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Abstract: Chronic ionising radiation exposure is a main consequence of radioactive pollution of the
environment. The development of functional genomics approaches coupled with morphological
and physiological studies allows new insights into plant adaptation to life under chronic irradiation.
Using morphological, reproductive, physiological, and transcriptomic experiments, we evaluated the
way in which Arabidopsis thaliana natural accessions from the Chernobyl exclusion zone recover from
chronic low-dose and acute high-dose γ-irradiation of seeds. Plants from radioactively contaminated
areas were characterized by lower germination efficiency, suppressed growth, decreased chlorophyll
fluorescence, and phytohormonal changes. The transcriptomes of plants chronically exposed to low-
dose radiation indicated the repression of mobile genetic elements and deregulation of genes related
to abiotic stress tolerance. Furthermore, these chronically irradiated natural accessions showed higher
tolerance to acute 150 Gy γ-irradiation of seeds, according to transcriptome and phytohormonal
profiles. Overall, the lower sensitivity of the accessions from radioactively contaminated areas to acute
high-dose irradiation may come at the cost of their growth performance under normal conditions.

Keywords: RNA sequencing; chlorophyll fluorescence; radioadaptation; radioecology; low-dose
radiation; chronic irradiation; plant radiobiology

1. Introduction

Ionising radiation (IR) is an abiotic stress factor whose relevance in the modern
biosphere is determined mainly by anthropogenic activity, including nuclear tests, disasters
at nuclear power plants (NPPs), mining, and radioactive waste. The biological effects of
chronic radiation exposure are of utmost interest [1–3] since chronic long-term irradiation
is the main consequence of radioactive pollution of the environment. Areas contaminated
after radiation disasters represent unique sites for studying the influence of heterogenic
chronic irradiation on plant populations in their natural environment.

IR is a genotoxic factor that can directly damage DNA and other biomolecules, or
trigger indirect damage through radiolysis of cellular water and extensive production of
reactive oxygen species (ROS). Several recent reviews describe in detail the effects of IR
on plants [4–6]. Constant genotoxic exposure and increased levels of mutagenesis may
speed up the microevolution of plant populations growing in radioactively contaminated
areas. The adaptation to IR of chronically irradiated species can be tested in laboratory-
controlled conditions using either acute or chronic radiation exposure. The development
of “omics” approaches and the extension of genomic databases alleviate application of
modern molecular tools to the radioecology field [7]. The use of model species remains a
standard for genomic research and can provide deeper insights into the molecular changes
under adverse environmental conditions.
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One of the main sites for investigating chronic radiation exposure is the Chernobyl
exclusion zone (CEZ), where populations of plants and animals have been studied since the
explosion at the nuclear power plant in 1986. Some of that research includes populations
of the model plant Arabidopsis thaliana L. which is considered as a radioresistant species
(LD50 exceeds 600 Gy) [8]. A. thaliana natural accessions inhabiting a 30 km radius of the
Chernobyl NPP were analysed for the frequency of embryonic lethal mutations in 1987 and
1988, and the plots that retained high levels of radioactive contamination long after the
initial exposure had a higher frequency of mutant plants [9]. Progeny of plants collected
from 1986 to 1992 resisted higher concentrations of mutagens having more than 10-fold
lower frequency of extrachromosomal homologous recombination and a higher level of
global genome methylation [10]. However, a later work showed a decrease in the level of
genome-wide DNA methylation following an increasing dose rate for A. thaliana plants
sampled in Chernobyl in 2016 [11]. However, chronic radiation exposure did not influence
growth parameters or the cellular antioxidant status of shoots in the progeny of Chernobyl
A. thaliana plants grown under normal conditions [12]. Interestingly, another Chernobyl
natural accession was more tolerant to cadmium treatment, as reflected by proteomic
alterations of energy production and ascorbate–glutathione cycle [13].

However, the information regarding functional changes in A. thaliana accessions
growing under chronic irradiation for decades is still incomplete. Plant genomic data from
the Chernobyl zone is still scarce, and the microevolution processes in this radioactively
contaminated area remain to be explored. It is still unclear if life in these heterogeneous
chronic radiation exposure conditions may lead to an increase in radioresistance of the
organisms. In this work, we applied transcriptomic, reproductive, and physiological
approaches for evaluating the way in which A. thaliana natural accessions from CEZ recover
from chronic low-dose and acute high-dose γ-irradiation of seeds and if these accessions
can be considered better adapted to additional radiation exposure.

2. Results
2.1. Arabidopsis Natural Accessions in the Chernobyl Exclusion Zone

Seeds of A. thaliana plants were collected at three experimental plots (Figure 1) in the
Polesye State Radiation-Ecological Reserve (Khoiniki, Gomel Region, Republic of Belarus)
in June 2019. The sampling details are provided in Table S1. For each plot, between 10
and 20 whole dry shoots with ripened seeds were combined as a single accession. Soils of
experimental plots were podzolic with slopes in a range of 0–15%, and the levels of available
potassium (Table 1) ranged from low (Babchin) to insufficient (Vygrebnaya Sloboda and
Masany) [14], which may facilitate the accumulation of caesium in tissues of plants from
radioactively contaminated plots [15]. The experimental plots had rather different levels of
radioactive contamination (Table 2).

Babchin plot (accession Bab-0) was used as a reference because of almost background
radiation levels. The Vygrebnaya Sloboda plot (accession VS-0) had relatively low levels
of contamination, and the Masany plot (accession Masa-0) was the most contaminated
(Table 2). Part of the collected seeds was further γ-irradiated at a dose of 150 Gy (dose rate
460 Gy × h−1). All seeds were germinated and grown on half-strength MS media under
controlled conditions. Hereinafter, these natural accessions will be referred to as Bab-0,
VS-0, and Masa-0, respectively, and all assays involving seeds or seedlings will be referred
to as reference, recovery from chronic low-dose (LD), or recovery from acute high-dose
(HD) radiation exposure. Germination rates, chlorophyll fluorescence, and transcriptional
profiles of seedlings of additionally irradiated (acute exposure) and non-irradiated (chronic
exposure) seeds were analysed.
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Figure 1. Map of the experimental plots (Babchin, Vygrebnaya Sloboda, and Masany) located in the
Polesye State Radiation-Ecological Reserve (Khoiniki, Gomel Region, Republic of Belarus) where A.
thaliana Bab-0, VS-0, and Masa-0 natural accessions, respectively, were collected. The dose rates are
represented in Table 1. The map was created using Google Maps (Google LLC, Mountain View, CA,
USA), and adapted with Microsoft PowerPoint 2019 (Microsoft Corporation, Albuquerque, NM, USA).

