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A B S T R A C T

In the current study, effects of chronic exposure to ionizing gamma radiation were assessed in the radioresistant
nematode Caenorhabditis elegans in order to understand whether antioxidant defences (AODs) could ameliorate
radical formation, or if increased ROS levels would cause oxidative damage. This analysis was accompanied by
phenotypical as well as molecular investigations, via assessment of reproductive capacity, somatic growth and
RNA-seq analysis.

The use of a fluorescent reporter strain (sod1::gfp) and two ratiometric biosensors (HyPer and Grx1-roGFP2)
demonstrated increased ROS production (H2O2) and activation of AODs (SOD1 and Grx) in vivo. The data showed
that at dose-rates ≤10 mGy h-1 defence mechanisms were able to prevent the manifestation of oxidative stress.
In contrast, at dose-rates ≥40 mGy h-1 the continuous formation of radicals caused a redox shift, which lead to
oxidative stress transcriptomic responses, including changes in mitochondrial functions, protein degradation,
lipid metabolism and collagen synthesis. Moreover, genotoxic effects were among the most over-represented
functions affected by chronic gamma irradiation, as indicated by differential regulation of genes involved in DNA
damage, DNA repair, cell-cycle checkpoints, chromosome segregation and chromatin remodelling. Ultimately,
the exposure to gamma radiation caused reprotoxic effects, with> 20% reduction in the number of offspring per
adult hermaphrodite at dose-rates ≥40 mGy h-1, accompanied by the down-regulation of more than 300 genes
related to reproductive system, apoptosis, meiotic functions and gamete development and fertilization.

1. Introduction

Exposure to ionizing radiation can cause harmful toxic effects either
by direct energy deposition onto biomolecules or by indirect damage
through the production of free radicals [62]. The indirect effects pro-
ceed through a chain of physical and chemical events which leads to the
production of free-radicals due to dissociation of water molecules, and
thus to a dose-dependent formation of reactive oxygen species (ROS),
such as superoxide (O2

·-), hydroxyl radicals (HO%), hydrogen radicals
(H%) and hydrogen peroxide (H2O2) [63,68,82]. These radicals are
continuously produced in the cells of organisms during exposure to
ionizing radiation, and increased ROS levels have been measured in a
wide range of species, including the green algae Chlamydomonas

reinhardtii, the aquatic macrophyte Lemna minor and zebrafish
[30,40,81]. Despite a short (nanoseconds) half-life [7], the formation of
ionizing radiation-induced radicals has shown to increase persistently
in the cells during prolonged exposures [15,74]. This may result in
changes of the cellular redox balance, which can lead to the perturba-
tion of essential biochemical processes including metabolism [26]. For
instance, radiation may cause mitochondrial dysfunction, by compro-
mising the electron transport chain (ETC), which exacerbates en-
dogenous ROS production and the formation of oxidative stress con-
dition [62]. Increased generation of mitochondrial ROS following low-
dose irradiation plays multiple roles in signalling cascades and mediates
apoptosis, thus may contribute significantly to cell survival [4]. Ac-
cordingly, oxidative damage to essential biomolecules, including DNA,
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lipids and proteins are important contributors to the late effects fol-
lowing exposure to ionizing radiation [4,24,29,35,69]. Therefore, it is
becoming increasingly evident that not only the indirect effects during
the exposure itself, but even the subsequent production of free radicals
plays a significant role to the overall biological effects of this stressor.
Hence, detailed investigations into the role of ROS and the changes in
the redox status produced following the exposure to ionizing radiation
is of high importance.

At the species level, radiosensitivity ranges over several orders of
magnitude [77]. It has been postulated that the ability of an organism
to tolerate ionizing radiation is dependent on the efficiency of DNA
repair mechanisms, and robust antioxidant defences to mitigate ROS
and prevent oxidative stress [19].

The nematode Caenorhabditis elegans is amongst the most radio-
resistant organisms and is frequently used in radiation biology studies,
particularly the post-mitotic stage can tolerate high doses of both X-ray
and gamma radiation [13,31,34,46]. Interestingly, C. elegans possesses
a wider range of antioxidant defences (AODs), compared to most or-
ganisms [22,27]. Among these, the glutathione peroxidases (GPx) play
an important role in oxidative stress defence, through ROS scavenging.
Glutathione (GSH) is therefore central to the maintenance of cellular
redox homeostasis [5,80]. Measurement of the ratio between the oxi-
dized to reduced [GSSG]/[2GSH] form of GSH has been shown to be a
reliable proxy for oxidative stress manifestation [10,11,70]. Due to its
highly specialized ROS and redox control system [11], C. elegans pre-
sents a suitable model for studying radiation induced ROS production,
besides being a well-defined model organism for genetics and cell
biology [38].

Therefore, in the current study, we investigate the effects of chronic
exposure to gamma radiation on the accumulation of free radicals and
the subsequent antioxidant responses in relation to apical reproductive
and developmental effects in the nematode C. elegans. Furthermore, we
examined the changes on the transcriptome upon irradiation during the
entire larval development, in order to identify cellular and molecular
functions related to the observed adverse effects and mechanisms
mediating tolerance to ionizing radiation.

2. Material and methods

2.1. Culture and maintenance of nematodes

Synchronised cohorts of nematodes were maintained in con-
tinuously shaking liquid cultures at 20 °C in the dark [49]. The fol-
lowing strains were used: N2, wild type (Bristol) (Caenorhabditis Genetic
Centre, Minneapolis, USA); sod1::gfp transgene, (GA508
wuIs54[pPD95.77 sod-1:GFP, rol-6(su1006)] (Institute of Healthy
Ageing Genetics, University College London) [22]; H2O2 biosensor
(HyPer) (jrIs1[Prpl-17::HyPer]; [GSSG]/[2GSH] biosensor (jrIs2[Prpl-
17::Grx1-roGFP2]) [5].

Synchronization of nematodes was performed prior exposure to
gamma radiation by alkaline hypochlorite treatment [61]. To facilitate
hatching, eggs were suspended in 1 ml M9 buffer and placed on NGM-
Petri dishes overnight.

Viability and hatching of L1 stage nematodes was assessed prior the
start of the exposure.

2.2. Exposure to gamma radiation

The external gamma radiation exposure was conducted at the
FIGARO 60Co irradiation facility (maximum permissible activity 400
GBq) at the Norwegian University of Life Sciences (NMBU) [50]. Ne-
matodes were exposed, in triplicate, in liquid media (15 ml tissue-cul-
ture flasks or front row 24-well cell culture plates) or on NGM-Petri
dishes (Ø 6 cm) [61] containing 15 or 0.5 ml of fresh Escherichia coli
OP50 (cultured overnight at 37 °C in L-Broth medium, [49]), respec-
tively, re-suspended in moderately hard reconstituted water (MHRW)

plus cholesterol [76] at pH 7.5 [45].
During exposure, controls were placed, in triplicate, behind lead

shielding, while exposure containers were placed at distances corre-
sponding to a calculated average absorbed dose-rates to water of
0.43–1.1 – 10.8–40.8 and 99.9 mGy h-1 (Table S8 for dose-rates and
respective total doses). Field dosimetry (air kerma rates measured with
an ionization chamber) was traceable to the Norwegian Secondary
Standard Dosimetry Laboratory (Norwegian Radiation Protection Au-
thority, DSA, Oslo, Norway) [8]. Air kerma rates were measured using
an Optically Stimulated Luminescence (OSL) based nanoDots dosimetry
system (Landauer®) by positioning the dosimeters at the front and back
of the experimental units. Dose-rates to water, calculated according to
Lindbo Hansen E. [51]; were used as a proxy for dose-rates to the ne-
matodes.

2.3. Effects on somatic growth and reproduction

N2 nematodes were used to assess phenotypic endpoints (growth,
fertility and reproduction) by performing standard 96 h toxicity tests in
24-well cell culture plates, carried out at 20 °C in the dark [41]. Or-
ganisms (n = 12 ± 5 per well) were exposed to gamma radiation from
L1 stage in triplicates.

For sampling, nematodes were stained with 0.5 ml of Rose Bengal
(0.3 g/L) and placed for 10 min at 80 °C. Plates were stored at 4 °C until
nematodes on all plates were measured using a stereo microscope
(Leica M205×C, 16× magnification) for total body length (size), total
number of offspring per recovered adult (reproduction), and for the
number of pregnant nematodes (fertility), using a hand-held tally
counter [41].

