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ABSTRACT 

Ionizing radiation is known to induce 

DNA damage and oxidative stress in plants. 

However, this has mainly been studied for 

acute high-dose exposures. As sessile 

organisms, plants cannot avoid long-lasting 

exposure to ionizing radiation in case of a 

nuclear accident. Therefore, it is important 

to study the effects of low-dose chronic 

ionizing radiation exposure on multiple 

generations of plants, together with the 

mechanisms that regulate these responses. 

In this research, strontium-90 (Sr-90) and 

cesium-137 (Cs-137) were used to 

investigate the effect of chronic ionizing 

radiation in Lemna minor. Two experiments 

were set up that lasted 6 weeks and applied 

the following activity concentrations: 40 

Bq/L, 400 Bq/L, and 4,000 Bq/L for Sr-90, 

and 40 Bq/L, 400 Bq/L, and 40,000 Bq/L for 

Cs-137. Phenotypic traits, pigment 

concentration, and photosynthetic activity 

were determined. Moreover, an expression 

analysis with genes involved in epigenetic 

regulation and oxidative stress was 

performed using qPCR. Finally, glutathione 

content was analyzed. Growth was 

significantly affected after 6 weeks of 

exposure to Cs-137. Pigment concentration 

and photosynthetic activity were, however, 

not altered. Sr-90 induced changes in the 

expression of epigenetically regulating 

genes, while Cs-137 altered the expression 

of genes involved in glutathione synthesis. 

Glutathione levels remained stable after 

Sr-90 exposure, while an increasing trend 

was observed after Cs-137 exposure. These 

findings highlight a potential regulating role 

for S-adenosylmethionine in response to 

ionizing radiation stress, which needs 

further investigation. Moreover, additional 

research is needed on the effect of ionizing 

radiation on plants to complete the overview 

of response mechanisms. 

 

 

INTRODUCTION 

All organisms on the planet are continuously 

exposed to cosmic and natural background 

radiation, which includes ionizing radiation (1, 2). 

However, the exposure rates increase significantly 

in case of a nuclear accident that leads to the 

release of radionuclides into the atmosphere. The 

best-known examples of such an event are the 

Chornobyl disaster from 1986 and the incident at 

the Daiichi power plant in Fukushima in 2011 (3). 

Both events involved the release of numerous 

radionuclides with unstable nuclei, of which the 

decay resulted in unseen quantities of ionizing 

radiation (4). As a consequence, both animals and 

plants were exposed to unusual doses of 

radioactivity, including gamma radiation. This 
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high-energy type of ionizing radiation has the 

highest penetration capability compared to alpha 

and beta particles that were also emitted (5). The 

direct effect of ionizing radiation on plants is 

energy deposition into DNA, inducing single and 

double-strand breaks (6, 7). In addition, high-

energy radiation interacts with multiple 

molecules, such as proteins and salts, and leads 

to the formation of reactive oxygen species 

(ROS). For instance, H2O can be ionized to H2O•+ 

+ SE(e-). The resulting electron causes DNA 

damage and the H2O•+ reacts with H2O again, 

which  forms a OH• radical, leading to additional 

damage (7). As a response to an increase in 

oxidative stress, the plant’s antioxidant system 

intervenes. The activity of antioxidant enzymes 

increases, while the redox status of antioxidant 

molecules, such as glutathione (GSH) and 

ascorbic acid (AA) is simultaneously changed to 

act as a buffer (8). Over an extended period, 

exposure can eventually lead to an increased 

radiation sensitivity in offspring, up to numerous 

generations (9). Due to their sessile nature, plants 

suffer more severely from the consequences of 

ionizing radiation in case of a nuclear accident 

(10). Moreover, they have been forced to evolve 

particularly refined and specific methods to cope 

with stressors. Therefore, it is important to 

investigate the effects of ionizing radiation 

exposure on these organisms together with the 

mechanisms that are responsible for handling this 

stress. 

Previous research has already identified 

epigenetic modifications as a key regulator during 

various stress responses, including radiation 

stress (11-14). The three main types of epigenetic 

modifications that alter chromatin structure and 

thus gene expression in plants include DNA 

methylation, histone modifications, and RNA 

interference (RNAi) (15). In this paper, DNA 

methylation refers to the addition of a methyl 

group to the 5’-carbon of a cytosine. Adenine and 

guanine are also targets for methylation in plants, 

but this type of methylation is significantly less 

abundant (16). In vertebrates, DNA methylation 

occurs mostly at CpG sites. However, in plants, 

CHG and CHH (where H = T, A, or C) sites can be 

methylated as well (17, 18). De novo methylation 

in plants is executed by the Domains Rearranged 

Methyltransferase 1&2 (DRM1, DRM2), while 

methylation maintenance is secured by DNA 

Methyltransferase 1 (MET1), Chromomethylase 2 

(CMT2), and CMT3 (19, 20). MET1 maintains CG 

methylation and CMT2 and CMT3 preserve CHH 

and CHG methylation, respectively (21). In 

contrast, repressor of silencing 1 (ROS1) plays a 

role in demethylation, thereby ensuring a stable 

methylation balance (22-24). In most cases, DNA 

methylation reduces gene expression by 

repressing the transcription process (25). 

However, there are exceptions: For instance, DNA 

methylation within intronic regions facilitates the 

recruitment of histone modifiers, leading to 

increased transcription (26). Histone 

modifications include the post-translational 

addition of functional groups on the N-terminal 

tail, mostly acetyl or methyl groups (25, 27). 

Depending on the functional group that is added, 

its position inside the nucleosome, and its 

molecular environment, the modification will 

result in either gene expression or repression (28, 

29). Besides DNA methylation and histone 

modifications, RNAi is considered a significant 

epigenetic regulator as well. It usually involves 

non-coding RNA sequences that interact with 

transcribed RNA from functional genes to repress 

gene expression (30). These non-coding RNA 

sequences can be divided into long and short non-

coding RNAs (lncRNAs and sncRNAs). lncRNAs are 

subdivided depending on their relationship to 

protein-coding genes (e.g. long intergenic ncRNA 

or lincRNA) and sncRNAs can also be further 

divided into numerous subgroups: snRNA, 

snoRNA, siRNA, miRNA, piRNA, among others, 

each fulfilling their function (31-33). 