Table 1. Soil properties of the experimental plots.

Experimental Plot
(Natural

Accession)

pH HA TEB Humus Av. P2O5 Av. K2O Av. Ca Av. Mg Av. Na

mg-eqv per 100 g % mg/kg mg-eqv per 100 g

Babchin (Bab-0) 6.61 6.4 6.1 ± 0.7 1.17 ± 0.01 210.7 ± 5.2 91.0 ± 1.0 3.41 ± 0.20 0.85 ± 0.02 0.61 ± 0.04

Vygrebnaya
Sloboda (VS-0) 6.33 ± 0.02 4.3 1.1 ± 0.1 0.60 ± 0.02 47.2 ± 0.6 19.0 ± 0.1 1.06 ± 0.08 0.23 ± 0.01 0.71 ± 0.01

Masany (Masa-0) 5.50 ± 0.01 3.8 1.0 ± 0.4 1.59 ± 0.02 54.5 ± 0.4 16.9 ± 0.2 1.16 ± 0.07 0.35 ± 0.01 0.61

Note: HA—hydrolytic acidity; TEB—total exchangeable bases; Av.—available.

Table 2. The levels of radioactive contamination at the experimental plots.

Experimental Plot
(Natural Accession)

Ambient Dose
Rate (γ)

α-Particles Flux
Density

β-Particles Flux
Density

Activity of 137Cs
in Soil

Activity of 90Sr
in Soil

µSv × h−1 min−1 × cm−2 Bq × kg−1

Babchin (Bab-0) 0.33 1.2 1.2 126 ± 4.5 9.9 ± 1.6

Vygrebnaya Sloboda
(VS-0) 0.60 17.0 5.2 1074 ± 31 16.3 ± 2.7

Masany (Masa-0) 3.76 25.3 21.3 11,510 ± 294 233.8 ± 35.4

2.2. Germination Dynamics Analysis

Germination dynamics was assessed by analysing time, rate, homogeneity, and syn-
chrony parameters. Germination percentage (expressed as the percent ratio of the number
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of germinated seeds to the total seeds sown) showed significant differences between
the chronically irradiated accessions VS-0 and Masa-0 and the reference accession Bab-0
(Figure 2A). Seeds from radioactively contaminated plots showed significantly lower ger-
minability (−41% for Masa-0 and −34% for VS-0) than seeds from the Babchin reference
plot. Germinability assessed by days revealed that the difference between the natural
accessions become evident on the 3rd day. Acute exposure to 150 Gy increased Bab-0
seeds germination (+17%), which became significantly different on the 5th day (Figure 2B).
Interestingly, the acute γ-irradiation of seeds from contaminated CEZ areas had no impact
on germinability, although in general it did not exceed 40% after 6 days for both acutely
and chronically irradiated seeds (Figure 2B).
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Germination Rate Index [16], which represents the total number of germinated seeds 
at the end of the test divided by the mean germination time, was significantly lower for 
seeds of accessions VS-0 (−43%) and Masa-0 (−48%) compared to Bab-0 (Figure 2C). Alto-

Figure 2. (A). Germinability, %, of seeds collected from the Babchin (Bab-0), Masany (Masa-0),
Vygrebnaya Sloboda (VS-0) plots. (B). Germinability (%, at days 2–6 after seed transfer to the growth
chamber. Bab-0 (Background), Masa-0 (Chronic LD) and VS-0 (Chronic LD)—seeds collected from the
experimental plots Babchin, Masany, and Vygrebnaya Sloboda, respectively; Bab-0 (Acute HD), Masa-
0 (Acute HD) and VS-0 (Acute HD)—seeds collected from the experimental plots and exposed to
acute γ-irradiation at a dose of 150 Gy. (C). Germination Rate Index, seed× days−1, of seeds collected
from Babchin (plot with background radiation level) and radioactively contaminated plots Masany
and Vygrebnaya Sloboda. (D). A. thaliana plants from the experimental plots. The graphs were
created using RStudio v1.4 (R-Tools Technology, Richmond Hill, ON, Canada). Data are presented
for two independent experiments with four biological replicates in each (20 seeds per replicate
for each accession). *—significant differences at p < 0.05 ((A,C)—Kruskal–Wallis test with Dunn’s
test using the Holm–Bonferroni correction for multiplicity; (B)—irradiated compared to control,
Mann–Whitney U-test).

Germination Rate Index [16], which represents the total number of germinated seeds at
the end of the test divided by the mean germination time, was significantly lower for seeds
of accessions VS-0 (−43%) and Masa-0 (−48%) compared to Bab-0 (Figure 2C). Altogether,
we observed lower responsiveness to acute high-dose IR of both accessions coming from
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chronically irradiated areas (VS-0 and Masa-0), while a small hormetic effect was evidenced
on Bab-0 seeds.

2.3. Leaf Area Analysis

Next, we evaluated the leaf area of 11-day-old seedlings of the three Chernobyl
accessions. Chronically exposed Masa-0 and VS-0 accessions showed a significantly smaller
leaf area (−39% and −55%, respectively) than Bab-0 (Figure 3). However, after acute
high-dose γ-radiation exposure, the mean leaf area of Bab-0 seedlings was significantly
decreased (−46%, compared to non-irradiated Bab-0), while no significant change was
detected for both VS-0 and Masa-0 (Figure 3). These results indicate that the small hormetic
effect on Bab-0 seed germination after acute IR exposure is in detriment of leaf area, while
both Masa-0 and VS-0 accessions show a significantly lower IR sensitivity.
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Figure 3. Mean leaf area of one plant (cm2) measured on the 11th day of cultivation for four
biological replicates (up to 20 plants per replicate). “Control” represents plants from untreated seeds
of accessions Bab-0 (Background), Masa-0 (Chronic LD), VS-0 (Chronic LD). “Irradiation“ represents
plants grown from seeds exposed to acute γ-irradiation at a dose of 150 Gy (Acute HD). Significant
difference with exact p-values (Mann–Whitney U-test) are denoted by asterisk. The graphs were
created using RStudio v1.4 (R-Tools Technology, Richmond Hill, ON, Canada).

