32], although the latter induced multiple deformi-

ties. Generally, the adverse effects on embryo development from the continuous exposure in

the present study showed considerable variability in response to lower and higher doses, and

in order to elucidate potential molecular mechanisms behind the observed effects, this variabil-

ity was further studied by transcriptomics.

The 5.5 hours post fertilization embryo transcriptome

The gene expression analysis was performed at the late blastula / early gastrula stage (~ 5.5

hpf), a critical stage of embryogenesis, characterized by intensive cell proliferation and specifi-

cation [17,35]. At this stage the zygotic genome is activated, while the inherited maternal tran-

script (synthesized during oogenesis and stored in the egg) is degraded [15]. Thus, changes in

transcriptome profile can be attributed to radiation effects on the transcriptional program of

the embryo’s own genome. The choice of this stage served two major aims: early toxic effects

and accompanying stress or defense mechanisms would be reflected at the transcriptional

level, and deviation of the transcriptional program at this stage could be indicative or predic-

tive to adverse outcome observed later during embryogenesis. The applied dose rates were

selected to both encompass a toxic effects dose response and to be environmentally relevant.

The RNAseq analysis was thus conducted on low total doses, which consequently should pro-

duce only low level of DNA damage. This strategy enables investigation of more subtle and

less well-described molecular effects of ionizing radiation in addition to genotoxicity. The fact

that significant transcriptional changes could be observed from a 3 hour exposure to total

doses from 1.6 to 33 mGy corroborates the validity of the approach. Moreover, the observed

responses were intelligibly connected to the adverse outcomes observed at the phenotype level.

This correlation is important with respect to the level of dose rates and total doses that would

be required to elicit changes at the molecular level.

The number of similarly and differently expressed genes, as well as overlapping DEGs,

showed a clear dose-response effect in the gamma exposed embryos with the lowest number of

modulated genes in the 0.54 mGy/h group and with an increasing number in the two highest

exposure groups (5.4 and 10.9 mGy/h) (Fig 2). A considerable variation in FC between the 5.4

and 10.9 mGy/h groups was observed (S4 Fig), but a total of 56 DEGs were common in these

exposure groups.

Two genes, pfkfb3 and crabp2b, were found to be differentially expressed in all exposures.

The pfkfb3 gene is involved in regulating the expression of cyclin-dependent kinase 1, which

promotes proliferation and survival in tumor cells [40] by protecting cancer cells against oxi-

dative stress through S-glutathionylation and glucose metabolism switch to the pentose phos-

phate pathway [41,42], and thereby counteracting ionizing radiation generated ROS. The

crabp2b gene is a one of the two zebrafish crabp2 genes orthologous known to encode retinoic

acid (RA) protein family and lipocalin/cytosolic fatty acid binding protein family. Interest-

ingly, the crabp2b was found to be similarly up-regulated (FC ~ 2) in all three irradiation treat-

ments in both the RNA-seq and the qPCR (Table 3, Fig 4). Retinoic acid is the biological active

metabolite of Vitamin A and crabp2 regulates the access of retinoic acid by binding with the

nuclear retinoic acid receptor alpha (RARa) [43] and helps modulating the RA gradient, which

is important for the development of vertebrates, including humans [43,44]. Deficient or excess
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levels of vitamin A have induced malformations in experimental animals and humans, indicat-

ing that the concentration must be kept within a narrow range [45,46]. Furthermore, crabp2b
is associated with regulation of the hindbrain anterior-posterior axis development [47], and is

expressed in structures requiring the retinoic acid during embryonic development, such as the

CNS, dorsal retina, branchial arches, epidermis, otic vesicle and pectoral fins [43]. Considering

the increased number of malformations observed in irradiated fish, it could be hypothesized

that this is in part induced by modification of the crabp2b gene.

Among the common genes modulated by 5.4 and 10.9 mGy/h exposures, the most signifi-

cantly up-regulated gene is tfa (Fig 4). This gene is critical for iron transport and iron regulated

hormone expression [48], and is involved in the immune response to bacterial infection [49].

A decrease in concentration of the transferrin protein was found in blood plasma of radiologi-

cal accident victims compared to blood plasma from non-irradiated individuals, and reported

as a possible mutagenic factor [50]. However, a protective role of the transferrin pathway for

antioxidant repair and sequestering metals was also suggested [51]. Additionally, increased

chromosomal damage combined with increased transferrin was demonstrated in lymphocyte

cultures following exposure to 1 Gy of ionizing radiation, suggesting that transferrin is affected

by radiation [52].

The highly up-regulated apolipoprotein genes in the two higher dose rate exposure groups,

and notably the 5.4 mGy/h group (apoBb, apoA1a, apoA1b and apoA-IV), could point to radia-

tion affecting mechanisms behind the lipid metabolism and transport from yolk cells to the

embryo (S4 Table) [53]. Apolipoprotein genes play a role in reducing fat intake during

embryonic development, as previously shown in zebrafish [53] and humans [54], causing

malnutrition of the embryo, which may have disrupted normal development. In addition, apo-

lipoprotein genes were reported to negatively regulate (apoB) [55], or even inhibit the angio-

genesis (apoA1), in a vegfdown-regulation dependent pathway [56]. Relatedly, among the

common genes modulated by 5.4 and the 10.9 mGy/h treatments, the most significantly

down-regulated gene in both data sets is vegfab (FC 1.6–2), an isoform of the human ortholog

VEGF-A (Fig 4) [57]. At early life stages, this gene mediates differentiation of endothelial

cells and early vascular development and angiogenesis (formation of new blood vessels) [58],

including retinal angiogenesis [59]. In developed individuals, vegf stimulates the angiogenesis

[60], either in a physiological (such as tissue repair processes) or pathological states (such as

tumor growth), and vegf activity has been shown to be stimulated through an intracellular

increase in ROS generated as a result of exposure to ionizing radiation [61]. In an experimental

study of radiation effects in mice, vegf together with eif2 was modulated in bladder tissue [62].

Molecular pathways—Potential mechanisms of radiotoxicity

A transcription factor enrichment analysis was performed to investigate whether gamma

induced pathways or gene networks could be ascribed to master regulators. IPA analyzes of

the datasets identified upstream regulator genes, which were not necessarily significantly

affected, but may play key roles in the regulation of DEGs. The transcription factors myc, TNF,

tp53 and hnf4a were found to be in central positions of functional networks of modulated

genes in comparison between the three exposure groups (S5 Table). Additionally, TGFb1 and

cebpa were identified as key regulators at the two higher dose-rates (5.4 and 10.9 mGy/h) (S5

Table).

Myc was found to be one of the top upstream regulators, in all three exposures (S5 Table, S5

Fig) and is implicated in the regulation of various processes in the cell, such as growth and pro-

liferation, migration, differentiation and cell death. Up-regulation of the oncogenes myc and

mycn is associated with poor outcomes of several cancers, such as aggressive neuroblastoma
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[63], large B cell lymphoma [64], acute myeloid leukemia (AML) [65] and nephroblastoma

(Wilms tumor) [66]. Combined Myc up-regulation with an altered retinoic acid (RA) pathway

activity worsens the prognosis of such cancers [67]. Furthermore, TNFwas found to regulate

a high number of molecules in the datasets (S5 Table, S6 Fig). This cytokine was previously

shown to be strongly protective at lower ionizing radiation doses for the hematopoietic stem

cell system [68] and via selective destruction of blood vessels in T-cell tumors [69]. Interest-

ingly, the activity of tumor necrosis factor-alpha (TNF- ) in cell lines was found to be antago-

nistic to the activity of TGFb [70]. Another identified upstream regulator, tp53 (S5 Table, S7

Fig), is known to regulate apoptosis in response to DNA damage [71], but was also demon-

strated to be a critical factor for normal development and survival in zebrafish embryos after

exposure to ionizing radiation [72,73]. Tp53was found to decrease, but also to concomitantly

regulate tumor suppressive TGFb responses through Smad2/3 DNA complexes [74]. Although

not differentially expressed in the 0.54 and 5.4 mGy/h datasets, hnf4a is found to be a tran-

scription regulator for a large number of DEGs in all exposure groups (S3 Table, S8 Fig). This

transcription regulator was found to be up-regulated in the blood of patients exposed to ioniz-

ing radiation [75], and in a human tissue model exposed to low dose gamma radiation [76].

Hnf4a regulates the gastrulation [77], the developmental period during which the morphoge-

netic cell movements, along with production of the three primary germ layers (ectoderm,

mesoderm and endoderm) and the embryonic axis (> 5.25 hpf) occur [78]. It is mainly

expressed in the digestive system and in the brain. This data propose hnf4a as a factor involved

in the induction of biological effects of radiation in humans as well as in other vertebrate

species.

An activated predicted upstream regulator in both the 5.4 and 10.9 mGy/h, but not in the

0.54 mGy/h exposure was TGFb1 (S3 Table, S9 Fig). The TGFb1 cytokine regulates a variety of

functions, and is known to be a mediator of the apoptosis, redox homeostasis and bystander

effects in tissues and cells in response to radiation [69,79–81]. In addition, TGFbwas found to

co-regulate angiogenesis in tumors with vegf [82]. IPA also identified cebpa as a regulator gene

among the common DEG in the two higher dose rates (5.4 and 10.9 mGy/h) (S10 Fig). In the

study of B-cell chronic lymphocytic leukemia (B-CLL) patients in the post-Chernobyl period,

similar key regulator genes, gene networks and signaling pathways were altered [83]. Cebpa is

associated with regulation of hematopoiesis, hematopoietic stem cell migration, liver develop-

ment and regulation of transcription [84]. It is predominantly found in mature myeloid cells

and is required for the differentiation of myeloid cells in order to prevent the occurrence of

myeloproliferative diseases [85]. Diseases associated with a down-regulation of cebpa include

acute myeloid leukemia with cebpa somatic mutations [86]. Moreover, other studies have

reported that ionizing radiation caused increased expression of cebpa, which was associated

with a reduction of hematopoietic stem cells and the self-renewal of multipotent hematopoietic

progenitor cells [87]. The similar regulation of these genes in mammals and zebrafish may sug-

gest that similar mechanisms might be behind the molecular changes following exposure to

radiation.