2.4. Monitoring in vivo ROS production response to ionizing radiation in C.
elegans

While conventional redox-sensitive fluorogenic probes are non-
specific, irreversible, and disruptive, genetically encoded fluorescent
sensors can overcome such limitations [28,56]. Therefore, in the cur-
rent study the sod1::gfp reporter strain and two ratiometric biosensors,
HyPer and Grx1-roGFP2, were employed as in vivo proxies for ROS
production following chronic exposure to gamma radiation [14,22].
Specifically, the sod1::gfp reporter strain was implemented to measure
the expression of the cytosolic Superoxide dismutase 1, while the ra-
tiometric biosensors HyPer and Grx1-roGFP2 were adopted to measure
the levels of H2O2 and the glutathione redox changes.

Treatments with Paraquat or H2O2 were used as positive controls for
method validation for the sod1::gfp reporter strain and the Grx1-roGFP2
ratiometric biosensor, respectively (Supporting material, Section S.M.
2-3.).

2.5. Epifluorescence microscopy

To analyse for changes in expression patterns following the ex-
posure to ionizing gamma radiation, nematodes, exposed for 48 and
72 h from L1 stage, were transferred immediately onto an agar pad (2%
agar) on a glass slide, immobilized with 30 mM of Sodium Azide
(NaAzide), mounted and observed for the fluorescent signals.

Anatomical localization and intensity average of the fluorescent
signal for sod1::gfp were assessed under a semi-automated research light
microscope (Upright Microscope Leica DM6 B, 10X magnification)
equipped with a 405 nm excitation and 535 nm emission filters for
fluorescent intensity measurements (n = 10). For the ratio between the
oxidized and reduced forms of either the HyPer or Grx1-roGFP2 strains
(n = 10), a second image, at excitation 490 nm and emission 535 nm,
was taken. For each experiment, gain and exposure settings were kept
unvaried between different treatments, in order to ensure comparable
and unbiased measurements of the fluorescent signal. Intensity-nor-
malized images of at least ten nematodes per treatment were taken
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within 30 min from the sampling and quantification of the fluorescence
signals was performed on the Leica® LAS software. A method validation
with ROS inducer compounds (Paraquat and H2O2) was performed for
the quantification of the fluorescent signal in sod1::gfp and Grx1-roGFP2
(Supporting Material, sections S.M.2 and S.M.3). Gamma irradiation
over 48 or 72 h induced decrease in sod1::gfp worm size in relation to
controls, therefore fluorescence signals were normalized to the worms
total body length. Oxidized/reduced HyPer and Grx1-roGFP2 ratios
were calculated as described by Back et al. [5].

2.6. Gene expression analysis

2.6.1. Transcriptomic analysis
RNA sequencing was performed in order to obtain gene expression

profiles of nematodes exposed to 0.4, 10.8 or 99.9 mGy h-1 compared to
control nematodes. For this purpose, after 72 h of exposure from L1
stage to young adult stage (n = 1000 per replicate, three biological
replicates per treatment), nematodes were washed and snap-frozen in
LIN (liquid nitrogen) and stored at -80 °C until used. Total RNA was
extracted using Direct-zol Reagent (Nordic Biosite) and purified with
RNeasy Mini Kit (Zymo Research) according to manufacture instruc-
tion. RNA purity and yield (A260/A280 > 1.8, A260/A230 > 2,
yield > 100 ng/μl) was determined using NanoDrop-1000
Spectrophotometer (Thermo Scientific, Wilmington, DE) and quality
(RIN > 7) was assessed with Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA) using RNA Nano LabChip Kit (Agilent
Technologies). Photometric parameters and RNA integrity number de-
termined the quality of the RNA sequenced samples. Strand-specific
TruSeq™ RNA-seq pair-end libraries with 350 bp fragment size were
prepared for each treatment (three biological replicates). For each
sample ca 30x106 reads (read length 150 bp) were sequenced using two
lanes of Illumina HiSeq 4000 (Norwegian High Throughput Sequencing
Centre, UiO Oslo, Norway), and made available on ArrayExpress with
E-MTAB-8284.

Sequenced reads were mapped to the Ensemble reference genome
WBcel235 using STAR [21]. Statistical analysis for detection of differ-
entially expressed genes (DEGs) was done using Deseq2 package in the
R software (rlog, variance Stabilizing Transformation) for transformed
data [53], with FDR ≤0.05 and 0.3 ≤ log2fc ≤ -0.3 as cut off.

2.6.2. Gene set enrichment analysis and phenotypical analysis
In order to obtain information about processes affected by gamma

radiation with respect to anatomical, phenotypical and functional
processes down to the single-cell level, the DEGs were subjected to gene
ontology (GEA), tissue (TEA) and phenotype (PEA) Enrichment
Analyses using the WormBase Enrichment tool (BioRxiv: https://doi.
org/10.1101/106369) [2,48]. Analysis were performed using Hy-
Pergeometric probability distribution with Benjamini-Hochberg step-up
algorithm FDR correction [3].

Moreover, a phenotypical analysis was performed by comparing the
list of DEGs from the 100 mGy h-1 exposure group with selected phe-
notypical variants using the public knowledge resource WormBase
[48].

2.7. Statistical analysis

Results from somatic growth and reproduction assessment were
analysed using the One-way Analysis of Variance (ANOVA) and when
significance was found the Tukey post hoc test was adopted for com-
parison with the control group. Normality and homogeneity assumption
were assessed on residuals by using Anderson-Darling normality test
and visually on residuals vs. fitted value plot, respectively.

Fluorometric ratios from HyPer and Grx1-roGFP2 and fluorescence
intensity from sod1::gfp were used to measure levels of ROS in irra-
diated nematodes. Linear trends were estimated using Simple Linear
Regression analysis (SLR) [57], while ANOVA and Tukey post hoc

analysis were adopted for multiple comparisons with control treatment.
Statistical analysis were performed using JMP Pro v14 (SAS institute,
Cary, NC, USA) and SigmaPlot 10.0 (Systat Software, San Jose, CA).

3. Results

3.1. Chronic gamma irradiation induced dose rate-dependent reprotoxic
effect in C. elegans and no significant effects on somatic growth

In the nematode Caenorhabditis elegans, chronic exposure to gamma
radiation did not induce any significant effect on lethality, morbidity,
hatchability, or reproductive capacity at dose-rates ≤10 mGy h-1 (total
dose ≤1.4 Gy, Fig. 1b). Furthermore, non-significant effects on size/
total body length were found in any of the wild-type irradiated groups
compared to control nematodes (Fig. 1a).

However, after 96 h of exposure, a significant linear dose-dependent
reduction (SLR, p-value< 0.001) in the number of offspring was shown
with reproduction reduced by 20 and 40% (Tukey post hoc, p-value<
0.05) following exposure to 40 and 100 mGy h-1, respectively (total
doses ~3.9 and 9.6 Gy, Fig. 1b).

3.1.1. Linear increase of sod-1 expression following chronic gamma
irradiation

The effect of external whole body gamma irradiation on superoxide
anion (O2

·-) metabolism was assessed in vivo using the superoxide dis-
mutase sod1::gfp reporter strain [22]. In contrast to N2 strain, a minor
but significant dose-dependent effect on somatic growth was shown
when the sod1::gfp reporter strain was irradiated (SLR, p-value< 0.05),
with a 10% reduction of the body length following 100 mGy h-1 of
gamma irradiation (total dose ~7.2 Gy, Tukey post hoc, p-value< 0.05)
(Fig. S1).