Along with these 3 key epigenetic 

modifications, chromatin remodeling in plants is 

also achieved through the activity of a group of 

intracellular proteins, called sirtuins. Sirtuins, 

such as sirtuin 1 (SRT1), catalyze the 

deacetylation of histones and non-histone protein 

substrates, which is β-nicotinamide adenine 

dinucleotide (β-NAD+) dependent. This can result 

in significant changes in the chromatin structure 

(34, 35). In addition, telomere maintenance is 

another layer of epigenetic regulation in plants. 

Telomeres act as epigenetic regulatory elements 

through the so-called telomere positioning effect 

(TPE). This refers to the ability of telomeres to 

repress or activate gene transcription depending 

on their position towards neighboring genes (36). 

Telomere length and thus structure in plants is 
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maintained by telomerase. This protein consists of 

the telomere reverse transcriptase (TERT) and 

telomerase RNA (TR) subunits, which are 

responsible for the catalytic activity and for 

providing a reverse transcription template 

respectively. These subunits interact with other 

proteins to preserve telomeres (37). 

As mentioned, the most important 

epigenetic mechanisms have already been 

investigated in the context of plants and their 

reaction to different biotic and abiotic stresses in 

the environment (25, 38). Firstly, cold influences 

epigenetic regulation: It was found that a cold 

environment induces genome-wide DNA 

methylation in maize seedlings (39). Methylation 

might also be responsible for conserving a cold-

stress memory in plants (40). Furthermore, 

histone acetylation was identified to play an 

important role in cold stress responses, leading to 

increased expression of cold-responsive genes 

(41). On the other hand, several epigenetic 

regulators have been known to be involved in heat 

stress responses to protect plants from damage 

(42). In Arabidopsis thaliana, increased 

methylation was reported by Naydenov et al. as a 

result of heat conditions (43). In contrast, Folsom 

et al. showed that DNA and histone methylation 

decreased in rice seeds, leading to reduced seed 

size (44). Histone acetylation is also found to be 

involved in heat stress, changing the transcription 

of responsive genes (45). Finally, miRNA 

expression is reported to be changed in multiple 

poplar species under heat conditions which 

affected gene expression (46, 47). Besides cold 

and heat stress, drought can severely affect 

plants. Again, epigenetics is involved in handling 

this distress. Both DNA methylation changes and 

histone modifications are observed when plants 

are subjected to drought (48). More specifically, 

histones undergo methylation, acetylation, 

sumoylation, and phosphorylation, altering 

nucleosome structure (45, 49). The affected 

plants are thought to develop a drought stress 

memory through the deposition of these 

modifications (50). Another abiotic stress factor 

that changes the epigenetic framework of plants, 

is salinity. It induces differences in whole genome 

methylation patterns combined with histone 

modifications (51). One study found a correlation 

between salt stress and the expression of DNA 

methyltransferases (52). The histone 

modifications are achieved mainly through an 

altered activity of histone acetyltransferases 

(HATs) and histone deacetylases (HDACs) (50). 

Aside from the abiotic stresses, plants are also 

affected by biotic interactions. The review from 

Alonso et al. provides a clear overview of the 

relationship between plant epigenetics and biotic 

stresses (53). For example, it is mentioned that 

methylation patterns are correlated with the 

expression of genes that are essential in the 

defense against pathogens. Furthermore, it 

highlights the importance of non-coding RNAs in 

plant immunity. 

When considering ionizing radiation as a 

stress factor, adaptations have been found for 

plant DNA methylation, as well as for histone 

modifications and non-coding RNA interference 

(54). In a study by Volkova et al., ionizing 

radiation exposure was associated with DNA 

hypermethylation in pine trees collected from 

Chornobyl (55). In addition, lab-exposed A. 

thaliana showed a dose-rate-determined change 

in total methylation levels (56). Similarly, 

Kovalchuk et al. reported differences in DNA 

methylation for A. thaliana (57). These studies 

suggest that epigenetic-mediated regulatory 

mechanisms might play a pivotal role in plants 

that experience ionizing radiation stress.  

However, more research is needed to 

establish a clear relationship between ionizing 

radiation exposure and changes in the molecular 

organization of plants. Moreover, the effects of 

ionizing radiation and the epigenetic regulation of 

stress responses in plants over multiple 

generations have not yet been documented 

properly. Therefore, we investigated the chronic 

effect of strontium-90 (Sr-90) and cesium-137 

(Cs-137) exposure on Lemna minor in two 

separate 6-week experiments. These radioactive 

isotopes are relevant because of their high, long-

lasting impact on the environment. In addition, 

they are commonly released during nuclear 

accidents, including the Chornobyl and Fukushima 

disasters (58-60).  

L. minor is an aquatic plant that mainly 

duplicates by division and has a rapid 

reproduction time of approximately 2.5 days (61). 

Since its genome has been fully sequenced 

recently, this organism also allows for the analysis 

of environmental effects on molecular levels such 

as the genetic and epigenetic level (4, 62). In 
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combination with its easy use and relatively small 

size, it is commonly used in laboratory 

experiments that involve toxicity testing and 

ecotoxicological research (63, 64).  

It was hypothesized that exposure to the 

Sr-90 and Cs-137 sources leads to notable 

phenotypic changes in L. minor, together with a 

disturbance of the redox balance. In addition, it 

was expected that photosynthetic activity will be 

altered and that methylation patterns will be 

affected. Eventually, this research will improve 

overall environmental risk assessment regarding 

ionizing radiation exposure by implementing the 

epigenetic layer. 

 

EXPERIMENTAL PROCEDURES 

Experimental setup – Lemna minor (serial 

number 1007 and ID number 5500) collected from 

a pond in Blarney, Co. Cork, Ireland, (University 

College Cork, Ireland) were utilized in this 

experiment (65). They were pre-cultured in 

blacked-out containers filled with  1/10 strength 

Hoagland solution. Square transparent Petri 

dishes were placed on top of the containers to 

limit evaporation and the deposition of 

particulates. These containers were stored in a 

controlled climate chamber (Microclima MC1000E, 

Snijders Scientific B.V., Tilburg, The Netherlands) 

with a 14 h photoperiod (photosynthetically active 

radiation (PAR) of 116 μmol m-2 s-1 at the leaf 

level)(supplied by three Sylvania BriteGro 

F36WT8/2084 lamps and one Philips MASTER TL-

D 90 De Luxe 36 W/950 1SL/10 lamp) with 65% 

humidity and a day/night temperature of 

22°C/18°C. 