2.4. Photosynthetic Parameters

Fv/Fm ratio provides an estimate of the maximum quantum efficiency of PSII pho-
tochemistry. In plants recovering from chronic IR exposure, the median values of this
parameter were significantly lower than those of the reference Bab-0 accession, which can
be associated with stress response and a decrease in photosynthetic intensity [17]. VS-0
plants showed significantly lower values of Fm′ and higher of qL (coefficient of photochem-
ical fluorescence quenching) compared to Bab-0 plants (Figure 4), which together with a
decrease in Fv/Fm suggested a more oxidized state of QA (i.e., higher fraction of open
centres) [18], accompanied with a higher efficiency of non-photochemical quenching [19],
pointing to the lower photosynthetic efficiency in this accession.
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Figure 4. Parameters of photosynthetic activity of 17-day-old plants, grown from untreated seeds of
accessions Bab-0 (Background), Masa-0 (Chronic LD), VS-0 (Chronic LD). Fluorescence was measured
on the 17th day of cultivation in three plants per replicate for three biological replicates. Significant
differences with exact p-values (Mann–Whitney U-test) are denoted by asterisk. The graphs were
created using RStudio v1.4 (R-Tools Technology, Richmond Hill, ON, Canada).

Photosynthetic parameters reflect the overall physiological condition of plants in the
extreme environment [20], and chronic radiation exposure can influence them in a species-
specific way [3]. Significant photosynthetic changes after acute high-dose γ-irradiation of
seeds were found only for Bab-0 plants (Figure 5, measurements for other accessions are
provided in Table S2). Maximum fluorescence levels Fm and Fm′ in the dark-acclimated
and light-exposed samples, respectively, as well as the minimal fluorescence yield in light-
exposed leaves F0′ were significantly higher in plants developed from acutely irradiated
Bab-0 seeds (Figure 5), probably pointing to slight stimulation of photosynthesis after
acute irradiation.
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Figure 5. Chlorophyll fluorescence of juvenile Bab-0 plants, measured on the 17th day of cultivation
in three plants per replicate for three biological replicates. “Control”—plants grown from untreated
Bab-0 (Background) seeds; “Irradiation”—plants grown from seeds exposed to acute γ-radiation at a
dose of 150 Gy, Bab-0 (Acute HD). Significant differences with exact p-values (Mann–Whitney U-test)
are denoted by asterisk. The graphs were created using RStudio v1.4 (R-Tools Technology, Richmond
Hill, ON, Canada).

2.5. Phytohormone Measurements

Since phytohormones mediate a wide range of adaptive responses to stressors, includ-
ing chronic irradiation, abscisic acid (ABA), zeatin (cytokinin), salicylic acid, indole-3-acetic
acid (IAA), and indole-3-butyric acid (IBA), concentrations and their ratios were assessed
using high-performance liquid chromatography (HPLC; Figures 6 and 7).
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Figure 6. Median values of concentrations of five phytohormones (ABA—abscisic acid (A); IAA—
indole-3-acetic acid (B); IBA—indole-3-butyric acid (C); salicylic acid (D); zeatin (E)) measured on
17th day in plants grown from seeds of Bab-0, VS-0, and Masa-0 accessions. Dots—control plants
grown from seeds collected from the experimental plots with background or low-dose chronic
irradiation and not exposed to acute γ-irradiation; triangles—plants grown from seeds exposed to
acute γ-irradiation at a dose of 150 Gy. Phytohormones were measured in two technical replicates of
2–4 biological replicates composed by a pool of 10 plants each. Significant differences (Mann–Whitney
U-test) between non-treated and acutely irradiated plants are denoted by * p < 0.050; # p = 0.052. The
graphs were created using RStudio v1.4 (R-Tools Technology, Richmond Hill, ON, Canada).

ABA is considered as the main phytohormone controlling signaling pathways involved
in the response to biotic and abiotic stress factors. The HPLC analysis revealed that ABA
concentrations in A. thaliana plants increased after acute γ-irradiation in all the samples
(Figures 6A and 7A).

Auxins and cytokinins belong to growth-promoting hormones. Zeatin, a representative
of the cytokinin class, regulates the cell cycle, cell division, and the development of the
shoot apical meristem. Auxins control plant tropisms, extensional growth, and development
of the root meristem [21]. The concentrations of zeatin and IAA were higher in VS-0 and
Masa-0 plants recovering from chronic IR in comparison to Bab-0 (Figure 6). While IAA
increased +346% for Masa-0, and +68% for VS-0 (Figure 6B), zeatin increased +91% and
+51%, respectively (Figure 6E). Conversely, zeatin and IAA concentrations reduced in Masa-0
and VS-0 plants recovering from acute high-dose γ-irradiation in comparison to their control
counterparts. IAA decreased−86% for Masa-0, and−81% for VS-0 (Figures 6B and 7A), while
zeatin decreased −67% and −29%, respectively (Figures 6E and 7A). These concentrations
almost did not change between acute-irradiated and control Bab-0 plants. Unlike IAA,
the concentration of IBA in Bab-0 plants was threefold the value of IBA in samples after
γ-irradiation (0.12 and 0.04 µM, respectively) (Figure 6C).
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Figure 7. (A)—Percentage change in phytohormonal content of acutely irradiated plants to control
samples (background Bab-0, chronically irradiated VS-0 and Masa-0). Values <0 denote a decrease
in the phytohormone concentration, and >0 show an increase as a result of acute γ-irradiation at a
dose of 150 Gy. (B)—Phytohormonal ratios of acutely irradiated samples to the same ratio of control
samples (background Bab-0 and chronically irradiated VS-0 and Masa-0). Values <1 denote a decrease
in the phytohormonal ratio as a result of acute γ-irradiation at a dose of 150 Gy, and values >1 show
an increase. IBA—indole-3-butyric acid, IAA—indole-3-acetic acid, SA—salicylic acid, ABA—abscisic
acid. The graphs were created using RStudio v1.4 (R-Tools Technology, Richmond Hill, ON, Canada).