Total body sod-1 expression at 48 h of irradiation (≥1 mGy·h-1)
increased significantly in a dose-rate dependent manner (SLR, p-
value< 0.0001) (Fig. 2a). The expression of sod-1 also showed a time-
dependent increase, since gamma radiation induced a significantly
higher expression at 72 h of exposure in all treatments compared to
48 h and to non-irradiated nematodes (SLR, p-value<0.0001). More-
over, One-Way ANOVA and Tukey post hoc tests showed a significant

Fig. 1. Effects on a) Somatic growth and b) reproduction on wild-type C. ele-
gans exposed to gamma radiation (mGy·h-1, total doses in Table S8) for 96 h, in
front row of 24-well plates containing MHRW/E. coli OP50 suspension. Data
represents Mean ± SE (n = 15). Asterisks indicate significant difference to
control treatment (Tukey post hoc, p-value < 0.05).
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threshold-effect between 0.4 and 1 mGy·h-1 (total dose between 0.02
and 0.05 Gy), with all exposure groups having a significantly higher
expression of SOD1 compared to the control and 0.4 mGy·h-1 treatments
at both 48 or 72 h of exposure (p-value< 0.001 and < 0.0001)
(Fig. 2a). The highest dose-rates of exposure in particular (40 and
100 mGy·h-1), showed a 2-fold increase compared to the control group
(Tukey post hoc, p-value<0.0001) (Fig. 2a). Visually, this mark

increase was seen in nematodes' images, as shown in Fig. 2 b-c. Con-
sistent with a previous study conducted by Doonan et al. [22], the
signal from non-irradiated or low-dose exposed nematodes was pri-
marily evident in the anterior and posterior part of the intestine, while
at the highest dose-rate, the expression pattern was visible across the
entire intestinal length for all the nematodes imaged after 48 or 72 h of
exposure (Fig. 2b-c). Additionally, at 100 mGy·h-1 (total dose ~7.2 Gy)
in 40% of the assessed nematodes the fertilized embryos, both inside
the uterus (in particular those in close proximity of the vulva) and the
laid embryos exhibited enhanced fluorescent signal, while control em-
bryos did not show any expression (Fig. 3b-d). Similarly, the vulva
muscles along the body wall, together with the pharyngeal epithelium
and muscles, the anterior/posterior intestine and the anus revealed a
higher expression at 100 mGy·h-1 (total dose ~7.2 Gy) in 50% of the
imaged nematodes (n = 10, Fig. 3 a-b-c). The profound increase in sod-
1 expression in most parts of the nematodes’ body is consistent with a
model where the energy depositions and radical formation occurs
uniformly in all irradiated cells, while the sod-1:gfp reporter is not
equally effectively expressed in all tissues [22]. The fact that sod-1
expression inevitably leads to H2O2 formation implied that further
downstream effects on ROS metabolism might result from the irradia-
tion.

Fig. 2. a) Sod-1 expression assessed in vivo in C. elegans reporter strain sod1::gfp,
after 48 and 72 h of exposure to increasing dose-rates of gamma radiation
(mGy·h-1, total doses in Table S8), in MHRW containing OP50. Data represent
Mean ± 95% CI (n = 10), values are normalized to somatic growth. Dashed or
continuous line with asterisk indicates significant difference to control treat-
ment at 48 and 72 h, respectively (Tukey post hoc, p-value < 0.001 and <
0.0001). Projected on top of the bar chart are the regression lines for the SOD-1
expression on the log10(dose rate) values. b) Relative epifluorescence images of
the expression pattern at different dose-rates of exposure (mGy·h-1) after 48
(head and tail, respectively) and (c) 72 h of irradiation (tail to head orienta-
tion). Scale bar: 50 μm.

Fig. 3. Epifluorescence images of the expression pattern assessed in vivo in (a)
pharynx (AI: anterior intestine); b) mid-body (E: embryos, V: vulva, I: intes-
tine), and (c) tail (PI: posterior intestine, A: anus) of C. elegans reporter strain
sod1::gfp after 72 h of irradiation to 0 (control) (Top) or 100 mGy h-1 (total dose
~7.2 Gy, Bottom). d) Phase-Contrast optics and epifluorescence images of
control (Top) nematodes or nematodes exposed to 100 mGy h-1 (Bottom) for
72 h from L1 stage, white circle indicates laid embryos (from top to bottom,
head to tail orientation). Scale bar: 25 or 100 μm.
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3.1.2. Dose-rate dependent increase in H2O2 production
The primary source of cellular H2O2 is via catalytic dismutation of

O2
·- by antioxidant enzymes including SOD1 [5]. The effects of gamma

radiation on peroxide metabolism were investigated in vivo by using the

HyPer biosensor [5]. At 48 h of exposure, analysis of the entire body of
the nematodes showed that H2O2 levels increased linearly with dose-
rate (SLR, p-value<0.001) (Fig. 4a). At 100 mGy h-1 (total dose
~4.8 Gy) the H2O2 levels were visibly increased (Fig. 4b), however, due
to high inter-variability between organisms within the same treatment,
this was not significant (Tukey post hoc, p-value > 0.05). Nonetheless,
it was clear that the H2O2 levels increased with exposure time. At 72 h
of irradiation, a significant dose-dependent increase (SLR, p-value<
0.0001) in the oxidized/reduced HyPer ratios was measured from doses
≥1 mGy h-1 (Tukey post hoc, p-value < 0.001), as shown in Fig. 4 a.
Consistent with the sod-1 expression, the highest dose-rate (100 mGy·h-
1, total dose ~7.2 Gy) induced the highest levels of H2O2, either at 48 or
72 h (Tukey post hoc, p-value < 0.0001). This shows that gamma ra-
diation at these dose-rates caused a significant peroxide production that
surpassed the nematodes capacity to sequester H2O2. In contrast, both
the control and 0.4 mGy·h-1 groups showed a decreased H2O2-level
between 48 and 72 h of exposure.

Accordingly, when assessing the accumulation of hydrogen per-
oxide in different tissues at 48 h, it was evident that no visible oxidation
pattern was identified with no evident change observed in the fluor-
escence ratio below 100 mGy·h-1 (total dose< 7.2 Gy, Fig. 4b), while
after 72 h of exposure, at ≥10 mGy·h-1 the nematodes showed a sig-
nificant enhanced level of oxidation (Fig. 4c). Moreover, the HyPer
oxidation pattern showed a visible dose-dependent increase, from a
reduced signal observed in the control and 0.4 mGy·h-1 groups, to an
oxidized signal in the 10 and 100 mGy·h-1 groups (Fig. 4 c, total doses in
Table S8). In order to investigate whether there were differences be-
tween certain tissues or cell types, the HyPer ratios were quantified in
the Pharynx posterior bulb and in the Posterior intestine after exposure
to 100 mGy·h-1 compared to non-irradiated nematodes (Fig. 5 a-b-c).
Consistent with the whole-body measurements (Fig. 4a and 5 a), the
100 mGy·h-1 exposure (total dose ~7.2 Gy) showed a significant dif-
ference in the oxidation signal (green fluorescent signal) compared to
controls, specifically in the pharynx and along the posterior part of the
intestine (Student's t-test, p-value<0.0001) (Fig. 5). The results did
however not reveal any difference between different tissues or cell
types (Student's t-test, p-value> 0.05).

3.1.3. Glutathione redox changes
The glutathione disulphide-glutathione couple [GSSG]/[2GSH]

serves as the cell's primary mediator for the maintenance of redox
homeostasis [5]. Therefore, the oxidized to reduced ratio [GSSG]/
[2GSH] of Grx1-roGFP2 [5] was used as a proxy to assess the impact of
chronic exposure to ionizing radiation in vivo on the redox potential and
to visualize the relative oxidation pattern in the nematode C. elegans. At
48 h from L1 stage, at dose-rates as low as 0.4 mGy h-1 (total dose
~0.02 Gy), a significant imbalance between oxidized to reduced signal
was measured on the irradiated Grx1-roGFP2 compared to control ne-
matodes (Tukey post hoc, p-value < 0.001) (Fig. 6a). This significant
oxidative imbalance was shown for all measured dose-rates (Tukey post
hoc, p-value<0.001). Despite the statistically significant imbalance
detected on the whole-body measurements after 48 h of exposure, in all
the irradiated groups, we found no evidence of tissue-specific effect
compared to control nematodes (Fig. 6b).

In contrast, at 72 h of exposure, assessment of oxidative effects on
whole body was hampered by excessively large variation between in-
dividuals (S.M.4, Fig. S4a-b). However, previous reports have demon-
strated large differences between tissues [5]. At this time-point, the
only dose-rate inducing a higher but not statistically significant oxi-
dation of the [GSSG]/[2GSH] couple was 100 mGy h-1 (total dose
~7.2 Gy) (Tukey post hoc, p-value > 0.05) (Fig. 6a), we therefore,
investigated effects on different tissues and cell types in this exposure
group compared to control nematodes. This analysis showed a sig-
nificant oxidation in the gonads compared to the control (Student's t-
test, p-value<0.001) (Fig. 7b-c), while the signal measured in the
spermatheca showed no difference between these two groups (Student's

Fig. 4. a) H2O2 level assessed in vivo, in C. elegans ratiometric biosensor HyPer,
after 48 and 72 h of exposure to gamma radiation (total doses in Table S8), in
front row 24-well plates containing MHRW/OP50. Data represent Mean ±
95% CI (n = 10). Dashed or continuous line with asterisk indicates non-sig-
nificant (NS) or significant difference to control treatment at 48 and 72 h, re-
spectively (Tukey post hoc, p-value < 0.001 and < 0.0001). Projected on top
of the bar chart are the regression lines for the H2O2 levels on the log10(dose
rate) values. (b) Relative epifluorescence images of the H2O2 oxidation pattern
at different dose-rates of exposure (mGy·h-1) after (b) 48 (head and tail re-
spectively) and (c) 72 h of irradiation (from left to right, tail to head orienta-
tion). Scale bar: 100 μm.
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t-test, p-value > 0.05) (Fig. 7c-d).