At the start of the irradiation experiments, 60 

sterile 250 mL transparent Nalgene® pots (15 per 

condition), each containing 100 ml of fresh 

medium, were seeded with 7 mature plants that 

had 3-4 fronds. In addition, a sterilized red square 

of 1cm2 was added onto the medium as a 

reference to determine the growth. The pots were 

covered with a transparent and sterile Petri dish 

to minimize evaporation of the medium, while still 

allowing essential light transmission and 

exchange of atmosphere. During 6 weeks, the L. 

minor plants were chronically exposed to gamma 

radiation by a Sr-90 or Cs-137 source that was 

added to the growth medium. Different activity 

concentrations were applied: 40 Bq/L, 400 Bq/L, 

and 4,000 Bq/L for Sr-90 and 40 Bq/L, 400 Bq/L, 

and 40,000 Bq/L for Cs-137. All plants were 

continuously grown at 24°C and light was supplied 

by LED lights for a 14 h photoperiodic period with 

a PAR of 200 μmol m-2 s-1 at the leaf level. The 

pots were placed randomly in the climate chamber 

to ensure proper homogeneity for all conditions. 

Each week, seven mature plants were transferred 

from each pot to a new one with fresh medium. 

Phenotypic trait analysis –  Phenotypic 

changes were monitored for six weeks by taking 

top-view pictures on days 0, 2, 4, and 7. The pots 

were covered with a circular, sterile Petri dish to 

ensure an equal distance between the solution 

and the camera. The total surface frond area was 

determined using EasyLeafArea software and 

ImageJ. The red square method was applied to 

serve as a reference measurement. Afterwards, 

the mean frond area and average specific growth 

rate (ASGR) were calculated according to the 

OECD guidelines. 

Pigment analysis – Pigments were first 

extracted by adding dimethylformamide (DMF) in 

a ratio of 0.5ml/20mg fresh weight and incubating 

in the dark for 24h at 4°C. Afterwards, the 

absorbance was measured in triplicate (1:1, 1:2, 

and 1:4 dilution series) at wavelengths of 664, 

647, and 480nm. The absorbance values were 

corrected for the light path using factor 0.294. To 

determine the amount of chlorophyll A, 

chlorophyll B, and carotenoids, the following 

formulas were utilized respectively: Ca = 

11.65A664 – 2.69A647; Cb = 20.81A647 – 4.53A664; 

Cx+c = (1000A480 – 0.89Ca – 52.02Cb)/245. 

Photosynthetic activity – The photosynthetic 

activity was determined with the DUAL-PAM-100 

(Walz) and its accessory software. Prior to 

analysis, plants were left in the dark for 1h in a 

sterile 6-well plate filled with demineralized water. 

Then, the DUAL-PAM-100 was calibrated using a 

fluorescence standard. For each measurement, 

the cuvette was filled with demineralized water, 

and the Lemna were placed on top. Afterwards, 

the position of the LED array was adjusted to start 

the measurement. All measurements were 

performed in the dark using a green desk light. 

Gene expression analysis – First, specific 

primers were designed for every gene of interest. 

A detailed explanation of the primer design 

procedure and calculations is added in the 

supplementary material (method S1). 
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RNA was extracted to analyze gene 

expression levels. Initially, frozen plant samples 

of approximately 50 mg were shredded using a 

Mixer Mill MM 400 (Retsch) and 2.0 mm Zirconia 

(zirconium(IV)oxide) beads (BioSpec Products) 

for 3 min at 30 Hz. The RNeasy® Plant Mini Kit 

(Qiagen) was utilized to extract the RNA, applying 

the manufacturer’s instructions. Afterwards, RNA 

quality and quantity were determined 

spectrophotometrically at 230, 260, and 280 nm 

using the NanoDrop ND1000. The final RNA was 

then treated with the Invitrogen™ TURBO 

DNA-free™ kit (Thermo Fisher Scientific) to 

remove DNA contamination before converting it to 

cDNA using the PrimeScript 1st strand cDNA 

synthesis kit (TaKaRa Bio). The cDNA was then 

used to examine gene expression levels. The 

qPCR runs were performed with 96-well plates 

using the QuantStudio3 machine (Applied 

Biosystems) and the corresponding 

QuantStudio™ software. Each run contained 40 

cycles with the following program: 95°C for 5 

seconds, 60°C for 12 seconds. 

Glutathione measurement – For each 

condition in week 1, week 2, and week 6, 4 

biological replicates of approximately 100 mg 

were shredded similarly as for the gene 

expression analysis. 200 mM HCl was added to the 

samples to extract the glutathione, before 

centrifuging for 15 min. at maximum speed at 

4°C. Afterwards, 1/10 200 mM NaH2PO4 was 

added to the supernatant, and pH was adjusted to 

4-5 using a 200 mM NaOH solution. For measuring 

oxidized glutathione levels, 2-Vinylpyridine (2-VP) 

was subsequently added to the samples and 

incubated at room temperature for 30 min. Next, 

the 2-VP was precipitated by centrifuging for 15 

min. at maximum speed at 4°C. To determine 

total and oxidized glutathione levels, a reduced 

L-glutathione (GSH) and oxidized L-glutathione 

(GSSG) standard were prepared respectively. A 

master mix consisting of 200 mM NaH2PO4 – 

10mM EDTA, 10 mM NADPH, 12 mM DTNB in 

DMSO, and glutathione reductase was added to 

each well containing standard or sample to initiate 

the reaction. Samples were analyzed using the 

BioTek® PowerWave XS plate reader that 

measured the absorbance at 412 nm during 5 min 

16s with 39s intervals. Standards were analyzed 

in duplicate and samples is triplicate. Afterwards, 

the concentration of reduced glutathione was 

calculated by subtracting GSSG from total 

glutathione, taking into account that 1 GSSG is 

equivalent to 2 GSH. 

Statistical analysis – Statistical analysis was 

performed with RStudio 2022.02.2 build 485 

(version 4.1.0) and 2023.03.1 build 446 (version 

4.3.0). Normality was checked with a Shapiro-

Wilk test in combination with a Q-Q plot, and 

homoscedasticity was examined with a Bartlett 

test and Levene’s test. If assumptions were 

fulfilled, a two-way analysis of variance (ANOVA) 

was executed together with a posthoc Tukey HSD 

test. Otherwise, the non-parametric 

Kruskal-Wallis test was preferred in combination 

with a Wilcoxon pairwise comparison. 