The signaling pathways affected most significantly by the 0.54 mGy/h exposure (RAR acti-

vation, RAmediated apoptosis and glutathione mediated detoxification seem to be consistent

with the described repair mechanisms occurring at low doses. This adaptive response to

low doses of ionizing radiation in biological systems is mainly characterized by antioxidant

mediated detoxification of ROS, more rapid DNA repair, apoptosis signaling and stimulated

immune response [88,89].

In the 5.4 and 10.9 mGy/h treatments, eif2 and mTOR were the most significantly up-

regulated signaling pathways. A significant role of the eif2 signaling pathway is the adaptive

response to stress by regulating the formation of translation initiation complexes, which leads
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to reduced recognition of AUG start codons and therefore total translational inhibition and

the induction of apoptosis [90]. The mTOR (mammalian target of rapamycin) signaling path-

way is centrally involved in cell metabolism, growth, proliferation and survival via regulation

of protein synthesis and mRNA stabilization [91]. Furthermore, it is activated during tumor

formation and modulation of angiogenesis, development of diabetic retinopathy [92] and in

radiation induced apoptosis [93]. A dysregulation of mTOR was reported to affect the prema-

ture aging of cells and destabilize the cytoskeletal structure after exposure to chronic ionizing

radiation, in addition to changes in the eif2 signaling pathway [94]. The eif2 signaling pathway

was in comparison to the present results found to be down-regulated in the blood of post

Chernobyl leukemia patients [83]. The predicted top diseases and biological functions (IPA),

suggest that the changes in signaling pathways and gene expression in the lower dose-rate

(0.54 mGy/h) are activating gene networks associated with apoptosis and other cell death

mechanisms in the embryos, while inhibiting proliferation of tumor cell lines (Fig 6). In

the higher dose-rate exposure groups (5.4 and 10.9 mGy/h), gene networks involved in cell

death and apoptosis were shown to be inhibited, while cell movement, cardiovascular develop-

ment and tumor development were activated (Fig 6). The predictions from the gene expression

suggest an early response of the developing embryos to continuous ionizing radiation and

would be interesting to address in follow up studies using genetic, epigenetic and mutagenesis

methods.

Conclusion

Continuous exposure to external gamma radiation at environmentally relevant dose-rates

(from 0.4 mGy/h, total dose 17.5 mGy) resulted in severe consequences for the development

and gene expression of zebrafish embryos and larva. Significant mortality compared to con-

trols was observed in the groups exposed to the highest dose rate (38 mGy/h), while increased

number of deformities and differences in the hatching was observed in groups exposed to

lower doses � 0.4 mGy/h (Tables 1 and 2 and S2 Table). Consistent with the observed adverse

effects, the changes in gene transcription could be attributed to cell differentiation and mor-

phological development. The results suggest that active repair mechanisms mediated by anti-

oxidants could be the reason for the lack of phenotypic observable effects in the lower dose.

The higher radiation dose rates instigate, among others, genes and networks involved in cell

cycle control (tp53), translation and cell survival (eif2, mTOR), and disrupted development

and cancer (myc, TGFb1, hnf4a, cebpa), which in sum increase the risk for an adverse effect.

Thus, RNA sequencing enabled identification of molecular initiating events from a 3 hour

gamma radiation exposure to 0.54, 5.4 and 10.9 mGy/h (total dose 1.6 to 33 mGy), which are

consistent with the phenotype level adverse outcomes observed in 96 hpf stage larvae.

Supporting information

S1 Table. Real time qPCR primers.

(XLSX)

S2 Table. Survival and hatching. Survival and hatching after 43.8 and 92 hours exposure to

specified dose rates. Survival at the 43.8 hours exposure did not differ at 48 and 96 hpf. All val-

ues presented as mean percentage ± 95% confidence interval (CI).

(XLSX)

S3 Table. Mapping statistics. Mapping statistics presented separately for each replicate (A)

and each exposure (B) with their respective controls. Approximately 60% of the reads were

mapped to the reference genome. Of the mapped reads, ~ 40% were mapped when allowing
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no mismatch, while ~ 15% of the reads were mapped when� 2 bp mismatches were allowed.

On the other hand, ~ 56% out of the mapped reads were found to represent unique genome

positions, with ~ 1.5% of reads mapping to multiple positions.

(XLSX)

S4 Table. Full DEGs list.

(XLSX)

S5 Table. IPA upstream regulators.

(XLSX)

S1 Fig. Bioinformatic analysis pipeline.

(TIF)

S2 Fig. RNA-seq mapping frequency of reads distribution. Differential expression threshold

is FC ± 1.3. A, B, C andD show the distribution of mapped reads at 0.54, 5.4 and 10.9 mGy/h.

E and F represent the distribution of mapped reads in control groups for the lowest (0.54

mGy/h) and for higher dose rates 5.4 and 10.9 mGy/h, respectively. All libraries were mapped

to the ZF genome (Zv9).

(TIF)

S3 Fig. Multidimensional scaling (MDS) plot of RNA-seq libraries after trimmed mean of

M-values (TMM) normalization. A) Group exposed at 0.54 mGy/h and the control group for

the lowest dose. Two and three biological replicates of the exposed group and controls, respec-

tively, were included in the analysis. B) and C)Groups exposed to 5.4 and 10.9 mGy/h and

controls. Three replicates were included.

(TIF)

S4 Fig. Principal component analysis (PCA) of gene expression data. Analysis was con-

ducted by pairwise comparison of exposed and their respective controls. A) 0.54 mGy/h, B)

5.4 mGy/h and C) 10.9 mGy/h. Expression values were log2 transformed. Black and red dots

represent non-differential and differentially expressed genes respectively (FDR< 0.05) (edgeR

v3.4.2 Bioconductor).

(TIF)

S5 Fig.Myc upstream regulator (IPA).Myc target gene networks and interactions, presented
in a subcellular layout as part of the 10.9 mGy/h group.

(TIF)

S6 Fig. TNF upstream regulator (IPA). TNF target gene networks and interactions, presented
in a subcellular layout as part of the 10.9 mGy/h group.

(TIF)

S7 Fig. Tp53 upstream regulator (IPA). Tp53 target gene networks and interactions, pre-
sented in a subcellular layout as part of the 10.9 mGy/h group.

(TIF)

S8 Fig.Hnf4a upstream regulator (IPA).Hnf4a target gene networks and interactions, pre-
sented in a subcellular layout as part of the 10.9 mGy/h group.

(TIF)

S9 Fig. TGFb1 upstream regulator (IPA). TGFB1 target gene networks and interactions, pre-
sented in a subcellular layout as part of the 10.9 mGy/h group.

(TIF)
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S10 Fig. Cebpa upstream regulator (IPA). Cebpa target gene networks and interactions, pre-

sented in a subcellular layout as part of the 10.9 mGy/h group.

(TIF)

S11 Fig. Gene expression in RARa pathway (IPA).
(TIF)

S12 Fig. Gene expression in eif2 pathway (IPA).
(TIF)

S13 Fig. Gene expression between inmTOR pathway (IPA).

(TIF)

S14 Fig. Gene expression in apoptosis network (IPA).

(TIF)

S15 Fig. Deformities in zebrafish larva exposed to gamma radiation. The observations were

done at 96 hours post fertilization (hpf). A. Control larva showing normal development; B-C.

Larvae exposed to 38 mGy/h for 92 hours (Group “B”), demonstrating general developmental

defects and short-tails.

(TIF)
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A B S T R A C T

Gamma radiation represents a potential health risk to aquatic and terrestrial biota, due to its ability to ionize
atoms and molecules in living tissues. The effects of exposure to 60Co gamma radiation in zebrafish (Danio rerio)
were studied during two sensitive life stages: gametogenesis (F0: 53 and 8.7 mGy/h for 27 days, total doses 31
and 5.2 Gy) and embryogenesis (9.6 mGy/h for 65 h; total dose 0.62 Gy). Progeny of F0 exposed to 53 mGy/h
showed 100% mortality occurring at the gastrulation stage corresponding to 8 h post fertilization (hpf). Control
and F0 fish exposed to 8.7 mGy/h were used to create four lines in the first filial generation (F1): control, G line
(irradiated during parental gametogenesis), E line (irradiated during embryogenesis) and GE line (irradiated
during parental gametogenesis and embryogenesis).

A statistically significant cumulative mortality of GE larva (9.3%) compared to controls was found at 96 hpf. E
line embryos hatched significantly earlier compared to controls, G and GE (48–72 hpf). The deformity frequency
was higher in G and GE, but not E line compared to controls at 72 hpf. One month after parental irradiation, the
formation of reactive oxygen species (ROS) was increased in the G line, but did not significantly differ from
controls one year after parental irradiation, while at the same time point it was significantly increased in the
directly exposed E and GE lines from 60 to 120 hpf. Lipid peroxidation (LPO) was significantly increased in the G
line one year after parental irradiation, while significant increase in DNA damage was detected in both the G and
GE compared to controls and E line at 72 hpf. Radiation-induced bystander effects, triggered by culture media
from tissue explants and observed as influx of Ca2+ ions through the cellular membrane of the reporter cells,
were significantly increased in 72 hpf G line progeny one month after irradiation of the parents. One year after
parental irradiation, the bystander effects were increased in the E line compared to controls, but not in progeny
of irradiated parents (G and GE lines). Overall, this study showed that irradiation of parents can result in
multigenerational oxidative stress and genomic instability in irradiated (GE) and non-irradiated (G) progeny of
irradiated parents, including increases in ROS formation, LPO, DNA damage and bystander effects. The results
therefore highlight the necessity for multi- and transgenerational studies to assess the environmental impact of
gamma radiation.