3.2. Chronic exposure to gamma radiation induces dose-rate dependent
effects on C. elegans transcriptome

A gene expression analysis was performed after 72 h of exposure to
gamma radiation from L1 stage in order to identify potential changes in
the nematode's transcriptional program. The RNA-seq analysis revealed
a clear dose-dependent increase in the number of differentially ex-
pressed genes (DEGs) (Fig. S5a). No significant differences in the gene
expression profile were found in nematodes exposed to 0.4 mGy h-1

compared to the control group, while the 10 and 100 mGy h-1 groups
(total doses ~0.8 and 7.2 Gy) showed a total of 62 and 1317 DEGs,
respectively, with 15 DEGs in common between these two treatments
(Fig. S5 b and Table S1). The complete list of DEGs resulting from 10
and 100 mGy h-1 exposure groups can be found in Supplementary
Tables S2 and S3, respectively.

3.2.1. Functional enrichment analysis of DEGs
A gene set enrichment analysis was performed on the DEGs resulting

from 10 and 100 mGy h-1 exposure groups in order to identify functions
significantly affected by exposure to gamma radiation with respect to
tissue, phenotype and gene ontology (Fig. S6-7, Tables 1 and 2, Table
S6). A clear distinction between the expression profiles was found in the
DEGs resulting from the two exposure groups (Fig. S5). The exposure to
10 mGy h-1 (total dose ~0.8) indicated overall effects on functions
related to intestine, immune, reproductive and nervous systems (Fig. S6
a-b-c).

When the same analysis was performed on 100 mGy h-1 DEGs,
several functions and categories related to reproduction and effects on
progeny were significantly enriched among down-regulated genes.
Specifically, the reproductive system, embryonic development, meiotic
chromosome segregation and cell cycle, spindle defective in early em-
bryo, aneuploidy and embryonic cell physiology were among the most
over-represented functions and variants observed (Fig. S7 a-b-c, Table
S4). The TEA tool identified more than 300 down-regulated genes re-
lated to the reproductive system and more than 100 genes related to the

Fig. 5. a) H2O2 level assessed in vivo in specific tissues of C. elegans ratiometric biosensor HyPer, after 72 h of exposure to 0 and 100 mGy h-1 (total dose ~7.2 Gy) of
gamma radiation. Asterisk indicates significant difference to control treatment (Student's t-test, p-value < 0.0001). (b) Epifluorescence images of the relative
expression pattern assessed in vivo in (b) the pharynx posterior bulb and (c) posterior intestine of C. elegans biosensor HyPer after 72 h of irradiation to 0 (control) or
100 mGy h-1. Scale bar: 50 μm.

Fig. 6. a) In vivo measurement of oxidized to re-
duced ratio of the C. elegans ratiometric biosensor
Grx1-roGFP2, assessed after 48 and 72 h of ex-
posure to gamma radiation (total doses in Table
S8), in front row 24-well plates containing
MHRW/OP50. Data represent Mean ± 95% CI
(n = 10). Dashed or continuous line indicates
non-significant (NS) or significant difference (as-
terisk) to control treatment at 48 and 72 h, re-
spectively (Tukey post hoc, p-value < 0.001). (b)
Relative epifluorescence images of the oxidation
pattern in Grx1-roGFP2 at different dose-rates of
exposure (mGy·h-1) after 48 h of irradiation (from
top to bottom, head to tail orientation). Scale bar:
100 μm.
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muscular system (Fig. S7 c, Table S4). From the muscular system ca-
tegory, 19 genes had mitochondrial functions, including mitochondrial
ribosomal proteins (mrpl and mrps), genes involved in mitochondrial
membrane and genome maintenance (pgs-1, R04F11.5, tomm-7,
C27H6.9 and rpap-3) and mitochondrial dysfunction or disease
(F39H2.3, nuaf-1 and pgs-1) (Table S4). The Embryonic development
variant identified by the PEA tool, on the other hand, included 94
down-regulated genes, among these, genes required for meiotic and
mitotic chromosome segregation (mut-2, dnc-2, him-10, nmat-2, cec-3,
syp-3, rsa-1, unc-59, cids-1, him-8, nos-2, hpo-9 and hus-1), apoptosis and
DNA repair (rad-54, ced-12, pch-2, tyms-1, uri-1), gamete development
and fertilization (trcs-1, nos-2, unc-59, pgs-1, uri-1, spd-3, hus-1 and mdt-
6) (Table S4). The genes mut-2, hus-1, nos-2, him-10, cids-1, syp-3, rsa-1
and him-8 are all related to adverse ‘variant Aneuploidy’, ‘Chromosome
segregation’, ‘Meiotic cell-cycle functions’ and the ‘Reproductive
system’ (Table S4).

Similarly, the up-regulated genes resulting from the same exposure
group showed that important functions with respect to cellular devel-
opment, post-embryonic development, cuticle and collagen synthesis,
sex organ, protein interaction and cytokinesis were affected (Tables 1
and 2, Table S6). The GEA tool identified multiple molecular functions
related to the modulation of gene expression via transcriptional in-
itiation, post-transcriptional modification and RNA transport and pro-
cessing (Table 1, Table S5). Also chromatin remodelling appeared to be
affected as evidenced by ‘Protein heterodimerization activity’ category,
which included 31 core histones (Table 1, Table S5). The most sig-
nificantly enriched PEA category comprised 24 up-regulated genes re-
lated to ‘Variant Sister Chromatid segregation defective in early em-
bryo’ (q-value < 0.00001) (Table 2, Table S5). Further indication of
effects related to cell division and reproduction were seen by 19 his-
tones and ribosomal subunits encoding genes associated to ‘Diplotene
absent during oogenesis’ phenotype. Another 19 up-regulated genes
were related to ‘Apoptosis fails to occur’. These included activator of
the programmed cell-death pathway, egl-1, regulator of asymmetric cell
division, ces-2, regulator of cell fate during post-embryonic

development, mab-5, mcd-1, which promotes the developmentally
programmed progression of cells through apoptosis and 7 genes en-
coding for large and small ribosomal subunits (rpl and rps) (Table S5).
Collectively, a large proportion of the DEGs were related to cell cycle
impairments and responses to genotoxic effects.

3.2.2. Over-represented categories modulated by ionizing radiation-induced
oxidative damage

The transcriptome analysis, at 100 mGy h-1, identified several genes
involved in oxidation-reduction processes and AOD (antioxidant de-
fence) system, within the cytosol or in the mitochondrion (ctl-1, COX1,
COX2, COX3, cox-4, cox-5B, cox-6C, cox-7C, CYTB, hpo-19, sdhd-1, ucr-
2.1, gst-20, egl-1, egl-18, trx-2, trxr-2, sod-1 and rad-8). Moreover, we
found significant up-regulation of genes involved in the glutathione de
novo synthesis, such as F22F7.7 and gln-3. Therefore, in order to
identify specific transcriptional responses related to the increased
generation of ROS and evidence of oxidative damage effects on cell
physiology and metabolism, we performed an in depth manual as-
signment of the DEGs from nematodes exposed to 100 mGy h-1 into
relevant categories assigned from the curated WormBase phenotype
[48] and transcriptomic analysis of oxidative stress [66] (Fig. 8, Table
S7). As expected, a number of genes within Oxidative stress response,
PCD (Programmed Cell Death), DNA damage and response to ionizing
radiation were found (Fig. 8). Within the first most over-represented
category (Programmed cell death), we found genes related to general
response to stress, such as Autophagy (atg-3, atg-9, ces-2 and rab-7), but
also Cell cycle and Cell division (pch-2, egl-1, hus-1, ced-12, dapk-1, ces-
2, chk-1, mcd-1, tads-1, pcn-1, car-1, set-17), Ribosomal proteins (rpl-12,
rpl-13, rpl-18, rpl-19, rpl-20, rpl-26, rps-10, rps-20, rps-26, rps-3, rps-6,
rps-9), Proteasome (pbs-1, pbs-1, pbs-5) and Histones (his-24, his-68, his-
3, his-7, his-61, his-47) (Table S7). Phenotypes directly related to ex-
posure to ionizing radiation were also found with respect to organismal
and germline response, these included genes related to cell cycle and
DNA repair (rad-54, chk-1, hus-1, umps-1 and rpa-2), innate immune
response (elt-2), chromosome segregation and apoptosis (hus-1, rad-54,