Salicylic acid is a key phytohormone involved in the plant immunity. In our study, the
maximum salicylic acid concentrations were observed in Bab-0 plants from the background
conditions, and were much lower in samples from radioactively contaminated plots (−87%
for Masa-0 and −95% for VS-0, compared to Bab-0) (Figure 6D).

Verma et al. [22] highlighted the significance of crosstalk between different hormones
in generating a sophisticated and efficient stress response. Therefore, we evaluated the
ratios of IAA/IBA, salicylic acid/IAA, zeatin/salicylic acid, IAA/zeatin and ABA/zeatin
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as a result of acute γ-irradiation (Figure 7B). All the analysed ratios showed a clear differen-
tiation between the radioactively contaminated plots and the plot with normal radioactive
background. The only exception was the ABA/zeatin ratio, which significantly increased
as a result of γ-irradiation in samples of all the studied plots, reflecting ABA accumulation
and growth retardation after irradiation.

2.6. Differential Gene Expression Analysis of Control-Grown Chernobyl Natural Accessions

Because both VS-0 and Masa-0 accessions have been experiencing chronic radiation expo-
sure for decades, we compared their transcriptome profiles to the reference Bab-0 (Figure 8).
In the accession from the less contaminated plot (VS-0, Figure 8A), 452 differentially
expressed genes (DEGs) were identified, of which 186 were upregulated and 266 were
downregulated (log2FC ≥ |2|). The highest log2FCs were registered for AT3G42723 (ATP
binding protein), AT4G36140 (disease resistance protein), AT3G44070 (glycosyl hydrolase
family 35 protein), AT2G29300 (NAD(P)-binding Rossmann-fold superfamily protein),
and AT5G66052 (transmembrane protein) (Table S3). The lowest log2FCs were found for
AT3G61030 (calcium-dependent lipid-binding family protein), AT5G17890 (DA1-related
4 protein), AT2G41440 (agamous-like MADS-box protein), AT5G17880 (disease resistance-
like protein), and AT1G23915 (hypothetical protein) (Table S3). Next, Gene Ontology (GO)
enrichment analysis was performed in order to understand if the observed responses
were related to common regulatory pathways (Table 3). Functional enrichment was only
found among downregulated genes for VS-0 accessions recovering from chronic irradiation
(Table 3 and Table S4, Figures S1 and S2). Significant GO enrichment was found mainly
for the protein phosphorylation processes and responses to abiotic and biotic stressors.
Enrichment in Molecular Function categories included protein serine/threonine kinase
activity, ADP and ATP binding, calcium ion binding.
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Figure 8. Overview of differential gene expression of 13-day-old A. thaliana seedlings recovering from
chronic radiation exposure ((A). VS-0, and (B). Masa-0) in comparison to the background reference
accession Bab-0. Log2FC—logarithm of gene expression fold change. All plants were grown under
control conditions, pooled leaf sample from a Petri dish was used as a biological replicate. Two
replicates per condition were used for RNA sequencing. The graphs were created using the edgeR
Package for RStudio v1.4 (R-Tools Technology, Richmond Hill, ON, Canada). Graphical changes were
made with Microsoft PowerPoint 2019 (Microsoft Corporation, Albuquerque, NM, USA).
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Table 3. Set of enriched GO terms in the chronically irradiated A. thaliana natural accessions VS-0
and Masa-0 in comparison with the reference accession Bab-0.

Chronically Irradiated Accession VS-0

GO Terms Up/Downregulated Genes p-Value

Molecular Function

protein serine/threonine kinase activity
(GO:0004674) Down 3.9 × 10−6

ADP binding (GO:0043531) Down 3.9 × 10−6

ATP binding (GO:0005524) Down 3.8 × 10−4

calcium ion binding (GO:0005509) Down 3.9 × 10−2

Biological Process

protein phosphorylation (GO:0006468) Down 1.2 × 10−6

defence response to bacterium (GO:0042742) Down 5.6 × 10−3

systemic acquired resistance (GO:0009627) Down 3.0 × 10−3

signal transduction (GO:0007165) Down 2.6 × 10−3

response to ozone (GO:0010193) Down 2.6 × 10−3

response to chitin (GO:0010200) Down 1.0 × 10−2

positive regulation of innate immune response
(GO:0045089) Down 1.0 × 10−2

response to UV-B (GO:0010224) Down 1.7 × 10−2

Chronically Irradiated Accession Masa-0

GO Terms Up/Downregulated Genes p-Value

Molecular Function

ADP binding (GO:0043531) Up 2.3 × 10−4

protein serine/threonine kinase activity
(GO:0004674) Down 4.8 × 10−2

carbohydrate binding (GO:0030246) Down 4.8 × 10−2

In comparison to the reference Bab-0, 222 DEGs were identified in A. thaliana seedlings
recovering from the chronic irradiation at the most contaminated plot Masany (Masa-0,
Figure 8B). Among them, 156 genes were upregulated, and 66 genes were downregulated.
The highest levels of differential expression were found for AT1G14250 (probable apyrase 5),
AT5G35480 (hypothetical protein), AT2G29300 (NAD(P)-binding Rossmann-fold superfam-
ily protein), AT4G19500 (disease resistance protein), and AT2G27402 (plastid transcription-
ally active protein) (Table S3). Among the 66 downregulated genes, the strongest responses
were observed for the genes AT1G25083 (glutamine amidotransferase type 1 family pro-
tein), AT1G23915 (hypothetical protein), AT2G41440 (agamous-like MADS-box protein),
AT1G15640 (transmembrane protein), and AT3G53840 (wall-associated receptor kinase-like
15) (Table S3). Enriched GO terms in Masa-0 seedlings recovering from chronic IR exposure
were related to ADP binding (upregulated genes), protein serine/threonine kinase activity,
and carbohydrate binding (downregulated genes) (Tables 3 and S4, Figures S3 and S4).