1. Introduction

The release of radionuclides to the environment from nuclear

accidents or other anthropogenic sources represents a long term health
risk to aquatic and terrestrial biota (Sample, 2011; Vives i Batlle et al.,
2007). It is well established that exposure to gamma radiation can cause
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significant effects in fish in terms of survival, reproduction and devel-
opment (Gagnaire et al., 2015; Geiger et al., 2006; Miyachi et al.,
2003). Animal and in vitro studies suggest that the exposure of parents
to doses ≥ 1 Gy might induce transgenerational biological effects in
several subsequent generations (Buisset-Goussen et al., 2014; Soubry
et al., 2014). Parental exposure can lead to hereditary effects in off-
spring as a result of DNA damage (Lemos et al., 2017), but also due to
epigenetic mechanisms such as changes in DNA methylation patterns
and non-coding RNA expression (Filkowski et al., 2010). From previous
studies it is known that vertebrate embryos are particularly sensitive to
ionizing radiation, due to a high rate of cell division and migration,
whereby a disruption of processes involved in organogenesis and
morphogenesis can lead to developmental defects (Jacquet, 2004;
Simon et al., 2011; Streffer, 2004). However, the sensitivity to gamma
radiation can vary on an individual level with different biological fac-
tors, such as stage of development, age, sex and overall health
(Nascimento and Bradshaw, 2016; Won et al., 2015). Genes and pro-
teins can be affected by gamma irradiation directly, through DNA da-
mage (single and double strand breaks as well as DNA oxidation), or
indirectly, via the induction of antioxidants as a response to excitation
of water molecules and free-radical formation. Animal and cellular
studies suggest that these effects are exacerbated by non-targeted ef-
fects, wherein the effects in irradiated cells can materialize either in
non-irradiated neighboring cells (bystander effects), in the progeny of
irradiated cells (genomic instability) (Streffer, 2004) or induce adaptive
responses (Maguire et al., 2007; Ryan et al., 2009). The mechanisms are
not yet fully understood, but the latest evidence links non-targeted ef-
fects to cell communication signals of a biological nature e.g. exosomes
containing long non-coding RNA or DNA fragments (O’Leary et al.,
2015; Xu et al., 2015). The underlying mechanisms behind both by-
stander effects and genomic instability have been linked to transge-
nerational effects. The concept of genomic instability describes delayed
genetic alterations observed in the progeny of cells many generations
after the initial insult caused either by direct ionizing radiation (Chang
and Little, 1992; Kadhim et al., 1992; Seymour et al., 1986), or by
bystander signals (Lorimore et al., 1998; Mothersill and Seymour,
1997).

Adult zebrafish are sexually mature at 3–5 months of age (de-
pending on external factors) with an approximate 4-weeks gameto-
genesis cycle (Raz, 2003). Zebrafish embryos and larva have previously
been shown to be sensitive to low dose gamma radiation, wherein ad-
verse developmental effects and gene expression changes (Hurem et al.,
2017) and DNA damage induction (Adam-Guillermin et al., 2012;
Jarvis and Knowles, 2003; Simon et al., 2011) were observed during
embryogenesis. A recent study reported a correlation between radia-
tion-induced DNA damage in X-ray exposed parents and DNA damage
in zebrafish progeny (Lemos et al., 2017). However, the potential her-
itability of radiation induced biological effects such as changes in ROS
levels, LPO, DNA damage and bystander effects has not been well stu-
died, and information on the relative sensitivity of different life stages,
such as gametogenesis and embryogenesis to these types of effects is
lacking.

The present study tests the hypothesis that heritable effects are
present in progeny from parents subjected to external gamma radiation
during gametogenesis. To do this we compared the effects of gamma
radiation (60Co source) in embryos that were directly exposed during
embryogenesis (E line) with effects seen in the progeny of irradiated
parents (G line).

2. Materials and methods

2.1. Fish husbandry

Zebrafish from the AB wild type strain were obtained from the
NMBU zebrafish facility and maintained according to standard oper-
ating procedures. Adult fish (F0), aged 6 months (30 males and 30

females per exposure group), were kept at 28± 1 °C on a 14 − 10 h
light-dark cycle (250 – 320 lx) at a density of 5 − 10 fish/L. The system
water (SW) was prepared from particle and active charcoal filtered
reverse osmosis (RO) deionized tap water kept sterile by UV irradiation.
To generate a conductivity of 500 μS/cm, general hardness (GH) of 4 −
5 and pH 7.5 (adjusted with 1 M HCl), 155 mg synthetic sea salt
(Instant Ocean, Blacksburg, USA), 53 mg sodium carbonate and 15 mg
calcium chloride (Sigma-Aldrich, Norway AS) were added per liter of
RO water. Adult fish were fed with Gemma Micro 300 (Skretting,
Stavanger, Norway) dry feed twice a day and live artemia (Scanbur,
Copenhagen, Denmark) once a day. Health monitoring was performed
by daily inspection. Sentinel fish were sent to ZIRC for pathology every
six months and water for microbiology analysis (NMBU Vetbio, Oslo).

2.2. Exposure experiment

2.2.1. Adult fish exposure, dosimetry and mating
The fish were exposed in 9 L plastic aquaria (Aquatic Habitats,

Apopka, FL), with a total swimming space of 6 L. The external gamma
radiation exposure took place at the FIGARO 60Co irradiation facility
(activity ~420 GBq) at NMBU. Adult zebrafish were exposed during a
27 day period of gametogenesis, with a total beam-on time of 591.5 h.
A control aquarium was placed behind lead shielding, and two aquaria
were placed with the front face at different distances to the source
focus, resulting in calculated average absorbed dose rates to water of
8.7 mGy/h and 53 mGy/h, respectively. The corresponding average
total absorbed doses to water were respectively 5.2 Gy and 31 Gy,
further explained in Appendix A. (Adult fish and embryo exposure and
dosimetry) and Table A1 and A2. To assure invariable conditions in
exposure aquaria, the pH, temperature and conductivity were recorded
daily, while nitrogen compounds (NH3, NH4+, NO2- and NO3-) were
recorded daily during the first 10 days, and twice a week for the re-
mainder of the experiment in each aquarium (Table A3). The adult and
embryo exposure groups are schematically depicted in Fig. 1. After an
acclimatization period of 6 days after irradiation, adult zebrafish were
allowed to mate for 30 min in standard 1 L breeding aquaria (Aquatic
Habitats, Apopka, FL). Each breeding aquarium had 3 males and 3 fe-
males and a total of 10 aquaria were used per group. The same mating
procedure was used to produce embryos for all endpoints. Twelve days
after F0 exposure, embryos were produced for the analysis of the sur-
vival and development. One month after F0 exposure, the early de-
velopment, length, ROS and bystander effects were analyzed in the G
line and controls. One year after irradiation of the adult fish, ROS, LPO,
DNA damage and bystander effects as well as histological examinations
were performed in all four lines.

2.2.2. Embryo exposure and dosimetry
Embryos (F1) were collected immediately after the breeding period

and individually placed in first rows of replicate 12 well microtiter
plates (Nunc™, Thermo Fisher Scientific, Pittsburgh, USA) with 3 mL of
egg water (28 °C autoclaved system water). External gamma irradiation
of the embryos from F0 control and irradiated zebrafish commenced
from 2.5 to 3 and lasted until approximately 72 hpf, for a total of 65 h.
The embryos were exposed to a dose-rate of 9.6 mGy/h with a total
dose of 0.62 Gy (Table A2 and Fig. 1). Four progeny lines were created:
control, F1-G line as non-irradiated progeny of F0 irradiated during
gametogenesis, F1-E line irradiated only during embryogenesis and F1-
GE line from F0 irradiated during gametogenesis and F1 embryogenesis
(Fig. 1). Control plates were placed behind lead shielding, further in-
formation about embryo dosimetry can be found in Appendix A (Adult
fish and embryo exposure and dosimetry).

2.3. Survival and development analyses

The survival and hatching of embryos (n≥ 187 per exposure group)
were manually observed and analyzed in all groups at 48, 54, 60, 72
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and 96 hpf, according to the guidelines defined by the OECD zebrafish
embryo toxicity test (OECD/OCDE, 2013) during and after offspring
exposure and 12 days after end of parental exposure. Median hatching
time (HT50), which represents the time necessary for half of the eggs to
hatch, was calculated for each exposure group using REGTOX®, as
previously described (Gagnaire et al., 2015). One month after the ir-
radiation of parents, the early development of G line embryos and
controls (n = 24/group) was followed using combined Z-stack and 24-h
kinetic experiment and final image stitching with Cytation 3 Cell
Imaging Multi-Mode Reader and Gen 5 software (BioTek, Winooski,
Vermont US). Length was measured in non-deformed offspring of ir-
radiated parents (G line) and controls. Morphological observations and
length measurement were performed at 72 hpf and representative
embryos and larvae were photographed with a light microscope at 20×
magnification with a Nikon Coolpix 8500 (Nikon SMZ1000) using NIS-
Elements (Amsterdam, Netherlands) software for Windows. After ana-
lysis, larvae were anesthetized and subsequently euthanized according
to standard operating procedures at 120 hpf using tricaine methane-
sulfonate (Sigma Aldrich, Oslo, Norway).

2.4. Histopathology

For histological examination, one year after irradiation of the par-
ents and immediately after embryo irradiation, the embryos were fixed
separately in 4% paraformaldehyde for 4 days, transferred and stored in
70% ethanol until use. The samples were embedded in 1% agarose mold
for adequate positioning of the embryos (Tsao-Wu et al., 1998), trans-
ferred to paraffin, where after 5-μm sections were processed according
to standard procedures employed for staining with hematoxylin and
eosin (H & E). Three randomly selected embryos (72 hpf) per treatment
(E, G, GE and control) were examined using a Zeiss Axioskop micro-
scope equipped with a digital camera (Leica SFC 420).