 

RESULTS 

Phenotypic trait analysis – For the plants 

exposed to Cs-137, the mean frond area was 

calculated for each condition on days 0, 2, 4, and 

7 of each week (Fig. S1). Afterwards, the average 

specific growth rate (ASGR) was determined 

according to the OECD guidelines (Table 1). A 

comparison between week 1 and week 6 is shown 

in figure 1. The control plants showed no 

difference in growth when comparing week 1 and 

week 6. In week 1 and week 6, the plants exposed 

to 40 Bq/l showed a significantly higher ASGR 

compared to the control plants. A concentration of 

400 Bq/l did not affect ASGR in week 1. However, 

the plants exposed to 400 Bq/l showed a 

significantly higher ASGR compared to the 

unexposed plants in week 6. In contrast, exposure 

to the highest activity concentration of 40,000 

Bq/l led to a significantly low ASGR in both weeks. 

The ASGR for all other weeks is presented in figure 

S2. 

 

Week P-value 

1 P < 0.001 

2 P = 0.001 

3 P < 0.001 

4 P = 0.496 

5 P = 0.171 

6 P < 0.001 

Table 1: Effect of Cs-137 exposure on average specific 

growth rate (ASGR) in L. minor. P-values are shown for 

each week. Data are analyzed using a non-parametric 

Kruskal-Wallis test (α = 0.05). 
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Pigment analysis – The pigments chlorophyll 

A, chlorophyll B, and carotenoids were measured 

(data not shown). In the Sr-90 experiment, 

ionizing radiation had no significant effect on 

pigment concentration. Similarly, no significant 

differences were observed for either of the 

pigments in the Cs-137 experiment. However, a 

similar increase in pigment concentration was 

observed for chlorophyll B and carotenoids in 

week 2, both for Cs-137 exposed and control 

plants. 

Photosynthetic activity – The Cs-137 

experiment showed no significant effect of 

ionizing radiation on photosynthetic activity in L. 

minor (data not shown). 

Gene expression analysis – Primers were 

successfully designed for 9 genes of interest that 

are involved in either epigenetic regulation or 

maintaining the redox balance. The function of 

each gene, primer sequences, and associated 

efficiencies are shown in table 2. 

The qPCR results from the Sr-90 experiment 

are shown in figure 2. Expression of SRT1 was not 

significantly affected by Sr-90 exposure. 

However, the increase in expression observed in 

week 6 was borderline significant (p = 0.068). GR 

expression showed a clear decreasing trend in 

weeks 1-4. This trend is significant for week 1 (p 

= 0.017) and week 2 (p = 0.042), and borderline 

significant for week 3 (p = 0.096) and week 4 (p 

= 0.06). CMT3 expression also showed a 

decreasing trend, with a significant difference in 

week 2 (p = 0.043) and week 3 (p = 0.025). In 

contrast to the other weeks, in weeks 4 and 6, the 

decreasing trend is not visible. ROS1 expression 

was not affected by Sr-90 ionizing radiation 

exposure. The expression of MET1 showed a 

decreasing trend during the first 3 weeks. In week 

2 and week 3, the expression was significantly 

lowered with p-values of 0.033 and 0.029, 

respectively. For TERT expression, no trend 

appeared as a result of Sr-90 exposure. However, 

a significant effect was observed in week 3 (p = 

Name Function Primer sequences 
Primer 

efficiency 

DNA methyltransferase 
1 (MET1) 

Methylation 
maintenance 

ACGGCGAAGAAGCATAACCA 
103.27% 

GGAAGCACATGCCGACTTTG 

Chromomethylase 3 

(CMT3) 

Methylation 

maintenance 

AACCATTCGCTAGGCTCTGG 
100.06% 

TCGTCAGAACCCTGTCTTGC 

Repressor of silencing 1 
(ROS1) 

Demethylation 
ACCAGGCAACCTGTTTCTCC 

102.24% 
CTCTCATCGCCGTCCTACAA 

Sirtuin 1 (SRT1) 
Histone 

deacetylation 

GCGGTGGAGGGAAGATTGTA 
89.8% 

CACTAACCCGTGGATCACCAA 

Glutamate-cysteine 

ligase (GSH1) 

Glutathione 

biosynthesis 

AGTGGGCTCTCTTGGAGTTG 
106.95% 

TAATGCAAGACCGGCACGAA 

Glutathione synthetase 
2 variant 1 (GSH2.1) 

Glutathione 
biosynthesis 

GAAATGCTTTGCTGGGCTGTG 
98.68% 

TTGTTCCCTCCTCCTTCCCTT 

Glutathione synthetase 
2 variant 2 (GSH2.2) 

Glutathione 
biosynthesis 

TGCTTTGCTCCCTGTTTCGT 
97.07% 

TCCAAACTGACGCGATCCAC 

Glutathione reductase 
(GR) 

Glutathione 
metabolism 

GATCGAAGGTCGCGGAAAGA 
105.2% 

GCCGTCCACCAACAGAAATG 

Telomere reverse 
transcriptase (TERT) 

Telomere 
maintenance 

TCTCTGAAATGGTGGTCCCC 
126.06% 

TTTGGTGCTTCCCGAACTCA 

Fig. 1: Comparison of the L. minor ASGR for week 1 

and week 6 during chronic Cs-137 exposure. Data are 

presented as mean ±SD (n=15). Plants were cultured in 

growth medium and exposed to different activity 

concentrations of ionizing radiation from a Cs-137 source: 
0 Bq/l, 40 Bq/l, 400 Bq/l, and 40,000 Bq/l. Different letters 

indicate groups that are significantly different (p-value < 

0.05; Kruskal-Wallis test). Bq = Becquerel, l = liter 

Table 2: Genes of interest and their developed primer pairs. Primers were developed for 9 genes of interest. The gene’s 

name, function, primer sequences and primer efficiency are shown. DNA = deoxyribonucleic acid0 
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0.021). 2 genes involved in the glutathione 

metabolism, GSH2.1, and GSH2.2, showed no 

increasing or decreasing trend in their expression 

after exposure to Sr-90. Nevertheless, the 

expression of GSH2.2 was significantly affected in 

week 3 (p = 0.041). Finally, GSH1 expression 

showed an overall decreasing trend with a 

statistically significant effect in week 5 (p = 

Fig. 2: qPCR data representing changes in gene expression during chronic Sr-90 exposure. Data are presented as mean 

±SE (n=4). Plants were cultured in growth medium and exposed to different activity concentrations of ionizing radiation from a 
Sr-90 source: 0 Bq/l, 40 Bq/l, 400 Bq/l, and 4,000 Bq/l. Weeks with a significant effect of Sr-90 exposure on gene expression are 

indicated with an asterisk (p < 0.05, Kruskal-Wallis test). Bq = Becquerel, l = liter, SRT1 = sirtuin 1, GR = glutathione reductase, 

CMT3 = chromomethylase 3, ROS1 = repressor of silencing 1, MET1 = DNA methyltransferase 1, TERT = telomere reverse 

transcriptase, GSH2.1 = glutathione synthetase 2 variant 1, GSH2.2 = glutathione synthetase 2 variant 2, GSH1 = 

glutamate-cysteine ligase 
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0.045). In addition, weeks 2, 3 and 6 showed a 

borderline significant effect with p-values of 

0.051, 0.051, and 0.082, respectively. The 

outcome of the Wilcoxon pairwise comparison of 

the significant and borderline significant results 

reported above is shown in figure S3. 