Fig. 7. a) Epifluorescence images of the oxidation pattern in Grx1-roGFP2 after 72 h of gamma irradiation to different dose-rates of exposure (mGy·h-1, total doses in
Table S8) in the entire body (V: vulva, Sp: spermatheca, I: intestine, AI: Anterior Intestine) (from left to right, tail to head orientation) or in selected tissues b) gonad
and d) spermatheca. (c) Relative measurement of the GSSG/2GSH ratio in gonad and spermatheca after exposure to 0 (control) or 100 mGy h-1 of gamma radiation.
Asterisk indicates significant difference to control treatment (Student's t-test, p-value < 0.001). Scale bar: 25 or 100 μm.
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ing-3, lin-40 and car-1).
From the total DEGs resulting after exposure to 100 mGy h-1 we

found 40 genes involved in mitochondrial functions, among them,
genes related to mitochondrial membrane, mitochondrial ribosomal
proteins, mitochondrial metabolism and mitochondrial respiratory
chain. Among the selected phenotypes, mitochondrial metabolism in-
cluded mostly up-regulated genes, while mitochondrial respiratory

chain was the only phenotype significantly down-regulated, comprising
10 (COX1, COX2, COX3, ND1, ND2, ND3, ND4, ND5, CYTB and ATP6)
of the 12 genes which encode for the oxidative phosphorylation system
[17] (Table S7).

The second most represented category (Fig. 8) included 85 genes
found in common with RNA sequencing analysis performed on oxida-
tive stressed wild-type N2 (499 DEGs in total) after exposure to

Table 1
Over-represented biological processes, molecular functions and cellular components functional categories, from Gene Ontology (GO), which were up-regulated in C.
elegans after 72 h of exposure to 100 mGy h-1 of gamma radiation. HyPergeometric probability distribution is adopted to measure the number of enriched terms
(Observed number of DEGs in each specific function).

Term (GEA) Observed Enrichment Fold Change P value Q value

Intracellular GO:0005622 466 1.1 0.0053 0.023
Organelle GO:0043226 401 1.1 0.0019 0.011
Cytoplasm GO:0005737 295 1.1 0.016 0.061
Cellular developmental process GO:0048869 92 1.7 5.90E-07 9.40E-06
Regulation of nucleobase-containing compound metabolic process GO:0019219 91 1.2 0.015 0.061
Membrane-enclosed lumen GO:0031974 86 1.3 0.0026 0.013
Supramolecular complex GO:0099080 61 2.7 1.90E-13 6.10E-12
Cytoskeleton GO:0005856 60 1.8 6.50E-06 6.90E-05
Hydrolase activity acting on acid anhydrides GO:0016817 57 1.3 0.027 0.087
Structural constituent of cuticle GO:0042302 53 4.4 1.10E-21 1.50E-19
Post-embryonic development GO:0009791 53 1.5 0.0015 0.0093
Collagen trimer GO:0005581 49 4 3.20E-18 2.10E-16
Peptide biosynthetic process GO:0043043 48 1.8 2.00E-05 0.0002
Neurogenesis GO:0022008 44 2.3 1.10E-07 2.40E-06
Neuron development GO:0048666 39 2.5 2.50E-08 6.30E-07
Cell projection organization GO:0030030 39 1.8 8.10E-05 0.00074
Protein heterodimerization activity GO:0046982 35 4.6 9.40E-16 4.00E-14
Nucleoplasm GO:0005654 33 1.6 0.0024 0.013
Actin filament-based process GO:0030029 31 2.7 1.30E-07 2.40E-06
Cell part morphogenesis GO:0032990 30 2.5 7.40E-07 1.10E-05
Nucleoside phosphate metabolic process GO:0006753 30 1.4 0.02 0.07
Ribose phosphate metabolic process GO:0019693 29 1.7 0.0012 0.0083
Cell morphogenesis involved in differentiation GO:0000904 28 2.5 3.10E-06 3.60E-05
Purine nucleotide metabolic process GO:0006163 28 1.8 0.00066 0.0048
Neuron projection guidance GO:0097485 24 2.8 8.00E-07 1.10E-05
Regulatory region nucleic acid binding GO:0001067 24 1.8 0.0014 0.0093
Post-embryonic animal organ development GO:0048569 22 1.7 0.0041 0.019
Negative regulation of RNA metabolic process GO:0051253 22 1.5 0.018 0.063
Purine nucleoside monophosphate metabolic process GO:0000976 21 2.3 8.40E-05 0.00074
Structural constituent of ribosome GO:0003735 21 2.1 0.00043 0.0035
Transcription regulatory region sequence-specific DNA binding GO:0000976 20 1.9 0.0018 0.011
RNA splicing via transesterification reactions GO:0000375 18 2.2 0.00064 0.0048
RNA polymerase II regulatory region DNA binding GO:0001012 17 1.8 0.0066 0.028
Reproductive system development GO:0061458 17 1.8 0.0071 0.029
Development of primary sexual characteristics GO:0045137 16 2 0.0028 0.014
Regulation of cellular amide metabolic process GO:0034248 16 2 0.0031 0.015
Molting cycle GO:0042303 14 1.7 0.016 0.061
Negative regulation of transcription by RNA polymerase II GO:0000122 14 1.7 0.017 0.063
Small ATPase binding GO:0031267 13 1.7 0.025 0.083
Ribonucleoprotein granule GO:0035770 12 1.7 0.024 0.082

Table 2
Functional over-represented variants from Phenotype Enrichment analysis (PEA) that were up-regulated in C. elegans after 72 h of exposure to 100 mGy h-1 of gamma
radiation (total doses ~7.2 Gy). Hypergeometric probability distribution is adopted to measure the number of enriched terms (Observed number of DEGs in each
specific function).

Term (PEA) Observed Enrichment Fold Change P value Q value

Protein interaction variant WBPhenotype:0001369 71 1.3 0.0053 0.09
Avoids bacterial lawn WBPhenotype:0000402 65 1.6 4.20E-05 0.0046
Cytokinesis variant WBPhenotype:0002408 48 1.7 6.40E-05 0.0047
Endosome morphology variant WBPhenotype:0002090 45 1.5 0.0028 0.055
Lysosome-related organelle morphology variant WBPhenotype:0002095 42 1.5 0.0024 0.054
Neuronal outgrowth variant WBPhenotype:0000572 38 1.7 0.00051 0.023
Sluggish WBPhenotype:0000646 34 1.6 0.0015 0.049
Endosome localization variant WBPhenotype:0002100 34 1.7 0.00088 0.032
Sister chromatid segregation defective early emb WBPhenotype:0000772 26 3.1 2.40E-08 5.20E-06
Pleiotropic defects severe early emb WBPhenotype:0000270 22 2 0.00037 0.02
Diplotene absent during oogenesis WBPhenotype:0001954 19 1.9 0.0016 0.049
Apoptosis fails to occur WBPhenotype:0000184 16 1.9 0.0035 0.063
Gonad small WBPhenotype:0001957 15 2.1 0.0022 0.053
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Paraquat from a previous study by Shin et al. [66]. Among these DEGs
found in common, 80 genes showed significant up-regulation and were
mostly related to Collagen (col-104, col-107, col-109, col-130, col-155,
col-166, col-167, col-48, col-77, col-81, col-95, let-2), Mitochondrion
(sdhd-1, tomm-7, F58F12.1), Histones (his) and Ribosomal proteins (rpl,
rps), the list also included the heat-shock protein hsp-3 and the daf-2
regulated gene dao-2.