2.5. Oxidative stress

2.5.1. ROS analysis 1 month and 1 year after parental fish irradiation
Intracellular ROS production (from 60 to 120 hpf) was determined

in viable, hatched zebrafish with no visible developmental defects one
month and one year after irradiation of the parents and immediately
after irradiation of progeny (F1) using the fluorescent probe 2’,7’-di-
chlorodihydrofluorescein diacetate (H2DCFDA, Invitrogen, Molecular

Probes Inc., Eugene, OR, USA). H2DCFDA is a non-polar, non-fluor-
escent probe that enters the cells freely and is hydrolysed by cellular
esterases to non-fluorescent 2,7-dichlorodihydrofluorescein (H2DCF),
which is retained in the cell. In the presence of a variety of ROS, H2DCF
is converted by oxidation to fluorescent 2,7-dichlorofluorescein (DCF),
which is localized in the cytosol (Winterbourn, 2014). A stock solution
of 20 mM H2DCFDA was made in DMSO and kept at −20 °C before use.
On the day of the analysis, the H2DCFDA stock solution was diluted in
egg water to a final working solution of 500 μg/mL. Embryos were
individually collected and incubated in a 96-well black microplate
(Corning Costar, Cambridge, MA, USA) for 1.5 h with H2DCFDA, with
20 replicate embryos per exposure group at 60 hpf. Fluorescence was
recorded after the irradiation period at 72, 96 and 120 hpf in mean
relative fluorescence units (RFU) using the Cytation 3 Cell Imaging
Multi-Mode Reader (Biotek, Winooski Vermont, USA) and analyzed
using Gen5 Microplate Reader and Imager Software (Biotek, Winooski
Vermont, USA). Natural fluorescence of irradiated egg water in com-
bination with the probes (without presence of embryos) for each dose
rate was also analyzed and the resulting fluorescence subtracted. The
relative fluorescence obtained for each exposure group was expressed
as fold induction comparative to the control.

2.5.2. Lipid peroxidation analysis 1 year after adult fish irradiation
LPO was assessed at 72 hpf zebrafish (F1) produced one year after

irradiation of parental zebrafish and immediately after irradiation of
embryos by determining malondialdehyde (MDA) and 4-hydroxyalk-
enals (4-HNE) concentrations upon decomposition by polyunsaturated
fatty acid peroxides, following the method previously described
(Erdelmeier et al., 1998). Briefly, 4 groups of 40 zebrafish embryos
were pooled, frozen in liquid nitrogen and stored at −80 °C until fur-
ther analysis. Pooled zebrafish embryos (pool wet mass 5–25 mg) were
homogenized using a Precellys 24 Lysis and Homogenization (Bertin
Technologies, Montigny-le-Bretonneux, France) in 20 mM Tris-HCl (pH
7.4) containing 0.5 M butylated hydroxytoluene (BHT) at 4 °C. The
resulting homogenate was centrifuged at 3000 g for 10 min at 4 °C and
the supernatant used for protein determination and LPO analysis. LPO
analysis was based on the reaction of two moles of N-methyl-2-phe-
nylindole (3:1 mixture of acetonitrile/methanol), a chromogenic re-
agent, with one mole of either MDA or 4-HNE under acidic conditions
(methanesulfonic acid) at 45 °C for 60 min to yield a stable chromo-
phore that has maximum absorbance at 586 nm. Malondialdehyde bis-

Fig. 1. Schematic representation of gamma radiation experi-
ments. Parental generation (F0, adult fish) and progeny (F1 em-
bryos) exposure during gametogenesis (27 days) or embryogen-
esis (2.5–3 to 72 hpf) and nomenclature of the fish lines.
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(1,1,3,3-tetramethoxypropane) was used as a standard. Protein content
was determined using the method with Immunoglobulin G (IgG) as a
standard (Bradford, 1976). LPO was expressed as nmols of MDA and 4-
HNE per gram of total protein concentration.

2.5.3. DNA damage analysis 1 year after adult fish irradiation
DNA damage was assessed in viable, hatched 72 hpf F1 zebrafish

with no visible developmental defects, one year after irradiation of
parents and immediately after irradiation of the progeny, using the
alkaline comet assay. The method detects single strand breaks and al-
kali-labile DNA lesions using GelBond®films (Hansen et al., 2010) for a
high throughput single cell gel electrophoresis (Gutzkow et al., 2013),
and was adapted to the conditions in the present experiment. Pools of
10 embryos (3 biological replicates) were placed in PBS buffer without
Ca2+/Mg2+ (pH 7.4) and cells extracted by mechanical dissociation
using a glass grinder. After extraction, the buffer containing the cells
was filtered using a 55 μM nylon mesh and the resulting cell suspension
centrifuged at 300g for 5 min (4 °C). The pellet was gently resuspended
in PBS buffer without Ca2+/Mg2+ (pH 7.4) and the final cell suspension
adjusted to 1×106 cells/mL. Cell viability was checked by trypan blue
exclusion assay. Cells were resuspended in 1:10 0.75% low melting
point agarose at 37 °C and triplicates (3 × 4 μL) from each biological
replicate were immediately applied on a cold GelBond®film. Lysis was
performed overnight in lysis buffer at 4 °C (2.5 M NaCl, 0.1 M
Na2EDTA, 0.01 M Tris, 0.2 M NaOH, 0.034 M N-laurylsarcosine, 10%
DMSO, 1% Triton X-100, pH 10). For unwinding, films were immersed
in cold electrophoresis solution (0.3 M NaOH, 0.001 M Na2EDTA,
pH>13) for 40 min. Electrophoresis was carried out in cold, fresh
electrophoresis solution for 20 min at 8 °C, 25 V and 0.8 V/cm over the
platform, with circulation of the electrophoresis solution. After elec-
trophoresis, films were neutralized with a neutralization buffer (0.4 M
Tris–HCl, pH 7.5) for 2×5 min, fixed in ethanol (> 90 min in 96%
ethanol) and dried overnight. Films were stained with SYBR®Gold
Nucleic Acid Gel Stain (Life Technologies, Paisley, UK) in TE-buffer
(1 mM Na2EDTA, 10 mM Tris–HCl, pH 8) before examination at a 20 ×
magnification under an Olympus BX51microscope (light source:
Olympus BH2-RFL-T3, Olympus Optical Co., Ltd.; camera: A312f-VIS,
BASLER, Ahrensburg, Germany). Fifty randomly chosen cells per re-
plicate (150 cells per biological replicate, total 450 cells per dose rate)
were scored using the Comet IV analysis software (Perceptive Instru-
ments Ltd., Bury St. Edmunds, UK). Tail intensity (% Tail DNA), defined
as the percentage of DNA migrated from the head of the comet into the
tail, was used as a measure of DNA damage induced by gamma radia-
tion because it has been shown to be the most meaningful endpoint to
assess genotoxicity (Kumaravel and Jha, 2006). Mean percentage (%) of
DNA in the tail per exposure group was calculated using the median
values of % tail DNA from the 50 comets from each technical replicate
(total of 9 median values per exposure group).

2.6. Bystander effect analysis 1 month and 1 year after adult fish
irradiation

The embryos used for the bystander effects were sampled one year
after irradiation of parents and immediately after irradiation of F1
progeny at 72 hpf. The embryos were suspended in culture medium for
24 h, with 25 replicate embryos per exposure group, after which the
medium was decanted off and filtered. The filtrate containing putative
bystander signals was sterilized using 0.2 mm acrodisc filters and stored
at 4 °C until calcium analysis. Details about the protocol used for ra-
tiometric calcium measurements in cells can be found in previous stu-
dies (Mothersill et al., 2014). Briefly, 100,000 HaCaT cells were seeded
onto Glass Bottom Dishes (MatTek Corporation) 24 h in advance using
Roswell Park Memorial Institute growth medium (RPMI 1640, Gibco,
Canada), supplemented with 10% FBS, 5 mL of L-glutamine (Gibco,
Canada), 0.5 mg/mL of Hydrocortisone (Sigma-Aldrich, Canada), and
12.5 mL of 1 M HEPES buffer solution (Gibco, Canada). For calcium

measurements, the culture medium was discarded and the cells were
washed with Hank's Balanced Salt Solution (HBSS) with calcium and
magnesium (Cat#: 14025-092, Gibco, Oakville, Canada), supplemented
with 25 mM of HEPES (Gibco, Oakville, Canada). The cells were loaded
with 200 uL of 8.4 uM of Fura-2/AM (Sigma-Aldrich, Milwaukee, USA),
for 45 min at room temperature. Cells were then washed and observed
with a 40x oil objective using an Olympus inverted fluorescent micro-
scope (Olympus Canada, Richmond Hill, Canada) and images were
captured with a CCD Cool-Snap HQ camera (Photometrics, Tucson,
Arizona). For the calcium measurements, 100 μL of conditioned
medium (from the Fish embryo) was added to the cells 60–90 s after the
start of acquisition. The ratio of calcium-bound versus calcium-free
Fura-2/AM was measured at 340 and 380 nm respectively, and that
ratio correlates with the calcium flux through the cellular membrane
(Lyng et al., 2000). Calcium concentrations were plotted as a function
of time after the addition of the conditioned medium. Data was ac-
quired from ten randomly selected cells and the area under the curve
calculated for each cell, giving a mean value per sample.

2.7. Statistical analysis

Statistical analyses were performed using XLStat2016® (Addinsoft,
Paris, France) and GraphPad Prism 6 (GraphPad Software Inc., La Jolla,
CA, USA). Results for all endpoints are presented as mean± standard
error (SEM) and compared between progeny lines. Significant differ-
ences between dose rates for all parameters were calculated using one-
way analysis of variance (ANOVA) or Kruskal–Wallis One Way Analysis
of Variance on Ranks. If significant, pairwise multiple comparison
procedures were conducted, using the Tukey test or the Dunnett's
method. Statistical significance was set at p<0.05.

3. Results

3.1. Parental irradiation causes massive impairment of progeny
development

The early embryogenesis development of G-line embryos and con-
trols was monitored one month after exposure of the parents. The fish
exposed to 53 mGy/h during gametogenesis were fertile and produced
functional gametes and live embryos, with mortality occurring during
late epiboly. All progeny (F1) of F0 exposed to 53 mGy/h during ga-
metogenesis showed 100% mortality at 7–8 hpf, and were excluded
from further analysis (Fig. 2). This F0-group also failed to produce vi-
able offspring 1.5 years after irradiation, at which time the F0 fish were
sacrificed, suggesting no recovery of reproductive capacity.