In order to understand if common response patterns could be identified between
the accessions from chronically irradiated plots, we compared overlapping responses be-
tween the DEGs. In total, VS-0 and Masa-0 lines had 105 shared DEGs, of which 88 were
upregulated and 32 downregulated (Table S3). According to the GO annotation, the com-
monly regulated genes were mostly related to phytohormonal responses, transcriptional
and translational control (including long non-coding RNAs (lncRNA)), defence responses,
oxidation–reduction processes, signal transduction, and plant development. However,
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there were no enriched GO terms among the control-grown VS-0 and Masa-0 overlapping
genes, which may suggest that they are under unique developmental programs, although
using a common set of regulators.

2.7. Differential Gene Expression Analysis of Chernobyl A. thaliana Accessions Recovering from
Acute High-Dose γ-Irradiation

Next, we asked whether the accessions chronically exposed to IR in the CEZ would
show different transcriptome profiles in response to acute high-dose γ-irradiation. There-
fore, we subjected Bab-0, VS-0 and Masa-0 seeds to 150 Gy γ-irradiation, and analysed the
transcriptional profiles of 13-day-old recovering seedlings in comparison to their respective
non-irradiated counterparts (Figure 9).
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Figure 9. Overview of differential gene expression for additionally irradiated seedlings of A. thaliana
selected from three experimental plots ((A)—Bab-0, (B)—VS-0, (C)—Masa-0) in comparison with the
same accessions without acute irradiation. Log2FC—logarithm of gene expression fold change. The
graphs were created using the edgeR Package for RStudio v1.4 (R-Tools Technology, Richmond Hill,
ON, Canada). Graphical changes were made with Microsoft PowerPoint 2019 (Microsoft Corporation,
Albuquerque, NM, USA).

Recovering plants from the non-contaminated Bab-0 accession had 276 upregulated
and 202 downregulated DEGs after γ-irradiation of seeds (Figure 9A, Table S5). Among
the upregulated ones, the strongest responses were observed for AT3G12230 (serine
carboxypeptidase-like 14), AT1G65483 (hypothetical protein), AT2G28680 (RmlC-like cu-
pins superfamily protein), and AT1G28650 (GDSL-like lipase/acylhydrolase superfamily
protein). The most downregulated genes were AT1G33280 (NAC domain containing pro-
tein 15), AT1G05660 (pectin lyase-like superfamily protein), AT4G19770 (glycosyl hydrolase
family protein with chitinase insertion domain), and AT3G58060 (cation efflux family pro-
tein). No DNA repair-related genes were identified among the DEGs. Overall, enriched
GO terms were related to stress (including oxidative damage), hormone response, and
developmental processes, besides involving cellular components such as cell wall and
membranes (Table S6), both among up- and downregulated genes.

Interestingly, the highest number of DEGs after γ-irradiation of seeds were identified
for the VS-0 recovering seedlings from the low contaminated CEZ plot, with 671 genes in
total (Figure 9B). Of those, 360 were upregulated and 311 were downregulated (Table S5).
The most upregulated genes included AT3G60120 (beta glucosidase 27), AT1G35320 (un-
known protein), AT1G65483 (unknown protein), AT3G25180 (cytochrome P450), and the
most downregulated ones included AT1G52820 (2-oxoglutarate and Fe(II)-dependent oxy-
genase superfamily protein), AT5G06900 (cytochrome P450), AT1G15540 (2-oxoglutarate
and Fe(II)-dependent oxygenase superfamily protein), AT4G11310 (papain family cysteine
protease). Two DNA helicases involved in repair processes were identified: AT1G09995,
induced by the treatment, and AT5G43530, repressed. The enriched GO terms for VS-0 and
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Bab-0 seedlings recovering from acute high-dose IR exposure were similar, both among
up- and downregulated genes (Table S6), comprising elements involved in stress response,
hormone signaling, and cellular components such as membranes and cell wall.

Significantly fewer DEGs were identified in seedlings of the accession Masa-0 from
the heavily contaminated plot during their recovery from the acute γ-irradiation of seeds
(Figure 9C), with 33 upregulated and 13 downregulated (Table S5) genes. Among the
most upregulated genes were AT5G49420 (MADS-box transcription factor family protein),
AT1G15640 (unknown protein), AT5G14160 (F-box family protein), and AT4G37990 (elicitor-
activated gene 3-2). The strongest repression levels were observed for AT2G27402 (un-
known protein), AT2G29000 (leucine-rich repeat protein kinase family protein), AT3G61030
(calcium-dependent lipid-binding family protein), AT3G62460 (putative endonuclease or
glycosyl hydrolase). All of Masa-0 enriched GO terms were among the upregulated genes
(Table S6); however, as for Bab-0 and VS-0, they comprised stress and hormone response
pathways, along with cell wall component.

Next, we searched for common response patterns on seedlings recovering from acute
γ-irradiation of seeds across the three Chernobyl natural accessions in order to identify
unique and common profiles among the IR-sensitized (VS-0 and Masa-0) and non-sensitized
(Bab-0) accessions (Figure 10). Twenty DEGs were shared among all experimental plots
(Table S5), nineteen of which were induced and one was repressed. Among them were
genes related to antioxidant defence and oxidation–reduction processes (GSTU3, GSTU12,
MSRB7, AT1G13340, SRG1, GSTF7, NEET), transcription factors (AT5G49420, ATMYB2,
WRKY75), stress response (PYD4, AT1G74010), mucilage biosynthetic process (AT3G10320),
and defence response (CAD8, PMEI10, SBT3.3, XTH25, KTI1, PR1, ACA12).
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Figure 10. Unique and common responses to acute irradiation of seeds (150 Gy) for seedlings of
A. thaliana from the CEZ. (A)—upregulated genes; (B)—downregulated genes. The graph was created
using the Microsoft PowerPoint 2019 (Microsoft Corporation, Albuquerque, NM, USA).