Consistent with the effects induced by oxidative damage [66], lipid
metabolism, cuticle morphology, protein degradation and energy ex-
penditure were also among the most over-represented phenotypes,
comprising mostly up-regulated genes (Table S7).

4. Discussion

The oxidative damage exerted on cellular molecules and macro-
molecules accounts for the total indirect effect following exposure to
ionizing radiation [4,62]. Therefore, the assessment of ROS/AOD levels
and the subsequent oxidative damage response represents a funda-
mental parameter to understand and monitor the changes in the
homeostasis of an organism. To the best of our knowledge, this is the
first study to demonstrate in vivo ROS formation, antioxidant response
and oxidative stress effects to the cellular redox homeostasis in a ra-
diation tolerant organism subjected to chronic gamma irradiation.
Furthermore, we connect molecular initiating events related to ROS
production and redox imbalance to phenotypical effects by performing
a deep gene expression analysis. Consistent with previous studies
[13,55], only dose-rates ≥40 mGy h-1 (total doses ≥3.9 Gy) were able
to inflict a reprotoxic effect (Fig. 1). In line with studies performed on
other aquatic and soil organisms [29,30,81], our study suggests that
ROS production plays an important role in the induction of molecular,
cellular and organismal adverse effects also in C. elegans, with re-
production being the most radiosensitive endpoint compared to somatic
growth, fertility and mortality [1,36,40,59]. No significant effects with
respect to somatic growth or somatic cell viability could be detected

even for nematodes that received 100 mGy h-1 (total doses ~9.6 Gy)
during their entire larval development. This demonstrates that C. ele-
gans has a relatively high tolerance towards the effects of gamma ra-
diation at the organismal level, but the mechanisms involved remained
to be elucidated. By using ROS reporter strain we were able to in-
vestigate whether ionizing radiation affected cellular ROS metabolism
in C. elegans in vivo, but also to address whether tolerance to ionizing
radiation is mediated by high anti-oxidant capacity.

4.1. ROS production and scavenging in C. elegans exposed to chronic
gamma radiation

External gamma irradiation causes ionizations homogenously in the
whole body of an organism like C. elegans. We therefore hypothesised
that ROS formation would be dose-rate dependent and uniform within
all cells and tissues of the nematode. To investigate the effect of gamma
radiation on ROS formation in C. elegans we first assessed the effect on
sod-1 gene expression as a proxy for O2

·- production. The results con-
firmed an overall linear correlation between dose-rate and sod-1 ex-
pression (Fig. 2). The response was uniform throughout the entire ne-
matode body, including embryos (Fig. 2c and 3 d). Any discrepancies
could be ascribed to tissue specific constraints of sod-1::gfp expression
[22]. The fact that sod-1 expression increased with time implies con-
tinuous formation and accumulation of O2

·- during the exposure. These
observations are consistent with the LET-model for radiolysis radical
formation [68]. Notably, the O2

·- formation by gamma radiation ap-
pears to be quite high considering that the sod-1 response was about 3-
fold higher compared to Paraquat exposure (Fig. S2). This indicated a
considerable potential for other effects of ROS and oxidative damage.

In other species (i.e. bdelloid rotifers) the enhanced capacity for
scavenging reactive molecular species generated by ionizing radiation
has been addressed as one of the major contributors to radiation re-
sistance [46]. Therefore, in the current study, we have assessed the
redox status after chronic irradiation, in order to verify whether the

Fig. 8. Over-represented categories modulated by ionizing radiation-induced oxidative damage resulting from 72 h exposure to 100 mGy h-1 of gamma radiation
(total doses ~ 7.2 Gy) in the nematode C. elegans. (Data labels indicate Fisher's exact test p-values).
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unusually high abundance of AODs in C. elegans compared to other
organisms plays a key role in its tolerance towards ionizing radiation.

Consistent with results from other organisms expressing high
radioresistance [46], we measured higher levels of AODs in nematodes
exposed to much lower dose-rates of gamma radiation. In particular,
after 48 h of exposure and from dose-rates higher than 1 mGy h-1 (total
doses ≥0.05 Gy), we measured a linear dose-rate dependent increase of
cytosolic superoxide dismutase and a significant imbalance in the oxi-
dation of the [GSSG]/[2GSH] couple (Fig. 2 a and 6. a). On the other
hand, at this time-point, H2O2 levels did not show a significant change
in any of the irradiated groups, even though a linear dose-dependent
increase was detected (SLR) (Fig. 4 a). A time-dependent increase in the
levels of SOD1 and H2O2 was measured after 72 h of irradiation, with
SOD1 and H2O2 levels being significantly increased already at dose-
rates ≥1 mGy h-1 (total doses ≥0.08 Gy). At this time-point, as should
be expected, the highest dose-rate of exposure (100 mGy h-1, total dose
~7.2 Gy) showed the most elevated levels of ROS and AODs (Fig. 2 a, 4.
a, 6. a).

Under ‘normal’ aerobic conditions, during mitochondrial respira-
tion, approximately 2–3% of oxygen is incompletely reduced and leads
to the production of a small amount of superoxide radical anion (O2

·-)
through the mitochondrial electron transport chain (ETC) [75]. This
free radical is transformed into hydrogen peroxide (H2O2), which is also
a potent oxidizing agent, by the mitochondrial isoforms SOD2 and
SOD3 (manganese superoxide dismutase) [9,12,18,23]. Nevertheless,
O2

·- may also leak into the cytosol through the voltage-dependent anion
channels [33] to become the substrate for the cytosolic Cu, Zn-SOD
(SOD1).

Upon cell exposure to ionizing radiation, the physiological pro-
duction of ROS in the different compartments of the cell are joined by
ROS produced by water radiolysis [71]. Moreover, perturbation in the
redox balance can be further affected when mitochondrial dysfunction
occurs in irradiated cell, leading to ulterior production of mitochondrial
ROS in addition to the radicals resulting from the water radiolysis [4].

Therefore, we suggest that chronic exposure to gamma radiation
may induce the accumulation of O2

·-inside the mitochondria, which due
to the increased leakage of O2

·- in the cytosol contributed to the in-
creased sod-1 expression (Fig. 2a). Moreover, the dismutation of O2

·-

and the consequently increased production of H2O2 (Fig. 4a) and other
ROS, over time, culminated in the observed effect on the redox status
(Fig. 6a, 7b). Maintenance of the proper [GSSG]/[2GSH] ratio ensures
redox homeostasis, whereas changes to this ratio provides effective
means to adjust the redox state between as well as within cellular
compartments under different physiological conditions [42]. The sig-
nificant changes in the ratio of reduced glutathione to glutathione
disulphide in the different tissues and cell compartments (Figs. 6 and 7
b-c) indicated that ROS were produced at higher rates than C. elegans
was able to sequester. Furthermore, the increased ROS production did
significantly affect the overall cellular redox balance at 48 h of exposure
(Fig. 6a). It appears that at 72 h of exposure the nematodes mobilized
AOD systems were capable of counteracting the redox imbalance in
most tissues (Fig. 7a) despite the increased ROS levels (Fig. 2 a and
Fig. 4a).

Glutathione plays an essential role in the antioxidant defence
system, as a source of electrons for antioxidant enzymes such as glu-
taredoxins and peroxidases [60]. Two possible events can explain the
partial restored balance of glutathione, observed after 72 h of exposure:
i) the high concentrations (1–11 mM) of glutathione in the cell, which
ensure an abundance of electrons for these antioxidant systems and thus
a robust buffer against oxidative shifts in the redox state [65]; ii) the
induced glutathione de novo synthesis, as indicated by the up-regulation
of gamma-glutamylcyclotransferase (F22F7.7) and glutamine synthe-
tase (gln-3) [54], resulting from RNA-seq analysis on nematodes ex-
posed to 100 mGy h-1 (total dose ~7.2 Gy) (Table S3).

However, changing the redox balance can alter the physiological
homeostasis of an organism not only because ROS are harmful for

proteins, lipids and nucleic acids, but also because they represent im-
portant signalling molecules in a biological system, and even a minor
change can result in a substantial alteration for example in terms of
metabolism, cell proliferation and host defence [26]. Despite the par-
tially restored redox balance, observed after 72 h with the Grx1-roGFP2
strain, the increased expression of SOD1 and the high H2O2 levels
measured, together with the glutathione redox imbalanced, observed
after 48 h of chronic gamma irradiation and in the gonads of 72 h ir-
radiated nematodes, implied that the changes of the redox status of the
nematodes could cause significant oxidative damages and affect mole-
cular, cellular and physiological processes of the organism.