The survival and hatching in E, G and GE line compared to controls
were monitored at 48, 54, 60, 72 and 96 hpf, 12 days after irradiation
of the parents (in embryos from the second spawning). At 96 hpf, a
cumulative mortality of 9.3%, 5.2% and 3.1% was found in F1-GE, G
and E, respectively, compared to 1.41% in controls (Fig. 3, Table A4).
Only the GE line had a statistically significant increase in mortality
compared to controls (p< 0.0001), and this group was significantly
different from the E line (p<0.0001). Mortality occurred before 48 hpf
and did not further increase significantly at 96 hpf (Table A4).

The directly exposed progeny (GE and E lines) manifested a sig-
nificantly increased hatching rate (HT50 of 53.5 and 53.7 hpf, respec-
tively) compared to controls at 54 hpf (p<0.001, HT50 = 57.4 hpf)
(Fig. 4, Table A5). Additionally, significantly premature hatching in E
line was seen, with more than 90% hatched at 60 hpf (HT50 =
53.7 hpf), compared to control (HT50 = 57.4 hpf) and progeny of ir-
radiated parents. The total hatching was above 84% in all exposure
groups. Although G line embryos showed significantly earlier hatching
from controls at 54 hpf (HT50 = 54.3 hpf), the total hatching de-
termined at 96 hpf in this group was significantly lower compared to
controls (p = 0.046).

The highest numbers of deformities at 72 hpf were observed in
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progeny of irradiated parents, F1-GE and F1-G, 5.9% (p = 0.0074) and
5.2% (p = 0.0009), respectively (Fig. 5) that were significantly dif-
ferent from control. No significant difference in E line (1.55%) com-
pared to controls (0.9%) was found (p>0.05).

The most frequently observed deformities were retardation in de-
velopment, manifested as failed hatching and absence of pigmentation,
as well as short tail and spinal curvature (Fig. 6). No significant dif-
ference in whole body length was present in exposed lines (E, G and GE)
compared to control.

3.2. Irradiation impairs eye development

Eye development is known to be radiosensitive to ionizing radiation
(Stewart et al., 2012), particularly during the early stages of develop-
ment (Geiger et al., 2006). Therefore the eye was selected as a marker

of impact on the embryonic development at the organ level. Histolo-
gically, irregularities in formation of the eyes were found in higher
frequencies in all lines compared to controls. In the E-line, cells were
present in the lens (Fig. 7), while in non-irradiated progeny of irra-
diated parents, G line, a similar effect was observed in the lens and the
cellular layers of the eye were not differentiated. In GE line embryos
irradiated at both parental gametogenesis and embryogenesis, the effect
ranged from undifferentiated cells in the lens to complete destruction of
the eyes (Fig. 7).

3.3. Parental irradiation increases ROS formation in progeny

To assess the potential of gamma radiation to generate ROS in
zebrafish, the formation of ROS using a fluorescent probe was measured
in all progeny lines (Fig. 8). A significant production of ROS was ob-
served in the F1-G group 1 month after parental irradiation to 8.7 mGy/

Fig. 2. Early development (5–8 hpf) in progeny of parental fish exposed to gamma radiation (Cytation 3 Imaging). A-B: 50% epiboly to shield stage, offspring of parents exposed
to 53 mGy/h do not form a germ ring (arrows); C-D: shield stage; E-F: from shield stage to 75% epiboly, coagulation in progeny of parents exposed to 53 mGy/h dose rate.

Fig. 3. Mortality observed at 96 hpf in progeny (F1) 12 days after exposure of parental
zebrafish during gametogenesis to 8.7 mGy/h (total 5.2 Gy) and exposure of embryos to
9.6 mGy/h (total 0.62 Gy) compared to control. G line exposed during parental game-
togenesis, GE during gametogenesis and embryogenesis and E during embryogenesis.
Values are presented as mean percentage± SEM. Letters represent statistical significance
between exposure groups (p<0.05).

Fig. 4. Hatching rate observed from 48 hpf – 96 hpf in F1 progeny 12 days after the
exposure of the parental zebrafish during gametogenesis to 8.7 mGy/h (total 5.2 Gy) and
exposure of embryos to 9.6 mGy/h (total 0.62 Gy) compared to control. G line exposed
during parental gametogenesis, GE during gametogenesis and embryogenesis and E
during embryogenesis. Values are presented as mean percentage± SEM. Letters represent
statistical significance between exposure groups (p<0.05).
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h during gametogenesis (p<0.05); 1.5-, 2-, 1.6-fold at 75, 96 and
120 hpf respectively (Fig. 8A). This effect subsided and one year after
parental irradiation no significant ROS production compared to the
control was detected (p>0.05, Fig. 8B). GE and E line (both exposed to
9.6 mGy/h during embryogenesis) showed a time-dependent genera-
tion of ROS (p<0.05), more significant in the GE group (up to 5.3-fold
increase at 96 hpf) compared to the E line (up to 2.7-fold increase at
120 hpf, Fig. 8B). ROS formation at 120 hpf was seen inside the larva
(Fig. 8C).

3.4. Parental irradiation increases lipid peroxidation in progeny

LPO was assessed to investigate whether gamma irradiation caused
oxidative damage in progeny produced one year after parental ex-
posure. A significant increase in LPO was found only in the G line (1.3-
fold, p< 0.05, Fig. 9). On the other hand, zebrafish embryos from the E
and GE lines showed a similar significant decrease in LPO in compar-
ison to the control (p< 0.05).

3.5. Parental irradiation causes genomic instability in progeny

DNA-damage was assessed in the progeny to investigate whether
parental irradiation would affect the genomic integrity. Progeny of
parents irradiated during gametogenesis groups showed higher DNA
damage levels than controls (p<0.05, Fig. 10): The increase was more
pronounced in the G line (12.1% Tail DNA) compared to F1-GE line
(8.8% Tail DNA). In the E line, DNA damage did not significantly differ
compared to controls (p>0.05).

3.6. Parental irradiation causes bystander effects in progeny

The ratiometric calcium assay in cells measures the calcium flux
through the cellular membrane, and is the first sign that a bystander
signal is present (Lyng et al., 2000). This triggers the induction of
downstream bystander effects such as mitochondrial membrane depo-
larization and reproductive failure in reporter cells. One month after
irradiation of the parents, a significantly higher calcium flux was in-
duced by the cultured medium in the G line, while one year after par-
ental exposure, higher calcium flux was seen in the E line compared to
control (~ 25% and 30% increase; p = 0.0019 and 0.043, respectively)
(Fig. 11A and B). Although prior parental irradiation during gameto-
genesis with 8.7 mGy/h (G and GE lines) induced a higher calcium flux
than in controls one year after irradiation, it was not found to be

Fig. 5. Deformities observed at 72 hpf in F1 progeny spawned 12 days after exposure of
parental zebrafish during gametogenesis to 8.7 mGy/h (total 5.2 Gy) and exposure of
embryos to 9.6 mGy/h (total 0.62 Gy) compared to control. G line exposed during par-
ental gametogenesis, GE during gametogenesis and embryogenesis and E line during
embryogenesis. Values are presented as mean percentage± SEM. Letters represent sta-
tistical significance between exposure groups (p<0.05).

Fig. 6. Examples of most frequent deformities observed in zebrafish embryos at 72 hpf spawned 12 days after exposure of parents during gametogenesis to 8.7 mGy/h and exposure of
embryos to 9.6 mGy/h. (a) F1 Control; (b-d) E-line. Pericardial edema (b), deformed tail (c) and short tailed, edematous larva (d); (e-g) G-line. The pictures show a hatched short-tailed
larva with a spinal curvature (e), and larvae with no pigment and irregular head shape; (h-l) GE-line. The pictures show delayed hatching, lack of pigment, retardation in embryo
development and short-tailed larvae with an overall retardation in development.
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statistically significant (p>0.2) (Fig. 11B).

4. Discussion

Gamma irradiation during zebrafish embryogenesis has been asso-
ciated with effects such as DNA damage (Hudson et al., 2011; Jarvis
and Knowles, 2003; Lemos et al., 2017), increased ROS, apoptosis,
bystander effects (Gagnaire et al., 2015; Koturbash et al., 2008; Pereira
et al., 2014) and also genetic (Freeman et al., 2014; Jaafar et al., 2013)
and epigenetic changes (Ilnytskyy and Kovalchuk, 2011). However,
very few studies have investigated the occurrence of adverse effects in
progeny in the case of exposure of the parents during gametogenesis.
The current study investigated the effects occurring in the progeny of
gamma irradiated parents (F0) as well as the effects arising from irra-
diation of F1 embryos from the early blastula (2.5 hpf; 256-cell stage)
corresponding the onset of cell specification (Haberle et al., 2014) and
throughout the hatching period (48–72 hpf), a timeframe known to be
associated with numerous morphological changes (Kimmel et al.,
1995). The analysis of oxidative stress parameters such as ROS forma-
tion, DNA damage, LPO and bystander effects in embryos before
hatching, identified molecular changes in progeny of irradiated parents
and irradiated progeny one month after exposure of the parental fish to
gamma radiation and one year after. But there were time dependent
differences in effects between both the gametogenesis and embry-
ogenesis exposure lines and controls. The dose rates for the parental fish
(8.7 mGy/h) and offspring irradiation (9.6 mGy/h) span the upper
range of the derived consideration reference levels (DCRL) for fish
(~0.42 mGy/h – 40 mGy/h), at which there are “likely to be some
observable adverse effects occurring to individuals” (ICRP, 2012). The
doses are however an order of magnitude higher than the levels
(10 mGy/day; 0.24 mGy/h) described as not likely to have any detri-
mental effect to aquatic populations (UNSCEAR, 1996) and also three
orders of magnitude higher than the suggested ERICA screening value
of 10 μGy/h (predicted no effect dose rate, PNEDR for ecological ef-
fects) (Garnier-Laplace et al., 2010). Considering that no mortality was

observed in the adult fish 1.5 year after irradiation even at 53 mGy/h
(results not shown), the applied doses seem to not be life threatening for
adult individuals, but the reduction in viable offspring could be detri-
mental to sustainability at the population levels.