Seedlings of the accessions Bab-0 and VS-0 had similar transcriptional profiles after
acute γ-irradiation of seeds (Tables 4 and S6, Figures S5–S16). Common GO terms include
responses to ROS, salicylic acid, jasmonic acid, ABA, peroxidase activity and heme binding,
defence responses to bacteria and fungi, responses to wounding, salt stress, hypoxia,
metabolism of hydrogen peroxide and metabolism of cell wall components, including
xyloglucans, suberin, and lignin.
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Table 4. The selected enriched GO terms for the seedlings of acutely irradiated seeds in comparison
with seeds of the same accession without additional irradiation.

Acutely Irradiated Plants of the Accession Bab-0

GO Terms Up/Downregulated Genes p-Value

Molecular Function

glutathione transferase activity (GO:000258) Up 2.6 × 10−4

kinase activity (GO:0016301) Up 3.5 × 10−4

xyloglucan: xyloglucosyl transferase activity (GO:0016762) Up 2.3 × 10−3

oxidoreductase activity, act. on a sulphur group of donors
(GO:0016667) Up 4.3 × 10−2

hydrolase activity, hydrolysing O-glycosyl compounds
(GO:0046527) Up/Down 2.4 × 10−2/2.9 × 10−2

peroxidase activity (GO:0004601) Down 9.9 × 10−5

heme biding (GO:0020037) Down 2.1 × 10−4

copper ion binding (GO:0005507) Down 2.8 × 10−3

oxidoreductase activity, oxidizing metal ions (GO:0016722) Down 2.4 × 10−3

Biological Process

response to toxic substance (GO:0009636) Up 9.5 × 10−6

response to salicylic acid (GO:0009751) Up 8.3 × 10−5

toxic catabolic process (GO:0009407) Up 4.4 × 10−5

defence response to bacterium (GO:0042742) Up 4.0 × 10−5

response to wounding (GO:0009611) Up 2.5 × 10−5

response to jasmonic acid (GO:0009753) Up 1.5 × 10−4

xyloglucan metabolic process (GO:0010411) Up 8.8 × 10−3

response to virus (GO:0009615) Up 6.3 × 10−3

response to abscisic acid (GO:0009737) Up 6.0 × 10−3

defence response to fungus (GO:0050832) Up 1.6 × 10−3

oxidation-reduction process (GO:0055114) Up/Down 2.7 × 10−2/1.9 × 10−6

leaf senescence (GO:0010150) Up 2.4 × 10−2

response to salt stress (GO:0009651) Up 1.4 × 10−2

response to water deprivation (GO:0009414) Up 1.7 × 10−2

suberin biosynthetic process (GO:0010345) Down 1.4 × 10−6

hydrogen peroxide catabolic process (GO:0042744) Down 4.5 × 10−5

response to oxidative stress (GO:0006979) Down 5.7 × 10−4

root morphogenesis (GO:0010015) Down 2.7 × 10−4

lignin metabolic process (GO:0009808) Down 5.2 × 10−3

plant-type cell wall organization (GO:0009664) Down 4.1 × 10−3

Cellular Component

plasma membrane (GO:0005886) Up 8.0 × 10−4

apoplast (GO:0048046) Up 2.7 × 10−3

integral component of membrane (GO:0016021) Up 1.3 × 10−3

cell wall (GO:0005618) Up 1.1 × 10−2

extracellular region (GO:0005576) Down 5.2 × 10−5
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Table 4. Cont.

Acutely Irradiated Plants of the Accession VS-0

GO Terms Up/Downregulated Genes p-Value

Molecular Function

xyloglucan: xyloglucosyl transferase activity (GO:0016762) Up 2.2 × 10−3

peroxidase activity (GO:0004601) Down 3.6 × 10−8

heme binding (GO:0020037) Down 3.8 × 10−6

quercetin 3-O-glucosyltransferase activity (GO:0080043) Down 3.8 × 10−2

quercetin 7-O-glucosyltransferase activity (GO:0080043) Down 3.8 × 10−2

symporter activity (GO:0015293) Down 2.7 × 10−2

Biological Process

response to jasmonic acid (GO:0009753) Up 3.9 × 10−6

defence response to fungus (GO:0050832) Up 3.3 × 10−6

response to salicylic acid (GO:0009751) Up 1.7 × 10−6

defence response to bacterium (GO:0042742) Up 1.4 × 10−5

response to reactive oxygen species (GO:0000302) Up 6.3 × 10−4

response to salt stress (GO:0009651) Up 5.2 × 10−3

xyloglucan metabolic process (GO:0010411) Up/Down 4.8 × 10−3/3.0 × 10−2

cellular calcium ion homeostasis (GO:0006874) Up 3.0 × 10−3

lignin metabolic process (GO:0009808) Up/Down 3.8 × 10−2/1.1 × 10−2

response to abscisic acid (GO:0009737) Up 1.3 × 10−2

toxin catabolic process (GO:0009407) Up 1.2 × 10−2

hydrogen peroxide metabolic process (GO:0042744) Down 7.6 × 10−7

oxidation-reduction process (GO:0055114) Down 5.8 × 10−5

response to hypoxia (GO:0001666) Down 1.9 × 10−4

response to oxidative stress (GO:000513) Down 5.1 × 10−3

plant type cell wall organization (GO:0009664) Down 2.2 × 10−3

root morphogenesis (GO:0010015) Down 3.0 × 10−2

phenylpropanoid biosynthetic process (GO:0009699) Down 3.0 × 10−2

cellular response to starvation (GO:0009267) Down 2.6 × 10−2

Cellular Component

cell wall (GO:0005618) Up/Down 3.5 × 10−6/7.6 × 10−6

plasma membrane (GO:0005886) Up 4.5 × 10−3

extracellular space (GO:0005615) Down 3.3 × 10−2

Acutely Irradiated Plants of the Accession Masa-0

GO Terms Up/Downregulated Genes p-Value

Biological Process

innate immune response (GO:0045087) Up 2.7 × 10−3

regulation of growth (GO:0040008) Up 1.7 × 10−3

hormone-mediated signaling pathway (GO:0009755) Up 1.2 × 10−2

defence response to another organism (GO:0098542) Up 1.4 × 10−2

Cellular Component

cell wall Up 3.5 × 10−2
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Compared to the other plots, few enriched GO terms were revealed for the seedlings
of Masa-0 accession (Tables 4 and S6, Figures S17 and S18). Those included immunity and
phytohormone-related responses. All additionally irradiated plants showed enrichment in
terms associated with cell wall (Table 4).