4.2. Ionizing radiation-induced oxidative stress effects lead to differential
regulation of genes required for cuticle morphology, protein degradation,
lipid metabolism and gene expression

In the current study, the overall redox balance of nematodes ex-
posed to chronic gamma radiation was shown to be shifted towards a
more oxidized status, since increased levels of ROS and a temporary but
significant imbalance in the ratio of reduced glutathione to glutathione
disulphide were measured. Within the “redox hypothesis” paradigm
[43], much of the toxicity of oxidative stress could result from an oxi-
dative shift in redox state within one or more cellular compartments.
This shift might transiently disrupt redox signalling as well as perturb
the regular function of redox regulated proteins within these com-
partments. The result could still be pathological oxidative damage to
cellular components, even though the cause could be indirect. There-
fore, we anticipated a significant change in the transcriptome profile of
irradiated nematodes, as a response to the observed increased levels of
ROS and AODs.

As hypothesised, the transcriptome analysis performed on nema-
todes exposed to 100 mGy h-1 revealed differential modulation of genes
involved in oxidation-reduction processes and accordingly a significant
enhancement of functions related to stress response (Sections 3.2.1-
3.2.2).

In line with the results from the sod1::gfp reporter strain and the two
ratiometric biosensors adopted in our study, RNA sequencing revealed
dysregulation of genes involved in AOD system such as sod-1, ctl-1, glrx-
10, gst-20, trx-2 and trxr-2. Moreover, changes in the redox balance
affected glutathione metabolism, by up-regulation of glutathione de
novo synthesis (Section 3.2.2).

Oxidative stress response was the most up-regulated phenotypical
variant gene category observed, followed by lipid metabolism, cuticle
morphology and protein degradation (Fig. 8, Table S7), all functions
that have been previously correlated to oxidative damage in C. elegans
[66], which corroborates that chronic gamma radiation does cause an
oxidative stress type transcriptional response.

Chronic exposure to 100 mGy h-1 of ionizing gamma radiation (total
dose ~7.2 Gy) induced up-regulation of 53 genes related to structural
constituent of cuticle, collagen trimmer and moulting cycle. As sug-
gested by Shin and co-authors (2011), this significant enrichment may
indicate the involvement of collagens in the adaptive mechanism re-
sponse against the ionizing radiation-induced oxidative stress. In this
organism, the cuticle represents the barrier between the animal and the
external environment, therefore it may have a direct protective function
towards environmental perturbations as well as being indirectly regu-
lated in response to ROS production and oxidative damage. Moreover,
accumulation or excess of collagen has been shown to cause radiation-
induced fibrosis, as well as to be a response to loss of redox-sensitive
control during the inflammatory or proliferative stage [64].

Proteins segregation and degradation has also been addressed as a
major target of ionizing radiation-induced oxidative damage, particu-
larly, the carbonylation damage is unrepairable and when this impairs
the activity of key proteins, such as those needed to repair and replicate
the DNA, cell survival is endangered [19,58]. Consistently, the differ-
ential regulation of 12 genes involved in protein ubiquitination activity
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(C17H11.6, mib-1, plr-1, rle-1, siah-1, skr-16, smo-1, ubc-15, ubc-20, ubc-
3, ubl-1, urm-1), together with 6 genes encoding for proteasome sub-
units and protease activity (asp-1, pbs-1, pbs-2, pbs-5, psmd-9, try-10)
gave indication of protein damage effects under exposure to chronic
gamma radiation. This result was further validated by 17 DEGs iden-
tified in the over-represented category “Protein degradation variant”
resulting from the oxidative-stress induced phenotype analysis (Table
S7).

Excessive ROS formation can also affect lipids, in particular the
oxidative deterioration of polyunsaturated fatty acids present in cellular
membranes can lead to membrane destabilization and therefore further
oxidative damage to biomolecules [32]. Consistent with the increased
levels of H2O2 measured with the HyPer biosensor, we observed effects
on lipids through the identification of more than 50 DEGs involved in
lipid metabolism (Table S7), the up-regulation of 86 genes involved in
membrane-enclosed lumen, 45 and 42 genes involved in endosome and
lysosome-related morphology, respectively (Tables 1 and 2, Table S5).
These results suggest that under chronic exposure to ionizing gamma
radiation, the modulation of processes involved in maintenance, bio-
synthesis and accumulation of lipids is a further response to ROS pro-
duction, as well as associated to effects on cell and organelle's mem-
brane.

To further validate the hypothesis that the increased ROS levels was
among the molecular initiating events responsible for the observed
redox imbalance and the modulation of the nematode's transcription
profile, we found 85 genes in common with wild-type oxidative stressed
after exposure to Paraquat from Shin and co-authors (2011) (“N2 oxi-
dative stressed” category, Fig. 8 and Table S7). These genes were mostly
involved in collagen production, mitochondrial functions, ATP synth-
esis, chromatin modification (histones and methyltransferase activity),
ribosomal functions, response to heat stress and ubiquitination; giving
further evidence of the specific mode of action of ionizing gamma ra-
diation in terms of oxidative damage on a molecular and cellular level.

Furthermore, as a consequence of changes in the physiological
process of cellular signalling, we observed a significant enrichment in
molecular functions required for the modulation of the gene expression
(Section 3.2.1), including chromatin remodelling and transcriptional
regulation. Molecular functions related to chromatin domains,

transcription, post-transcriptional modifications, RNA transport and
processing were significantly over-represented (Table 1, Fig. 9), giving
indication of changes in the gene expression profile of nematodes under
exposure to chronic gamma radiation.

These findings demonstrate that a tolerant organism, like the ne-
matode C. elegans, is able to effectively respond to a persistent stress
condition, such as a chronic irradiation during the entire larval devel-
opment, by modulating its biological, cellular and molecular functions
(Fig. 9), in order to maintain the organism homeostasis, however this
comes to the cost of energy expenditure and reproductive fitness
(Fig. 1).

4.3. Transcriptomic analysis reveals mitochondrial functions and ATP
synthesis as targets of ionizing gamma radiation in C. elegans

Exposure to ionizing radiation is associated with the manifestation
of mitochondrial dysfunction [4]. Oxidative phosphorylation is sus-
ceptible to this stressor, due to the alteration of the complexes involved
in the Electron Transport Chain (ETC) and the ATP synthase activity
[44]. As a response to oxidative stress, the mtDNA copy number in-
creases [39] and in order to ensure stable levels of ATP also the mi-
tochondrial mass increases [20]. Dysfunctions in the ETC leads to fur-
ther production of mitochondrial ROS, and conversely, cells deficient in
mitochondrial ETC (rho(o) cells) do not show radiation-induced ROS
production [47]. Consistently, we observe compelling down-regulation
of all ten protein encoding genes out of the 12 genes required for the
assembly of the Mitochondrial respiratory chain (COX1, COX2, COX3,
ND1, ND2, ND3, ND4, ND5, CYTB and ATP6) (Fig. 8, Table S7). Fur-
thermore, we identified down-regulation of 10 genes encoding for small
and large mitochondrial ribosomal proteins (mrpl-10, mrpl-18, mrpl-
28, mrpl-36, mrpl-41, mrpl-49, mrpl-50, mrps-17, mrps-21, mrps-23),
which are required for the proper assembly and function of ETC
mediated energy production [6]. We also observed differential regula-
tion of genes involved in Mitochondrial metabolism (immt-1, let-2, ril-1,
cox-4, sdha-1, madd-2, unc-52, rict-1, pgs-1, bcs-1, mics-1, mspn-1, mttu-1,
nuaf-1, rad-8, ZK1128.1), genome maintenance (C27H6.9), protein
import (tomm-22, tomm-7, ddp-1), Energy expenditure (sdha-1, cox-5B,
rict-1, sdhd-1, T02H6.11) (Table S7) and ATP synthesis (asb-2, asg-2,

Fig. 9. Conceptual model of cellular and molecular processes induced (↑) or inhibited (↓) after 72 h of chronic exposure to gamma radiation (100 mGy h-1, total dose
~7.2 Gy) in the nematode C. elegans.
ETC: Electron Transport Chain. VDAC: Voltage-Dependent Anion Channel. SOD: Superoxide Dismutase. mrpl – mrps: Mitochondrial Ribosomal Protein Large – Small
subunit. mtDNA: mitochondrial DNA. GPx: Glutathione Peroxidases. rpl – rps: Ribosomal Protein Large – Small subunit. DNA-DSB: DNA Double Strand Break.
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atp-1, atp-4, atp-5, catp-1, vha-3 and F58F12.1) (Fig. 9). Differential
regulation of the mitochondrial cytochrome b and its subunits (CYTB,
hpo-19, sdhd-1, ucr-2.1) was also observed, specifically the inhibition of
cytochrome b5 reductase (hpo-19) has previously shown to induce de-
creased levels of poly-unsaturated fatty acids (PUFAs), which leads to
decreased fat accumulation, reduced brood size and impaired devel-
opment [83].