4.1. Development and histopathology

The results from the observations of survival, deformities and total
hatching in progeny of irradiated parents showed statistically sig-
nificant differences between the groups. Mortality and deformities were
significantly increased in progeny of irradiated parents at both
8.7 mGy/h and 53 mGy/h compared to controls. The offspring of par-
ents exposed to 53 mGy/h had 100% mortality at the gastrulation stage
and between the onset and 50% of epiboly (Fig. 2). This stage of de-
velopment plays a significant role in the embryonic morphogenesis, and
includes movement and spreading of the blastoderm cells in order to
cover the yolk and form a closure known as the blastopore and requires
a coordination of microtubules which contract with the cell movements
(Kimmel et al., 1995; Warga and Kimmel, 1990). Epiboly is hypothe-
sized to be a maternally encoded mechanism and can be impaired by
UV radiation (Strähle and Jesuthasan, 1993). Further studies are ne-
cessary to elucidate the mechanisms behind the impairment of epiboly
following parental gamma radiation.

Although embryo mortality was observed at 48 hpf, no significant
further increase was observed from 48 to 96 hpf (Fig. 3, Table A4).
These observations suggest that the early developmental stages prior to
the hatching interval may be more sensitive to the effects of ionizing
radiation. Embryonic mortality after exposure of the parents to ionizing
radiation during gametogenesis are still not available in zebrafish,
however, increased and dose-dependent postnatal embryonic mortality
and deformities after parental exposure was previously reported in
other vertebrates (Nefyodova and Nefyodov, 2000). Regarding em-
bryonic exposures, increased mortality in zebrafish embryos was re-
ported only for acute exposures from 1 to 24 hpf, with maximal sensi-
tivity after irradiation to ≥4 Gy before 4 hpf (X-rays) (McAleer et al.,

Fig. 7. Eye development in F1 progeny at 72 hpf one
year after 27 day exposure of parental zebrafish
during gametogenesis to 8.7 mGy/h and im-
mediately after exposure of embryos compared to
control. A. F1 Control. Normal eye morphology with
clear lens (7) and clearly defined layers of cells: inner
plexiform layer (6); inner nuclear layer (5); outer
plexiform layer (4); outer nuclear layer (3); layer of
rods and cones (2) surrounded by the retinal pigment
epithelium (1). B. E line. Lens not clearly defined. C.
G line. Poor differentiation of the retinal layers and
lens not defined D. GE line. Undifferentiated cellular
layer of the eye, lens not defined. Scale bar = 10 μm.
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2005) and from a chronic exposure to 38 mGy/h (1.66 Gy) (Hurem
et al., 2017). Other studies, however, report no increase in embryo
mortality after acute exposure to ionizing radiation at doses between 1
and 10 Gy (Freeman et al., 2014) or chronic exposures up to 24 mGy/h

(2.28 Gy) (Gagnaire et al., 2015), although multiple deformities in-
duced by continuous exposure have been shown.

In this study, premature hatching occurred in all exposed groups
compared to controls at the start of the hatching interval (48 – 54 hpf)

Fig. 8. Intracellular formation of reactive oxygen species (ROS)
measured by 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) in
F1 zebrafish (60–120 hpf). (A) ROS increase in G line one month after
exposure of parents to 8.7 mGy/h during gametogenesis. (B) ROS
increase in E and GE line one year after parental exposure and im-
mediately after exposure of progeny during embryogenesis to
9.6 mGy/h. Letters represent statistical significance between exposure
groups (p< 0.05), n = 20. (C) ROS formation measured as fluor-
escent 2,7-dichlorofluorescein (green) in control (left) and GE line
(right) 120 hpf zebrafish. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this
article.)
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(Fig. 4, Table A5) and the HT50 was significantly decreased in all ex-
posed lines compared to controls. The E-line embryos (0.62 Gy) showed
accelerated hatching during the entire hatching interval, and no de-
crease in the % total hatching assessed at 96 hpf. In the G and GE lines,
where the total doses (gametes and embryos) were 5.2 Gy and 5.82 Gy,
respectively, the hatching rate decreased after approaching 72 hpf, and
subsequently, the total hatching was significantly decreased in these
groups compared to controls. Interestingly, in a study of hatching in-
tervals after X-rays exposure during the blastula stage, earlier hatching
was caused by low doses (25 mGy at 0.43 Gy/min), while higher doses
(250–500 mGy) had a delaying effect on the hatching onset (Miyachi
et al., 2003). In addition, other studies suggest that both low and high
doses had an accelerating effect on the hatching interval (Gagnaire
et al., 2015; Pereira et al., 2014), which the calculated HT50 obtained in
this study agrees with, since this was hypothesized to be a consequence
of increase in global metabolism rates of the larva and earlier energy
reserve consumption. In terms of deformity occurrences, some studies
previously report that the eye diameter and head length were found to
be decreased in embryos exposed to acute gamma radiation (10 Gy)
(Freeman et al., 2014), which is approximately two times higher than
the total parental dose (5.2 Gy) in the present study (Fig. 6 and 7).

Eyes in zebrafish are normally developed at 48 hpf (Geiger et al.,
2006) and are functional within 3 days post fertilization (73–80 hpf)
(Dahm et al., 2007; Jonasova and Kozmik, 2008). The differences in the

development of the eyes histologically determined in both directly ir-
radiated progeny (E and GE), but also in non-irradiated progeny of ir-
radiated parents (G), suggest direct damage to the exposed cells,
however, the effects in progeny of irradiated parents are far more se-
vere. In a study of eye development after X-ray irradiation (1–8 Gy at
8 hpf), significant ROS and apoptosis increase were found in 24–48 hpf
zebrafish, while contrary to the present study, the ROS decreased to
control level at 72 hpf and the only visible defect was a smaller eye
diameter found at 144 hpf in the group exposed to 8 Gy (Zhou et al.,
2014). However, more severe defects, such as poor definition of cellular
layers of the eye, were found after exposure of embryos during the
gastrulation stage (4 hpf) to 10 and 20 Gy gamma radiation, (Geiger
et al., 2006), similar to what is found in the present study in progeny of
irradiated zebrafish (G and GE line) at 72 hpf (Fig. 7). This suggests that
not only direct embryonic irradiation with a high dose, but also irra-
diation during gametogenesis of the parents (5.2 Gy) can severely dis-
rupt the embryonic developmental program as well as eye morpho-
genesis in zebrafish. The embryos irradiated only during embryogenesis
(E line) with 0.62 Gy without prior parental irradiation revealed lack of
lens clarity, but all cell layers were defined, suggesting delayed eye
development. Overall, the adverse effects on embryonic development
after the continuous exposure of parents and subsequently their pro-
geny in the present study showed considerable difference in severity in
response to the radiation dose as well as the developmental stage
during which the exposure was carried out.

4.2. Inherited oxidative stress

We hypothesized that the observed embryonic developmental de-
fects from parental irradiation could have further implications at the
cellular and metabolic level, particularly by ROS production and con-
sequent oxidative stress effects.

The results obtained for zebrafish embryos in the present study
showed an increase in ROS formation, which depended on parental
exposure, embryonic exposure, time of assessment post parental

Fig. 9. Lipid peroxidation measured as malondialdehyde (MDA) and 4-hydroxyalkenals
(4-HNE) in 72 hpf F1 zebrafish one year after parental exposure to 8.7 mGy/h during
gametogenesis and immediately after progeny exposure to 9.6 mGy/h during embry-
ogenesis in E, G and GE line compared to control. Letters represent statistical significance
between exposure groups (p<0.05) 1 year after exposure of parents, n = 4 pooled
biological replicate samples of 40 embryos.

Fig. 10. DNA damage measured by the alkaline SCGE in F1 zebrafish one year after
parental exposure to 8.7 mGy/h during gametogenesis and immediately after progeny
(F1) exposure during embryogenesis to 9.6 mGy/h in E, G and GE line compared to
control at 72 hpf. The box plot shows the median and 1st and 3rd quartile, and the
minimum and maximum values obtained. Each cross represents the average Tail DNA (%)
for each exposure group obtained from 3 biological replicate samples (10 pooled embryos
in each sample), each biological sample with 3 technical replicates. Letters represent
statistical significance between exposure groups (p<0.05).