Fig. 3: qPCR data representing changes in gene expression during chronic Cs-137 exposure. Data are presented as 

mean ±SE (n=4). Plants were cultured in growth medium and exposed to different activity concentrations of ionizing radiation 
from a Cs-137 source: 0 Bq/l, 40 Bq/l, 400 Bq/l, and 40,000 Bq/l. Weeks with a significant effect of Cs-137 exposure on gene 

expression are indicated with an asterisk (p < 0.05, Kruskal-Wallis test). Bq = Becquerel, l = liter, SRT1 = sirtuin 1, GR = 

glutathione reductase, CMT3 = chromomethylase 3, ROS1 = repressor of silencing 1, MET1 = DNA methyltransferase 1, TERT = 

telomere reverse transcriptase, GSH2.1 = glutathione synthetase 2 variant 1, GSH2.2 = glutathione synthetase 2 variant 2, GSH1 

= glutamate-cysteine ligase 



                           Senior internship- 2nd master BMW 

9 
 

The qPCR results of the Cs-137 experiment 

are presented in figure 3. SRT1 expression 

showed an increasing trend with raising 

concentrations throughout the 6 weeks, of which 

week 4 presented a significant effect (p = 0.039). 

No effect was observed for GR expression. 

Similarly, the expression of the genes involved in 

DNA methylation, CMT3, ROS1, and MET1, were 

not affected by Cs-137 exposure. In addition, 

TERT expression showed no change in response to 

Cs-137 irradiation, although a slightly increasing 

trend was noticed with increasing activity 

concentrations. For GSH2.1 expression, a clear 

increasing trend was observed with increasing 

concentrations. No significant values were 

reported, but week 1 and week 2 showed a 

borderline significant effect with p-values of 0.087 

and 0.053, respectively. In parallel, an increasing 

trend was observed for GSH2.2 expression. Here, 

a significant difference was found for week 1 (p 

=0.02), week 2 (p = 0.029), and week 4 (p = 

0.023). For both GSH2.1 and GSH2.2, the 

observed trend is less clear in week 6 compared 

to the other weeks. Lastly, no clear trend can be 

 

a b 

c d 

Fig. 4: Glutathione measurements for week 1, 2, and 6 during chronic Cs-137 or Sr-90 exposure in L. minor. Data are 

presented as mean ±SE (n=4). Plants were cultured in growth medium and exposed to different activity concentrations of ionizing 

radiation from a Cs-137 source: 0 Bq/l, 40 Bq/l, 400 Bq/l, and 40,000 Bq/l. (A) Total glutathione content; (B) Reduced glutathione 

content; (C) Oxidized glutathione content; (D) Percentage oxidized glutathione. Pmole = picomole, g = gram, FW = fresh weight, 

Bq = Becquerel, l = liter 
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identified for GSH1 expression. The outcome of 

the relevant Wilcoxon pairwise comparisons from 

the results mentioned above are presented in 

figure S4. 

Glutathione measurement – The levels of 

reduced, oxidized, and total glutathione were 

determined to reflect the effect of ionizing 

radiation exposure on the redox balance (Fig. 4). 

Total glutathione content was not significantly 

affected in the Sr-90 experiment. However, an 

attenuating, decreasing trend was observed 

during week 1 and week 2 when comparing 

exposed and control plant samples. A similar 

outcome was observed for the level of reduced 

glutathione. Oxidized glutathione levels remained 

relatively stable. Therefore, the percentage of 

oxidized glutathione showed an increasing 

tendency when the activity concentration raised in 

week 1 and week 2, but nowhere significant. For 

the Cs-137 experiment, total glutathione content 

showed a clear increasing trend. Reduced 

glutathione levels presented the same steady rise. 

In addition, oxidized glutathione content followed 

the same pattern. However, no significant results 

were noted for these measurements. The 

percentage of oxidized glutathione was constant 

during week 1 and week 2 while showing a non-

significant increase in week 6 after Cs-137 

exposure. 

 

DISCUSSION 

This study investigated the effect of chronic 

Sr-90 and Cs-137 ionizing radiation exposure on 

phenotypical and molecular parameters in L. 

minor. As mentioned before, these radionuclides 

were relevant due to their high, long-lasting 

impact and presence in nuclear accident releases 

(58-60). In addition, L. minor was an appropriate 

species for investigating chronic exposure 

consequences because of its asexual generation 

time of approximately 2.5 days (61). The length 

of 6 weeks for each experiment allowed us to 

investigate the effect of ionizing radiation over 

approximately 17 generations. For the Sr-90 

experiment, the lowest activity concentration was 

40 Bq/l. This concentration is currently present in 

Chornobyl and lies above the detection threshold 

(59). The activity concentration of 400 Bq/l and 

4,000 Bq/l each represented a ten-fold increase in 

exposure. Similarly, the Cs-137 experiment used 

40 Bq/l and 400 Bq/l as the lowest activity 

concentrations. The highest concentration of 

4,000 Bq/l was replaced by 40,000 Bq/l. Control 

plants were only exposed to background radiation 

levels in both experiments. Taken together, the 

experiment duration and applied activity 

concentrations of Sr-90 and Cs-137 have the 

potential to fill research gaps since few controlled 

experiments have investigated chronic low-dose 

ionizing radiation exposure (66). 

The mean frond area was calculated for each 

day of each week and each activity concentration 

of Cs-137 radiation. Afterwards, the average 

specific growth rate (ASGR) was calculated 

according to the OECD guidelines. A comparison 

of control plants between week 1 and week 6 

showed that the ASGR remained constant for 

weeks. However, taking into account the weeks in 

between highlighted some deviations in ASGR. 