The analysis of overlapping DEGs (Figure 10) revealed no GO terms were enriched
among the overlapping DEGs of three accessions recovering from acute γ-irradiation of
seeds. However, GO enriched terms were found among the overlap between Bab-0 and
VS-0 (Figure 10). Among upregulated genes, these two accessions shared several enriched
terms including “Response to oxidative stress, “Response to jasmonic acid”, “Jasmonic
acid hydrolase”, “Xyloglucan:xyloglucosyl transferase activity”. Enriched GO terms for
downregulated overlapping genes included “Hydrogen peroxide catabolic process”, “Root
morphogenesis”, “Stem cell population maintenance”, “Cell wall”. The complete list of
enriched GO terms is provided in Table S6.

Overall, these results suggest that both Bab-0 and VS-0 seedlings adopt similar strate-
gies for coping with the acute high-dose irradiation of seeds. Furthermore, it is possible
that Masa-0 accession, which derives from plants that were exposed to a higher degree of
chronic IR at the CEZ, tolerates higher levels of seeds γ-irradiation, which could reflect an
adaptation process. Interestingly, among the 21 Masa-0-specific DEGs, 10 were also found
during the recovery from chronic radiation exposure, but with an opposite expression
pattern (Table 5).

Table 5. Unique DEGs in accession Masa-0 from the most contaminated plot in response to acute and
chronic irradiation.

Gene Description Acute Irradiation 1 Chronic Irradiation 2

log2FC

AT4G05235 Long non-coding RNA 10.77 −8.45

AT1G15640 Transmembrane protein 7.93 −8.59

AT5G14160 F-box family protein 7.28 −7.58

AT3G21330 Basic helix–loop–helix (bHLH) DNA-binding superfamily
protein 4.00

AT5G18010 SAUR-like auxin-responsive protein family 3.10

AT5G39860 Basic helix–loop–helix (bHLH) DNA-binding family protein 2.74

AT5G18050 SAUR-like auxin-responsive protein family 2.63

AT1G52400 Beta glucosidase 18 2.47

AT5G18080 SAUR-like auxin-responsive protein family 2.39

AT5G18030 SAUR-like auxin-responsive protein family 2.39

AT3G09960 Calcineurin-like metallo-phosphoesterase superfamily protein 2.31 −2.80

AT3G57520 Seed imbibition 2 −2.14

AT3G30775 Proline oxidase −2.17

AT5G41080 PLC-like phosphodiesterases superfamily protein −2.45

AT1G02820 Late embryogenesis abundant 3 (LEA3) family protein −2.61

AT4G04223 Other RNA −2.90 4.90

AT3G60950 C2 calcium/lipid-binding
endonuclease/exonuclease/phosphatase −4.80 −2.67

AT3G62460 Putative endonuclease or glycosyl hydrolase −4.82 4.68

AT3G61030 Calcium-dependent lipid-binding (CaLB domain) family protein −4.93 −2.88

AT2G29000 Leucine-rich repeat protein kinase family protein −8.74 8.74

AT2G27402 Hypothetical protein −8.97 12.56
1 Acute irradiation—comparison of transcriptomes of 150 Gy-irradiated Masa-0 plants vs. Masa-0 plants without
additional irradiation. 2 Chronic irradiation—comparison of transcriptomes of Masa-0 plants without additional
irradiation vs. Bab-0 background plants without additional irradiation.
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3. Discussion

A. thaliana is an annual plant, which means that at least 35 generations have passed
since Chernobyl NPP explosion in 1986. Although the radiation levels continuously de-
crease due to the radioactive decay, the development under chronic IR exposure supposedly
left traces in the genome of studied species, either at genetic or epigenetic levels. Since
chronic radiation exposure is a genotoxic factor which is also able to provoke oxidative
stress at the cellular level, one might expect changes over time in the fine tuning of DNA
repair and ROS balancing. Antioxidant responses were indeed identified in our earlier
studies [3,23]. However, we also discovered strong transcriptional activation of plant innate
immune responses after irradiation, which can be associated with the cell wall damage
by gamma quanta and electrons during radiation exposure. Analysis of reproductive,
physiological, and transcriptional responses of the model plant A. thaliana can reveal new
adaptive reactions of plants to chronic IR, since A. thaliana genome is annotated significantly
better than genomes of other plant species.

3.1. Growth and Physiological Responses of Chernobyl Accessions to Chronic and Acute Irradiation

Under control conditions, the natural accessions from radioactively contaminated
areas, VS-0 and Masa-0, had suppression in germination (Figure 2) and growth (Figure 3)
efficiencies when compared to the reference accession, Bab-0. The quantum efficiency of
open photosystem II centres (Fv/Fm) was also significantly lower in VS-0 and Masa-0
(Figures 4 and 5), suggesting the repression of photosynthetic capability, which may be
reflected as growth retardation. The changes in phytohormonal balance (Figures 6 and 7) are
also of outmost importance for plant growth performance under stress conditions [24,25].
A survey including 30 different A. thaliana ecotypes showed that plant stress response
was often associated with an increase in the ABA/cytokinin ratio [26]. We also observed
an increase of ABA/zeatin ratio for chronically irradiated accessions (Figure 7B), which
may point to stress responses. The same authors showed that cytokinin levels can be
used as an ecotype classifier [15], and in our study, zeatin concentrations in Masa-0 and
VS-0 plants recovering from chronic irradiation were higher than those in the reference
Bab-0 accession (Figure 6), indeed suggesting that Chernobyl A. thaliana accessions are
substantially different from each other.