Fig. 11. Maximum Ca2+ flux through the cellular membrane of reporter HaCaT cells after
exposure to cultured medium from F1 zebrafish (72 hpf). (A) Increase in G line one month
after exposure of parents to 8.7 mGy/h during gametogenesis (B) Increase in E line one
year after exposure of parents and immediately after exposure of progeny during em-
bryogenesis to 9.6 mGy/h. The calcium concentrations are plotted as integrated area
under the curve (AUC) for intracellular calcium after addition of the conditioned medium.
Letters represent statistical significance between groups (p<0.05), n = 25.
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irradiation and the embryo development from 60 to 120 hpf. In general,
these results demonstrate that parental irradiation caused elevated ROS
formation in progeny up to one month after parental irradiation
(Fig. 8A). The ROS levels appeared to subside one year after irradiation,
possibly suggesting that compensatory mechanisms had been induced
in the exposed parents (Fig. 8B). We suspected that the elevated ROS
might affect embryonic development at multiple levels, such as energy
metabolism (e.g. disruption of mitochondria respiration), signalling
(e.g. cell cycle, DNA repair, cell death) and ultimately cause oxidative
damage to the cells. This notion was substantiated by LPO measure-
ments that showed significant oxidative damage even one year after
irradiation. LPO is a sensitive marker of oxidative damage involved in
the toxicity process that can lead to cell death (Ayala et al., 2014). ROS
in general, and oxyl-radicals in particular, are capable of initiating or
enhancing the process of LPO, a chain reaction that results in the oxi-
dative deterioration of polyunsaturated fatty acids present in cellular
membranes. Oxidation of membrane proteins and lipids can result in
the destabilization and disintegration of the cellular membrane and
ultimately result in cell death (Halliwell and Gutteridge, 2007;
Livingstone, 2001). Surprisingly, we observed a significant increase
only in offspring of parents irradiated during gametogenesis (G line),
while it was decreased in both groups irradiated during embryogenesis
(E and GE line) compared to controls (Fig. 9). It could be speculated
whether adaptive or hormetic responses to the observed oxidative stress
in progeny after parental irradiation could lead to decreased LPO. The
dose dependent activation of the antioxidant enzymatic system in re-
sponse to gamma radiation has been shown previously in zebrafish
embryos exposed to a dose range from 0.1 to 1 Gy (137Cs gamma
source) (Hu et al., 2016). Consistently, the groups exposed during
embryogenesis demonstrated an increase in ROS in embryos produced
one year after exposure, suggesting that direct exposure during early
life stages (embryo, early larval stage) induces changes in the ROS
metabolism. The fact that LPO was increased in the G line, while it
decreased in both E and GE line compared to controls, further sub-
stantiates the notion that irradiation generates ROS both via radiolysis
and altered metabolisms, to which the exposed embryos respond by
activating antioxidant defence mechanisms. The parental exposure
caused disrupted ROS metabolism in the developing embryos leading to
oxidative damage. The results obtained in this study are in accordance
to what has been documented in cancer cells exposed to low dose rate
gamma radiation (Kargalioglu et al., 2002).

4.3. Inherited genomic instability and bystander effects

Exposure to environmental stressors such as gamma radiation can
result in cellular DNA damage, which, if unrepaired, can cause genetic
alterations and lead to the development of cancer. In addition, condi-
tions of chronic versus acute oxidative stress may contribute to the
development and/or maintenance of genomic instability (Limoli and
Giedzinski, 2003). In fact, several studies have linked the formation of
ROS and oxidative damage in the form of LPO and DNA damage to
instability in several model systems after exposure to ionizing radiation
(Limoli and Giedzinski, 2003; Snyder and Morgan, 2003).

The comet assay can detect a range of DNA lesions, including DNA
single-strand breaks, double-strand breaks, oxidized DNA as well as
DNA-protein cross-links. In the present study, increased DNA damage
levels (here mostly single-strand breaks and alkali-labile sites) were
seen in the G and GE lines one year after parental gamma irradiation
(8.7 mGy/h) during gametogenesis. This suggests induction of genomic
instability in viable progeny, originating from exposed stem cells to a
rather high total dose, which showed no visible developmental defects
(Fig. 10). No significant increase was detected in E line compared to
controls which probably can be ascribed to the significantly lower total
dose of the embryos (0.62 Gy) compared to the total dose given to
parental gametes (5.2 Gy). Another contributing factor to the differ-
ences in response may be more efficient DNA repair mechanisms in the

embryo than in the G and GE lines, although one year after exposure the
gametes originate exclusively from stem cells believed to exhibit effi-
cient repair. Further support for induction of genomic instability was
obtained in a parallel study using embryos collected from this experi-
ment, in which gene expression analyses showed enrichment of path-
ways related to cancer, DNA response and cell death in offspring per-
sisting one month after parental irradiation (unpublished data).
Contrary to the present findings, other studies report significantly in-
creased DNA damage in zebrafish larvae after direct exposure to gamma
irradiation, such as in the E-line in the present study. Although the
analyzed life stages and duration of exposure differ from the present
study, such increase was shown in 5–6 day old zebrafish larvae, directly
exposed to low dose gamma radiation (30 mGy) (Jarvis and Knowles,
2003), and in 24 and 48 hpf embryos after irradiation to 1–1000 mGy/d
(Simon et al., 2011). Furthermore, a reduction in DNA damage in di-
rectly irradiated embryos (570 mGy/d, total 2.2 Gy) compared to con-
trols at 96 hpf was also reported (Gagnaire et al., 2015), albeit the total
dose was higher from the embryonic dose in our study (0.62 Gy).

The results of the bystander studies support the observations that
effects in the cells of irradiated embryos and parents can persist after
irradiation, and that the mechanisms behind the observed delayed ef-
fects seen in ROS, LPO and DNA damage could be different to those
arising following direct irradiation of cells. Epigenetic and non-targeted
mechanisms seem to predominate after low and chronic exposures and
the results showing impacts of parental irradiation on non- and irra-
diated offspring have been documented for daphnia as well as for
zebrafish (Parisot et al., 2015). The results also show that parental ir-
radiation during gametogenesis can increase the level of the calcium
flux in embryos, although this decreases between one month and one
year post irradiation. There is evidence from fathead minnow studies
and cell culture experiments (Mothersill et al., 2013; Shi et al., 2016)
that low dose and chronic exposures can lead to adaptive responses
which are complex and require further experimentation to determine
the precise mechanisms at play.

Ionizing radiation can also induce immunomodulatory effects,
which include production of cytokines, chemokines and growth factors
accompanied with inflammatory infiltration of macrophages and lym-
phocytes (Schaue et al., 2015). It is known that immunomodulation is
an integral part of the healing effect of radiotherapy, but it also causes
adverse proinflammatory effects (Candéias et al., 2004; UNSCEAR,
2006). Radiation may thus induce a prolonged inflammatory state,
which is connected to disease (Kusunoki and Hayashi, 2008). At the
molecular level, ionizing radiation related modulation of immune re-
sponse is associated with oxidative burst and ROS formation (Hekim
et al., 2015), which in turn induce bystander effects and genomic in-
stability (Georgakilas et al., 2015). The results presented in our study
are consistent with these reported effects. Our results show that par-
ental radiological stress during gametogenesis leads to genomic in-
stability as demonstrated by the compromised DNA integrity as well as
increased LPO and bystander effects in progeny (F1). Similar findings
have been reported previously with DNA damage levels in non-irra-
diated progeny assessed immediately after parental exposure in em-
bryos, which was comparable with the radiation dose (X-rays) of the
parents (Lemos et al., 2017). Moreover, the persistence of DNA damage
in embryos of previously irradiated parents point to the involvement of
non-targeted mechanisms such as inflammation and bystander effects in
addition to the established direct DNA damage following irradiation.

5. Conclusions

This study showed reprotoxic and developmental effects of gamma
radiation that could arise from the direct damage caused to cells (e.g.
embryo mortality, changes in hatchability, and deformities) as well as
delayed and persistent inherited effects caused by parental irradiation
and expressed as an increase in ROS formation, DNA damage, bystander
effects and LPO in offspring. The results reveal persistent DNA damage
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in progeny (G and GE line) one year after exposure of parents to gamma
radiation. This indicates heritability of oxidative damage in offspring of
irradiated parents, and late onset genomic instability in F1, demon-
strated in G and GE lines. Considering the present findings and ob-
servations of heritable effects in offspring of gamma-irradiated parents,
further studies are necessary to provide insight into potential transge-
nerational effects and the environmental impact of ionizing radiation.
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Appendix A

See Tables A1–A5

Adult fish and embryo exposure and dosimetry

The exposures took place at the FIGARO low-dose Co-60 irradiation facility (NMBU, Ås). Adult zebrafish were exposed in two 9 L aquaria for a
total beam-on time of 591.5 h. One aquarium was placed with its front face at a distance to the source focus of 132 cm near the central field axis
(with its bottom edge 72.5 cm above the floor) and the other with its front face at a distance to the source focus of 268 cm in the upper half of the
field (with its bottom edge 98 cm above the floor). A control aquarium was placed behind lead shielding where the air kerma rate was 4 μGy/h.

The exposure of embryos took place in the front four wells of 12 well microtiter plates (NuncTM, Thermo Fisher Scientific, Pittsburgh, USA) for a
total beam-on time of 65 h. The wells had a diameter of 2.2 cm and were filled with 3 mL of water to a height of about 1 cm. The stack of plates was

Table A1
Measured and calculated dose quantities for the exposure of adult zebrafish and of zebrafish embryos. The measured quantities are the air kerma rates predicted from the reference
measurements by the SSDL at the NRPA on the central field axis (Bjerke and Hetland, 2014) and air kerma rates measured with nanoDots (see e.g. Hansen and Hetland, 2017), also
converted to absorbed dose rates to water. The simulated quantities were obtained from the Geant4 simulations (Agostinelli et al., 2003, Allison et al., 2006) and the calculated quantities
from tabulated data (Aird et al., 1996). The average absorbed dose is the average absorbed dose rate multiplied with the exposure time. The relative standard uncertainty in the SSDL air
kerma rates is 6% (coverage factor k = 2). The relative standard uncertainty in nanoDot measurements is estimated to 5% (coverage factor k = 2) and the reported values are means of
repeated measurements. The simulation results are averages over n = 5 repeated runs, and the Type A statistical relative uncertainty in these results is at or below 1%.

Measurement location Air kerma rate [mGy/
h]

Absorbed dose rate to water
[mGy/h]

Absorbed dose to water
[Gy]

Adults at 53 mGy/h
SSDL nanoDots simulated Aquarium front plane on central field axis 64

Average across aquarium front plane 61
Around center of aquarium plane at depth of dose
maximum

73

Around center of aquarium plane at depth of 7.5 cm 54
Average across aquarium front plane 61
Average across aquarium plane at depth of dose
maximum

73

Average across aquarium plane at depth of 7.5 cm 55
Average across aquarium plane at largest depth for 20
cm swimming configuration

27

Whole aquarium average for 20 cm swimming
configuration

47

Whole aquarium average for 15 cm swimming
configuration

54

Whole aquarium average weighted by time spent at each
swimming configuration

53 31

Adults at 8.7 mGy/h
SSDL simulated Aquarium front plane on central field axis 15.5

Average across aquarium plane at depth of dose
maximum

12

Average across aquarium plane at depth of 7.5 cm 9.4
Average across aquarium plane at largest depth for 20
cm swimming configuration

4.3

Whole aquarium average for 20 cm swimming
configuration

7.9

Whole aquarium average for 15 cm swimming
configuration

8.9

Whole aquarium average weighted by time spent at each
swimming configuration

8.7 5.2

Embryos at 9.6 mGy/h
SSDL nanoDots calculated Microtiter plate front plane on central field axis 9.7

Microtiter plates front plane 8.8
Microtiter plates well average 9.6 0.62
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Table A2
Dose rates and total doses used in the gamma radiation exposures with zebrafish embryos (including previous irradiation of parents).