Although significant according to statistical 

analysis, these changes might be attributable to 

biological variation. In addition, these variations 

might be caused by minimal changes in 

environmental parameters, such as temperature 

and light intensity, as described by Van Dyck et 

al. (67). As expected, the highest concentration of 

40,000 Bq/l caused a significant decrease in ASGR 

for most weeks, which was already clearly visible 

in week 1. This is consistent with previous 

research of the research group that showed 

similar effects. In contrast, the activity 

concentrations of 40 Bq/l and 400 Bq/l elevated 

ASGR, although this was not yet visible in week 1 

for 400 Bq/l. Growth of L. minor was stimulated 

by these low-dose exposures compared to the 

control plants in most weeks. This phenomenon 

where low levels of a harmful substance can 

improve the plant’s performance is called 

hormesis (68). Hormesis has already been 

regularly described in literature in relation to 

ionizing radiation exposure and plant growth 

improvement (69). Gudkov et al. summarized 

several studies that reported beneficial effects on 

plant growth in response to acute low-dose 

radiation exposure (70). In addition, Hong et al. 

showed that chronic low-dose exposure also 

positively affects growth in T. aestivum (71). 

Collectively, growth can be stimulated by both 

acute and chronic exposure to low-dose radiation 

sources. Due to time restrictions, the growth 

analysis for the Sr-90 experiment could not be 

included in this paper. 
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The three main pigments in plants, 

chlorophyll A, chlorophyll B, and carotenoids, 

were measured as an indicator of overall plant 

health and photosynthetic capacity (72). No 

significant differences were found for the Sr-90 

experiment. Besides, the reliability of these 

results is questioned since the measurements 

were not performed in 100% dark conditions. For 

the Cs-137 experiment, the workflow was 

completely according to the protocol, which 

makes those results reliable. Similar to the Sr-90 

experiment, no significant effect was observed in 

the Cs-137 experiment comparing exposed and 

control plants. However, chlorophyll B and 

carotenoid presence showed a slight increase in 

week 2. This is not due to the Cs-137 radiation 

since the control shows the same elevation. 

Another unknown factor may have led to this 

deviation. All other small differences, including 

those for chlorophyll A content, can probably be 

assigned to biological variation. Other studies 

found that relatively high concentrations of 

ionizing gamma radiation significantly decrease 

pigment concentrations (73, 74). For example, 

Marcu et al. reported a significant decrease in 

chlorophyll A, chlorophyll B, and carotenoid levels 

after gamma radiation exposure (75). For lower 

concentrations similar to the ones applied in this 

study, no significant effects have been reported in 

literature. 

No significant differences were observed 

between all conditions in the Cs-137 experiment. 

In contrast, low-dose ionizing radiation exposure 

has been repeatedly described in literature for its 

beneficial effects on photosynthetic capacity. 

Grinberg et al. found that photosynthesis was 

stimulated in tobacco plants after irradiation with 

a Sr-90 gamma source (76). 2 other studies found 

an increase in photosynthetic activity in A. 

thaliana when irradiated with a Cs-137 and 

Americium-241 (Am-241) source (77, 78). 

9 genes of interest were included in the gene 

expression analysis. 5 of these genes are active 

on different levels of epigenetic regulation. For 

example, SRT1 codes for one of the sirtuin 

proteins that change the structure of chromatin. 

Together with SRT2, this gene is the most 

important regulator of chromatin remodeling 

within the sirtuin family (35). It was aimed to 

include SRT2 in the gene expression analysis 

along with SRT1 to get a more complete 

understanding of the role of sirtuins in response 

to ionizing radiation in L. minor. However, primers 

could not be developed successfully for this gene. 

Besides the SRT1 gene, 3 genes involved in DNA 

methylation were included. MET1 and CMT3 are 

both responsible for methylation maintenance, 

while ROS1 demethylates DNA (20, 24). This 

combination allowed to observe disturbances in 

the methylation balance by including both sides of 

the methylation spectrum. In addition to these 

genes, DRM2 was also targeted since its function 

is de novo methylation (19). However, similar to 

SRT2, no functional primers were found for DRM2 

in L. minor. The next gene responsible for 

epigenetic regulation that was investigated in 

relationship to ionizing radiation exposure is 

TERT. As the catalytic subunit of telomerase, the 

protein that is derived from this gene plays a 

major role in its activity and functionality (37). 

Therefore, its expression can represent the ability 

of telomerase to perform epigenetic regulation of 

gene expression through the telomere positioning 

effect (36). The primer efficiency of TERT was 

126.06%, which is higher than the predetermined 

range. However, it was decided to utilize these 

primers since the other parameters were 

acceptable and TERT was expected to be 

expressed in low quantities (79). The last genes 

that were included in the gene expression analysis 

all play an important role in maintaining the redox 

balance. GSH1 catalyzes the following reaction: 

cysteine + glutamate → γ-glutamyl cysteine (Fig. 

S5). This reaction is highly dependent on cysteine 

availability and additionally expression of GSH1. 

Therefore, this step is considered the rate-limiting 

step in glutathione synthesis (80, 81). GSH2 

expression is also regulated strictly and 

upregulation can further enhance glutathione 

synthesis through the following reaction: 

γ-glutamyl cysteine + glycine → reduced 

glutathione. Both the GSH1 and GSH2 catalyzed 

reactions require ATP as substrate (80). Reduced 

glutathione is used to neutralize radicals that 

cause oxidative stress and disturb the redox 

balance (82, 83). Afterwards, GR can reduce the 

oxidized glutathione again using NADPH (84). The 

combination of these genes was included in the 

gene expression analysis to provide a clear 

overview of the effect of ionizing radiation on the 

glutathione metabolism in plants. Both variants of 

GSH2 that are found in A. thaliana were included. 
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GSH2.1 synthesizes glutathione primarily in 

chloroplasts, while GSH2.2 performs the synthesis 

in the cytosol (85, 86). 

The results of the gene expression analysis 

showed several clear trends and significant 

differences between exposed and control plants. 

Sr-90 exposure caused no notable effect on SRT1 

expression, while a clear increasing trend was 

visible with increasing activity concentrations of 

Cs-137 exposure. This trend was even significant 

in week 4, indicating that Cs-137 ionizing 

radiation exposure stimulates the expression of 

SRT1, leading to changes in chromatin structure. 

Members of the plant sirtuin protein family have 

not yet been described in literature in relationship 

with ionizing radiation, making these results the 

first of its kind. TERT expression showed no 

consistent increase or decrease in expression 

after Sr-90 exposure, although a significant effect 

was reported in week 3. Similarly for the Cs-137 

experiment, no statistical effects were observed, 

but a minimal, consistent incline was noticed. 