Mitochondrial dysfunctions in irradiated cells can significantly
contribute to perturbation in the physiological redox reactions and
signalling [44]. Such perturbation can lead to signalling cascades which
can induce a multitude of other non-targeted responses such as apop-
tosis, autophagy, nuclear DNA damage, genomic instability and other
degenerative conditions [16,52,64,67]. Thus, consistent with the in-
duced AODs and ROS production, measured in the current study, the
changes observed in the nematode transcriptome profile, with respect
to mitochondrial functions and ATP production, were a clear evidence
of the mitochondrial vulnerability under exposure to ionizing radiation
and a signal for late consequences on other cellular, molecular and
biological functions.

4.4. Ionizing radiation-induced DNA damage leads to histones up-regulation
and methylation, defective chromosome segregation, programmed cell death,
and impairment of nervous system and embryonic development

Upon severe stress condition, survival is dependent on the ability of
the cell to adapt or resist the stress, by for instance repairing or re-
placing the damaged molecules [26]. Beyond the well-known DNA re-
pair mechanisms of homologous recombination (HR) and non-homo-
logous end-joining (NHEJ), emerging evidence indicates that also
epigenetic changes can enable adaptation responses in the surviving
cells [71,79]. Consistent with this hypothesis, we identified a sig-
nificant up-regulation of 20 core histone encoding genes (H3, H4),
which might represent a response to DNA damage and, in this sense, a
protective mechanism via the promotion of chromatin condensation
[73]. Furthermore, methylation of lysine residues on histones can play
an important role in determining the repair pathway upon double-
strand breaks (DSBs) [79]. In good accordance, we identified a sig-
nificant up-regulation of dot-1.1, set-9, set-16 and set-26, which encode
for histone-lysine N-methyltransferases. The genes set-9 and set-26 are
also required for longevity, germline development and heat stress re-
sponse, giving further evidence of the connection between oxidative
damage and adverse effects exerted by chronic irradiation on the re-
productive system.

Consistent with our previous study [55], we found further indica-
tion of adverse effects exerted by chronic gamma irradiation on chro-
mosome segregation, mitotic and meiotic cell-cycle, spindle formation
and embryonic development (Fig. S7; Tables 1 and 2, Table S6). In both
studies, these effects were accompanied by impairment of the nema-
todes reproductive capacity (Fig. 1b), which was further supported, in
the current study, by the down-regulation of more than 300 genes re-
lated to the reproductive system (Fig. S. 7.c). Specifically, we found a
differential regulation of cellular and molecular functions related to
reproduction, such as gamete development and fertilization, cytokin-
esis, sister chromatid segregation defective in early embryo, diplotene
absent during oogenesis, gonad small, reproductive system develop-
ment, meiotic chromosome segregation, spindle position and orienta-
tion and aneuploidy. As already shown in our previous study, where
enhanced germ cell apoptosis and impaired spermatogenesis lead to
reprotoxicity [55], all these over-represented categories gave further
evidence of the persistent adverse effects induced by chronic gamma
irradiation on the meiotic process, which subsequently leads to loss of
the reproductive fitness.

Oxidative metabolic processes that produce ROS are important for
the regulation of the cell-cycle functions, proliferation and differentia-
tion [64]. Hence, metabolic defects that disrupt signalling function of
ROS could be detrimental to a multitude of cellular processes. In line

with our previous research [55], in the current study, chronic gamma
irradiation showed effects on the cell-cycle via induction of genomic
instability and DNA damage through the differential expression of
genes involved in DNA double strand break (dsb-3), cell-cycle check-
point (hus-1, cdc-25.2, cdc-37, cdc-48.3, chk-1, cki-1) and DNA repair
(rad-54, chd-7, laf-1, pif-1, snrp-200, ssl-1, pms-2, nth-1, polk-1, rpa-2 and
unc-51). A cell damaged beyond repair will be destined to apoptosis;
increased levels of ROS formed inside the mitochondrion have the po-
tential to induce downstream regulation of genes required for apoptosis
by the early ROS-dependent signalling pathway [67]. Consistently, we
found 87 differentially expressed genes involved in programmed cell
death (Fig. 8, Table S7), among them egl-1 and hus-1, which are clear
markers of DNA damage-induced apoptosis [37].

On the other hand, proliferative disorders due to differential reg-
ulation of the cell-cycle under redox cycle control, are addressed as the
cause of many dysfunctions as well as diseases, including cancer and
neurodegenerative disorders [64]. Consistently, a significant modula-
tion of genes related to nervous system functions was identified in our
gene expression analysis, through the up-regulation of genes involved
in neurogenesis, neuronal development, neuron projection guidance
and neuronal outgrowth (Tables 1 and 2, Table S6). These results
suggest an effect exerted by ionizing radiation on somatic cells. Speci-
fically, and in contrast to the germline, adverse effects on somatic cells
might induce a savage beyond repair as indicated by the categories
apoptosis fails to occur, defective locomotion (sluggish), endosome and
lysosome-related morphology variants (Table 2) and autophagy related
genes (unc-51, atg-3, atg-9, ces-2 and rab-7). In particular, the lysosome-
mediated self-degradation process of autophagy can be used to supply
the cells with energy or provide building block for the synthesis of
macromolecules, under stress condition [25]. This mechanism is known
to be specific for terminally differentiated cells, where it is required for
the effective elimination of damaged, non-functional macromolecules
and organelles, in order to avoid this cellular toxins to interfere with
cellular functions [78]. Moreover, the over-activation of autophagy in
cells of the nervous system has been suggested as the cause of “phy-
siological” death [72]. Autophagy and apoptosis are two intertwined
processes required redundantly for viability and normal development in
C. elegans [25]. In line with the significantly enhanced embryonic DNA
damage and reduced somatic growth, observed in parentally irradiated
nematodes from our previous study [55], the differential regulation of
genes related to autophagy, programmed cell death, embryonic and
post-embryonic development (Fig. S7, Fig. 8, Table 1), strongly suggests
that the effects of chronic gamma irradiation persist on the progeny of
irradiated nematodes.

Taken together these results demonstrate the ability of C. elegans to
activate its wide range of AODs and protective mechanisms against
increased levels of ROS following chronic gamma irradiation
throughout its life cycle. This did however present a stress condition
able to induce changes in the physiological oxidants levels, which lead
to a comprehensive modulation of cellular and molecular functions
(Fig. 9), leading up to adverse effects on energy production/ex-
penditure and reproductive capacity as well as persistent damage on the
parentally irradiated offspring [55].

5. Conclusion

In the radioresistant nematode C. elegans, chronic exposure to io-
nizing gamma radiation, during larval development, significantly en-
hances the levels of ROS and induces activation of AODs. At doses
≤10 mGy h-1 (total doses ≤0.8 Gy) nematodes demonstrate to tolerate
chronic gamma irradiation, while at doses ≥40 mGy h-1 (total doses
≥2.9 Gy) , the observed redox shift in the cell induces oxidative da-
mage and changes in the redox signalling functions, modulating a
cascade of molecular and cellular processes in the entire organism with
adverse consequences for its reproductive system. Specifically, oxida-
tive damage of proteins, lipids and DNA is suggested as the cause of
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mitochondrial dysfunctions, impaired energy production, autophagy
induction, enhanced programmed cell death and defective meiosis,
which leads to impairment of the reproductive fitness and potential
adverse effects on the progeny. Findings from the current study provide
detailed information of the consequences of chronic exposure to io-
nizing radiation, as well as the important role of redox balance and
signalling for the cellular homeostasis, particularly in the gonads.
Future research should be focused on the effects of this imbalance at the
mitochondrial level, with emphasis on the potential adverse effects of
ROS on the ATP production and the mitochondrial genome.
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