Group Parental exposure (during gametogenesis) Offspring exposure (during embryogenesis)

Exposure time Average absorbed Exposure time Average absorbed

[h] Dose rate [mGy/h] Dose [Gy] [h] Dose rate [mGy/h] Dose [Gy]

F1 Control - - - - - -
F1-E - - - 65 9.6 0.62
F1-G 591.5 h 8.7 5.2 - - -
F1-GE 591.5 h 8.7 5.2 65 9.6 0.62

Table A3
Water quality parameter values in each zebrafish aquarium during exposure of adult fish to gamma radiation for 27 days.

Water quality parameter Aquarium exposure (mGy/h) Mean±SD MIN 1st quartile Median 3rd quartile MAX

Temperature (°C) Control 28.09±0.49 26.7 27.85 28.2 28.4 28.8
8.7 28.11±0.49 26.7 27.9 28.2 28.33 28.9
53 28.10±0.48 26.7 27.88 28.2 28.33 28.8

pH Control 7.59± 0.08 7.45 7.53 7.58 7.67 7.79
8.7 7.61± 0.09 7.47 7.54 7.6 7.67 7.79
53 7.61± 0.08 7.47 7.55 7.6 7.65 7.79

Conductivity μs/cm Control 468.21± 31.86 412 443.5 463.5 487.5 556
8.7 467.44± 32.03 412 442 463 488.5 555
53 468.18± 32.01 412 442.75 462 488.5 554

Ammonia NH3, NH4+ (mg/l) Control 0.13± 0.26 0 0.13 0.25 0.25 0.88
8.7 0.13± 0.26 0 0.13 0.25 0.25 0.88
53 0.13± 0.26 0 0.13 0.25 0.25 0.88

Nitrite NO2- (mg/l) Control 0.30± 0.08 0.15 0.15 0.3 0.3 0.3
8.7 0.30± 0.08 0.15 0.15 0.3 0.3 0.3
53 0.30± 0.08 0.15 0.15 0.3 0.3 0.3

Nitrate NO3- (mg/l) Control 16.25±3.86 6.25 6.25 12.5 12.5 18.75
8.7 16.25±3.86 6.25 6.25 12.5 12.5 18.75
53 16.25±3.86 6.25 6.25 12.5 12.5 18.75

Table A4
Mortality rate in zebrafish lines from 48 to 96 hpf after exposure to gamma radiation during parental gametogenesis or during embryogenesis from 2.5 to 3 hpf to 72 hpf (see
nomenclature). Data presented as mean± SEM. Significance in comparison to control denoted with (*).

Group Hours post fertilization (hpf)

48 54 60 72 96

F1 Control 1.4± 0.6 1.4± 0.6 1.4± 0.6 1.4± 0.6 1.4± 0.6
F1-E 3.1± 1.2 3.1± 1.2 3.1± 1.2 3.1± 1.2 3.1± 1.3
F1-G 4.5± 1.5 4.5± 1.5 4.5± 1.5 4.5± 1.5 5.2± 1.7
F1-GE 7.3± 0.7* 7.3± 0.7* 7.3± 0.7* 7.3± 0.7* 9.3± 1.7*

Table A5
Hatching rate and median hatching time (95% confidence intervals of HT50) in zebrafish lines from 48 to 96 hpf after exposure to gamma radiation during parental gametogenesis or
during embryogenesis from 2.5 to 3 hpf to 72 hpf (see nomenclature). Data presented as mean± SEM. Significance in comparison to control denoted with (*).

Group Hours post fertilization

48 54 60 72 96 HT50

F1 Control 4±0.96 24.5±2.1 63.4± 2.4 92.2± 1.3 92.2±1.3 57.4 (57.2 to 57.5)
F1-E 2.6±1.2 51.8±3.7* 92.5± 1.9* 96.9± 1.3 96.9±1.3 53.7 (53.6 to 53.9)*
F1-G 5.2±1.3 39.6±3* 69.4± 2.8 84±2.2* 84±2.2* 54.6 (54.2 to 55.0)*
F1-GE 2.1±0.9 49.5±3.1* 70.6± 2.8* 85.5± 2.2* 85.5±2.2* 53.5 (52.6 to 54.5)*
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placed with its front row of wells at a distance to the source focus of 338 cm. Control plates were behind lead shielding where the air kerma rate was
4 μGy/h.

Reference measurements by the Secondary Standard Dosimetry Laboratory (SSDL) at the Norwegian Radiation Protection Authority (NRPA)
predict air kerma rates on the central field axis at FIGARO with a relative standard uncertainty of 8% (coverage factor k = 2) (Bjerke and Hetland,
2014). Because the gamma fluence is lower higher in the field, the aquarium and microtiter plates placed farthest from the source and highest in the
field received a lower dose than that predicted on the central field axis.

Measurements on the actual setups during exposures were made with optically stimulated luminescence dosimeters, so-called nanoDots
(Landauer, Inc., Greenwood, IL) (see e.g. Hansen and Hetland, 2017). In addition, a newly developed Geant4 model of FIGARO was used to simulate
average absorbed dose rates and doses to water in the aquaria (Table A1), based on their geometry, composition and locations in the field, and on the
measured data (used for normalization at one dose level). Geant4 is a C++ code suit for Monte Carlo simulations of the passage of particles through
matter (Agostinelli et al., 2003; Allison et al., 2006). The Geant4 model of FIGARO will be published elsewhere.

The exposures of adults took place with two different configurations of the swimming area in the aquaria. For the first week (for 123.2 h)
zebrafish could swim to a depth of 20 cm while for the remaining weeks (for 468.3 h) the swimming area was limited to a depth of 15 cm (for
practical concerns relating to fish husbandry). Average absorbed dose rates to water for the full exposure period were obtained by weighting the dose
rates for the original and modified swimming configurations with the time spent at each configuration.

For the well plates, conversion of air kerma rates to absorbed doses to air, the ratio of the mass energy-absorption coefficients of water to air
(Hubbell and Seltzer, 2004) plus tabulated peak scatter factors and depth dose curves (Aird et al., 1996) were used to estimate absorbed doses to
water from the measured air kerma rates. The tabulated percentage depth dose data (for a 0 cm× 0 cm field because of the small amount of material
in the beam) was calculated via conversion formula (Hubbell and Seltzer, 2004) to the actual source to surface distances in the setup. The mean of
the percentage depth dose at the depth of dose maximum (0.5 cm, defined to 100%) and at a depth of 2 cm was used to estimate the average
absorbed dose to water in the wells. Briefly, the ratio of the mass-energy absorption coefficients of water to air was 1.112 (tabulated for 1.25 MeV
photons) and the peak scatter factor was set to 1.000 (again because of the small amount of material in the beam and its presence anyways during the
air kerma measurements). The calculated percentage depth dose at a depth of 2 cm was respectively 94.5% (at 169 cm to the source focus) and
94.9% (at 338 cm to the source focus).

The resulting estimated average absorbed dose rates to water in the aquaria were 53 mGy/h and 8.7 mGy/h. The corresponding total absorbed
doses were respectively 31 Gy and 5.2 Gy. For the well plates, the estimated average absorbed dose rate to water was 9.6 mGy/h. The total absorbed
dose was 0.62 Gy. The absorbed dose rates and doses to fish swimming freely in the aquaria or to embryos in the well plates are estimated by the
absorbed dose rates and doses to water.
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Table A1. Number of embryos produced per breeding pair in each breeding week and in all 

breeding weeks together in zebrafish exposed to 8.7 and 53 mGy/h gamma radiation for 27 days. 

Results presented as mean ± SEM. 

 

Number of embryos produced per breeding pair in the breeding weeks (mean ± SEM) 

Week 
One month after exposure One year after exposure 

Control 8.7 mGy/h 53 mGy/h Control 8.7 mGy/h 53 mGy/h 

1 68.2 ± 62.8 131.3 ± 102.5* 24.5 ± 27.2 5.5 ± 5.5 6.2 ± 4.2 0 

2 283 ± 218.7 162.8 ± 126.2* 42.3 ± 37.1* 6.5 ± 6.5 24.8 ± 12.2 0 

3 226.8 ± 176.2 113.6 ± 87.8* 53.2 ± 44.9* 62.3 ± 24.6 57.3 ± 20.4 0* 

4 196.8 ± 153.7 82 ± 63.4* 43.8 ± 36.4* 133.8 ± 32.8 49.8 ± 19.8* 0* 

5 52.3 ± 41.1 81.3 ± 64.2 43 ± 35.7 61.5 ± 25.1 47.8 ± 16.3 11.6 ± 11.6 

6 134.6 ± 104.1 74.3 ± 57.7* 0*  

(*) significant compared to corresponding controls according to Dunnett’s test. 

 

 

  



Table A2. Percentage of cells distributed by grade of DNA damage in zebrafish blood from 

controls and after exposure to gamma radiation (n=1200).  

 

Dose rate 

(mGy/h) 

 DNA damage criteria 

Sex Minimal Low Mid High Extreme 

Control 

M 92.2 7.5 0.0 0.2 0.1 

F 91.8 7.3 0.6 0.1 0.2 

8.7 

M 62.6 30.2 7.1 0.1 0.1 

F 85.7 11.1 3.1 0.2 0.0 

53 

M 75.1 18.5 5.9 0.3 0.2 

F 70.3 24.6 4.4 0.3 0.4 
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