Taken together, TERT expression seems not 

affected by ionizing radiation. No literature was 

found about the effects of environmental stress on 

telomere length in plants. Sr-90 and Cs-137 

exposure had different outcomes on the 

expression of genes involved in DNA methylation. 

No effect was found on MET1, CMT3, and ROS1 

expression after exposure to Cs-137 radiation. In 

contrast, MET1 and CMT3 expression 

demonstrated a decreasing trend with higher 

activity concentrations after Sr-90 exposure. For 

both genes, this effect was significant in week 2 

and week 3. However, this trend became less 

clear towards the end of the experiment, which 

might be the result of adaptation from L. minor to 

radiation exposure. ROS1 expression was not 

affected by Sr-90 exposure and showed 

differences that are most likely attributable to 

biological variation, comparable with Cs-137. One 

other study measured CMT3 and ROS1 expression 

levels while investigating the effect of gamma 

radiation on DNA methylation in plants. It 

observed an increase in ROS1 expression and a 

decrease in CMT3 expression through applying 

doses of 5-200 Gray (87). In addition, Naydenov 

et al. and Yang et al. both reported that ROS1 is 

upregulated in response to several abiotic 

stresses (88, 89). The genes involved in 

maintaining the redox balance also showed 

different responses depending on the ionizing 

radiation source. Sr-90 exposure caused no 

increasing or decreasing trend in GSH2.1 and 

GSH2.2 expression. For the Cs-137 experiment, 

both GSH2.1 and GSH2.2 showed an increasing 

trend in expression with increasing activity 

concentrations, of which some differences were 

significant and some additional ones borderline 

significant. GSH1 expression was lower in plants 

that were exposed to Sr-90 compared with control 

plants, while its expression remained constant 

after Cs-137 exposure. Finally, GR expression 

showed a clear decreasing trend with some 

significant differences during the Sr-90 

experiment, while its expression was not altered 

by Cs-137 exposure. One other study exposed L. 

minor to a Sr-90 and Cs-137 source and executed 

an RNA sequencing analysis, including GSH2.1, 

GSH2.2, GSH1, and GR (4). These authors found 

no significant change in expression for those 

genes while applying higher doses of ionizing 

radiation. However, Cs-137 was applied externally 

in contrast with the internal contamination in the 

medium from this study. 

There is a clear difference between the 

expression of genes involved in DNA methylation 

and genes involved in maintaining the redox 

balance when comparing Sr-90 and Cs-137 as 

exposure. Analysis of the glutathione metabolism 

pathway may provide a plausible explanation for 

this observation. As mentioned, cysteine is 

needed in the synthesis process of glutathione. Its 

availability determines the amount of glutathione 

that is produced. Cysteine is synthesized from 

homocysteine, a molecule that is part of the 

methionine cycle together with 

S-Adenosylmethionine (SAM) and 

S-adenosylhomocysteine (SAH) (Fig. S6) (90). 

However, SAM also acts as an important methyl 

donor for DNA methylation genes, such as MET1 

(91). Under normal conditions, SAM can provide 

methyl groups and function as a precursor for 

cysteine. When plants are exposed to abiotic 

stress, the availability of SAM is hampered. In this 

study, it is suggested that Sr-90 exposure has 

shifted the SAM balance towards DNA 

methylation, while it was mainly used for the 

synthesis of glutathione during the Cs-137 

experiment. 

Reduced, oxidized and total glutathione 

levels were measured to analyze the effect of 
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ionizing radiation on the redox balance. 

Afterwards, the percentage of oxidized 

glutathione was calculated. No significant 

differences were found between exposed and non-

exposed plant samples for any of the measured 

parameters. This is attributable to the high 

variation caused by the low amount of replicates 

(n = 4). The results seemed to differ between 

Sr-90 and Cs-137 exposure. Glutathione 

measurements showed no differences for Sr-90, 

while they reported a steady rise for the Cs-137 

experiment. In addition, oxidized glutathione 

content was elevated in the Cs-137 experiment, 

while its levels remained consistent during the 

Sr-90 experiment. Finally, the percentage of 

oxidized glutathione was higher during week 1 

and week 2 for the Sr-90 experiment, while this 

effect was only observed during week 6 in the 

Cs-137 experiment. Increases in the GSH:GSSG 

ratio have already been observed in previous 

studies as a response to environmental stressors 

(92-95). In addition, increased glutathione 

accumulation in response to Cs-137 stress has 

been reported before (86). Moreover, Adams et 

al. showed that an increase in glutathione 

concentrations alleviates stress induced by 

ionizing radiation from a cesium source in A. 

thaliana (96). An elevated glutathione content 

caused by Cs-137 was also observed in L. minor 

in the study from Van Hoeck et al. (97). Taken 

together, glutathione concentrations in plants are 

frequently affected by ionizing radiation stress. 

The results of the glutathione measurement 

support the findings of the gene expression 

analysis. In the Sr-90 experiment, the biggest 

effect was noticed for the expression levels of 

genes involved in DNA methylation, while the 

genes involved in the glutathione metabolism 

were not affected. The measured glutathione 

levels complemented these data by remaining 

relatively constant or showing a minor decreasing 

trend. The Cs-137 experiment demonstrated the 

highest differences in gene expression for the 

genes involved in glutathione metabolism. This 

matches with the increasing trend that was found 

for the levels of total, reduced, and oxidized 

glutathione.  

 

CONCLUSION 

Ionizing radiation is known for its damaging 

effects on plants. In this study, it was investigated 

how chronic, multigenerational exposure to a 

Sr-90 and Cs-137 source affected epigenetic 

regulatory mechanisms by analyzing expression 

levels of relevant genes. In addition, these 

findings were coupled with measurements of 

glutathione levels that reflected the redox status. 

Phenotypic trait analysis showed clear 

consequences of exposure to Cs-137 for 6 weeks. 

Moreover, this study showed beneficial growth 

effects after low-dose exposure, which supports 

the hypothesis of hormesis. Sr-90 exposure 

mainly affected the expression of genes involved 

in DNA methylation, while Cs-137 exposure 

mostly altered the expression of genes that are 

essential in glutathione synthesis.  Comparable 

with these results, glutathione levels remained 

relatively stable after Sr-90 exposure, while a 

clear increasing trend in glutathione content was 

observed after Cs-137 exposure. Taken together, 

these results suggest that defense mechanisms 

against chronic, multigenerational ionizing 

radiation exposure focus on 2 key modes of 

action, depending on the exposure source. On the 

one hand, the upregulation of epigenetic 

mechanisms, such as DNA methylation. On the 

other hand, the increase of the antioxidant 

capacity through glutathione synthesis to fight 

oxidative stress. This supports the hypothesis that 

SAM plays a role in the response to chronic 

ionizing radiation stress over numerous 

generations. The importance of SAM as a 

regulating and deciding molecule still needs to be 

further investigated. Besides these key 

mechanisms, multiple other ways of coping with 

radiation stress are probably active. Further 

research is needed to complete the overview of 

processes that are activated in plants in response 

to ionizing radiation exposure. 
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SUPPLEMENTARY MATERIAL 

 
Method S1: Primer design 
 

The qPCR primers for the selected genes of interest were developed using the following procedure: The 
protein structure of each gene of interest was identified in The Arabidopsis Information Resource (TAIR), 
a public database for Arabidopsis thaliana. Afterwards, this protein structure was blasted against a L. 
minor protein database that was previously constructed by the research group. This blast was performed 
with the National Center for Biotechnology Information (NCBI) Genome Workbench software. The best 
match in the L. minor database was identified and linked to the corresponding gene sequence. This 
sequence was then used together with the L. minor database to develop primer pairs with the NCBI 

Primer-BLAST tool. Before blasting, primer parameters were adjusted for the qPCR design: Melting 
temperature was set at 56°C - 64°C for optimal specificity, product length was adjusted to 80 – 160 
base pairs. Finally, the generated primer pairs were judged on their characteristics. Primer length should 
be between 18 and 24 base pairs, guanine/cytosine (G/C) content should be between 40% and 60%, a 
3’ G/C clamp of 1-3 base pairs was preferred, and primer location should be as close to the 3’ end as 

possible. The 2 best primer pairs were selected and tested with a 1/3 serial dilution of stocked cDNA. 

The resulting Ct-values were divided by the logarithm of the concentration. The slope of the associated 

trendline was then used to calculate the primer efficiency using the following formula: (10−
1

𝑆𝐿𝑂𝑃𝐸) -1. 

Primers with values between 80% and 120% were considered efficient. 
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Figure S1: Frond area of L. minor on day 0, 2, 4, and 7 for all 6 weeks during chronic Cs-137 exposure. Data are 

presented as mean ±SD (n=15). Plants were cultured in growth medium and exposed to different activity concentrations of 

ionizing radiation from a Cs-137 source: 0 Bq/l, 40 Bq/l, 400 Bq/l, and 40,000 Bq/l. (A) Day 0; (B) Day 2; (C) Day 4; (D) Day 7. 

Cm = centimeter, Bq = Becquerel, l = liter 
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Figure S2: Comparison of the L. minor ASGR for all 6 weeks after Cs-137 exposure. Data are presented as mean ±SD 

(n=15). Plants were cultured in growth medium and exposed to different activity concentrations of ionizing radiation from a Cs-
137 source: 0 Bq/l, 40 Bq/l, 400 Bq/l, and 40,000 Bq/l. Different letters indicate groups that are significantly different (p-value 

< 0.05; Kruskal-Wallis test). Bq = Becquerel, l = liter 
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Figure S3 A-F: Comparison of the effect from the different concentrations of chronic Sr-90 exposure on changes in 

gene expression. Data are presented as mean ±SE (n=4). Plants were cultured in growth medium and exposed to different 

activity concentrations of ionizing radiation from a Sr-90 source: 0 Bq/l, 40 Bq/l, 400 Bq/l, and 4,000 Bq/l. (A) SRT1, week 1; 

(B) GR, week 1;(C) GR, week 2; (D) GR, week 3; (E) GR, week 4; (F) CMT3, week 2. P-values are shown above the brackets and 

considered significant if smaller than 0.05 (Wilcoxon pairwise comparison) Bq = Becquerel, l = liter 



                           Senior internship- 2nd master BMW 

24 
 

 

 

g h 

i j 

k l 

Figure S3 G-L: Comparison of the effect from the different concentrations of chronic Sr-90 exposure on changes in 

gene expression. Data are presented as mean ±SE (n=4). Plants were cultured in growth medium and exposed to different 

activity concentrations of ionizing radiation from a Sr-90 source: 0 Bq/l, 40 Bq/l, 400 Bq/l, and 4,000 Bq/l. (G) CMT3, week 3; 
(H) MET1, week 2; (I) MET1, week 3; (J) TERT, week 3; (K) GSH2.2, week 3; (L) GSH1, week 2. P-values are shown above the 

brackets and considered significant if smaller than 0.05 (Wilcoxon pairwise comparison) Bq = Becquerel, l = liter 
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Figure S3 M-O: Comparison of the effect from the different concentrations of chronic Sr-90 exposure on changes in 

gene expression. Data are presented as mean ±SE (n=4). Plants were cultured in growth medium and exposed to different 

activity concentrations of ionizing radiation from a Sr-90 source: 0 Bq/l, 40 Bq/l, 400 Bq/l, and 4,000 Bq/l. (M) GSH1, week 3; 

(N) GSH1, week 5; (O) GSH1, week 6. P-values are shown above the brackets and considered significant if smaller than 0.05 

(Wilcoxon pairwise comparison) Bq = Becquerel, l = liter 
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Figure S4: Comparison of the effect from the different concentrations of chronic Cs-137 exposure on changes in 

gene expression. Data are presented as mean ±SE (n=4). Plants were cultured in growth medium and exposed to different 

activity concentrations of ionizing radiation from a Cs-137 source: 0 Bq/l, 40 Bq/l, 400 Bq/l, and 40,000 Bq/l. (A) SRT1, week 4; 

(B) GSH2.1, week 1;(C) GSH2.1, week 2; (D) GSH2.2, week 1; (E) GSH2.2, week 2; (F) GSH2.2, week 4. P-values are shown 

above the brackets and considered significant if smaller than 0.05 (Wilcoxon pairwise comparison) Bq = Becquerel, l = liter 
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Figure S5: Overview of the glutathione synthesis pathway. Cysteine, 

glutamate, and glycine are required to synthesize glutathione. The first, rate-

limiting step is catalyzed by GSH1. The second step is catalyzed by GSH2. GR 

converts oxidized glutathione back to reduced glutathione. GSH1 = 

glutamate-cysteine ligase, GSH2 = glutathione synthetase 2, GR = glutathione 

reductase 
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Figure S6: Link between glutathione synthesis and DNA methylation. SAM functions as a precursor of cysteine and is an 

important methyl group donor required for DNA methylation. SAM = S-adenosylmethionine, SAH = S-adenosylhomocysteine, CH3 

= methyl group 