In order to understand if microevolutionary processes in the Chernobyl exclusion
zone led to an increase in tolerance to radiation exposure, we applied acute γ-radiation
(150 Gy) to seeds of Chernobyl natural accessions and evaluated seedling recovery using
germination, photosynthesis, and transcriptomic analyses. In comparison to untreated
seeds, a hormetic effect after acute γ-irradiation of Bab-0 reference seeds was observed
by a better germination rate (Figure 2A), but at the cost of seedling leaf area (Figure 3).
These plants also showed slightly higher photosynthetic activity (Figure 4). Conversely,
no significant changes were observed for either Masa-0 or VS-0 after acute γ-irradiation,
despite their naturally poor germinability and smaller leaf area (Figures 2 and 3), which
may be considered as a sign of radioadaptation. Indeed, in natural plant populations inhab-
iting polluted areas, adaptation to adverse conditions can be associated with deteriorated
performance in normal conditions, while their increased fitness becomes evident under
stress exposure [27]. Significant photosynthetic changes after acute high-dose γ-irradiation
of seeds were found only for Bab-0 plants (Figure 5, Table S2). It has been hypothesized that
the modulation of photosynthetic parameters may overlap with IR responses due to the
necessity of controlling the levels of ROS [3,28]. While ROS are naturally produced during
cell metabolism and especially photosynthesis, under IR exposure their levels increase. This
finding also suggests a higher degree of IR tolerance of both VS-0. and Masa-0 accessions,
as they were photosynthetically unresponsive to acute high-dose irradiation.

Phytohormonal changes were observed in all additionally irradiated accessions. The
ratio IAA/IBA decreased for both chronically irradiated accessions after additional acute
irradiation (Figure 7B) accompanied with a decrease in auxin concentrations, especially
IAA (Figure 6). Decreased levels of active IAA in certain stress conditions can increase
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plant stress tolerance through growth inhibition [29]. The decrease in IBA content as an
IAA precursor may be triggered by stress-induced ROS overproduction, which promotes
conjugation of IBA and glucose, subsequently decreasing the levels of IAA [30,31]. In-
creased IAA concentrations in Bab-0 plants may therefore reflect more limited ability of
this accession for adaptation to high-dose radiation exposure.

In addition, in Bab-0 plants recovering from acute γ-irradiation, zeatin concentrations
did not change while they considerably decreased in Masa-0 and VS-0. The ABA/zeatin
ratio, on the other hand, increased after acute γ-irradiation in all the samples, and to a
higher degree in Masa-0 plants. An increase in the ABA to CKs ratio is linked to stomatal
aperture size regulation, and it is frequently associated with plant response to stress
factors [26,32]. Cytokinins crosstalk with ABA functions in drought and salinity stress
responses [22,33]. There is evidence that mutual regulation mechanisms exist between the
cytokinins and ABA metabolism, and signals regulating plant growth and development [33].
All cytokinin-deficient plants with reduced levels of various cytokinins exhibited a strong
abiotic stress-tolerant phenotype that was associated with increased cell membrane integrity
and ABA hypersensitivity [33]. Therefore, the decrease in zeatin concentrations in natural
accessions VS-0 and Masa-0 and increased ABA/CKs ration may reflect an ability to better
tolerate additional radiation exposure.

3.2. Transcriptional Responses of Natural Accessions Recovering from Chronic Radiation Exposure

Significant transcriptomic differences among the natural accessions recovering from
chronic IR exposure (Masa-0 and VS-0) were scored in comparison to the reference Bab-
0. While the GO enrichment analysis suggested that VS-0-recovering plants showed a
stress-response profile, which included responses to ROS, such enrichment was not evident
in Masa-0 seedlings. The 105 overlapping genes between VS-0 and Masa-0 (Table S3)
which most likely reflect adaptive responses to chronic irradiation exposure were also not
significantly enriched in specific pathways. This observation suggests that these accessions
may be under different developmental programs, and that recovery from chronic low-dose
irradiation may not rely on specific pathways, but rather on distinct regulatory elements.
Such a pattern has been noticed also for Scots pine and Capsella bursa-pastoris chronically
exposed to IR [3,34]. Nevertheless, among the overlapping genes were those related to
phytohormonal responses, gene expression control, immune responses, antioxidant system,
and plant development. Among the strongest responses observed, upregulated AT2G29300
encodes putative tropinone reductase, and overexpression of this gene was observed in
the leaves of A. thaliana subjected to combination of drought and heat stress [35]. Its
orthologue in Brassica napus, BnTR1, is related to transpiration, while overexpressing plants
show increased transpiration rate and enhanced low temperature tolerance under freezing
conditions [36]. Downregulated AT1G23915 encodes an unknown protein, the sequence of
which resembling, according to the Protein BLAST, the MULE transposase domain.

Specific groups of genes of interest can be identified in the set of commonly regulated
DEGs between VS-0 and Masa-0, such as defence responses, deregulation of cytochromes,
glycosyl hydrolases, set of F-box proteins, regulators of programmed cell death, and various
long non-coding RNAs. In order to exclude the influence of environmental factors, we
ran an analysis of this set using Genevestigator platform (https://genevestigator.com/,
accessed on 3 November 2022) that revealed similarities with experiments related to
drought responses, and, specifically, to caesium (data deposited under accession num-
ber PRJNA99145) and γ-irradiation [37]. The lower potassium levels in radioactively
contaminated soils (Table 1) can, in fact, contribute to a higher caesium accumulation in the
plants as a result of reduced competition during root uptake [15].

Overall, these findings confirm earlier works where the modulation of mobile genetic
elements and induction of genes related to abiotic stress tolerance were found under chronic
radiation exposure [3,34].

https://genevestigator.com/
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3.3. Transcriptional Responses of Natural Accessions to Acute Radiation Exposure

In order to identify common regulators that could play a role on the recovery from
acute γ-irradiation, and for evaluating if the radioactive contamination history of natu-
ral accessions would impact on the response levels, we first evaluated the overlapping
genes among 150 Gy-irradiated Bab-0, Masa-0, and VS-0 plants having as reference their
respective non-acutely irradiated counterparts. Interestingly, the overlap between the
three accessions was low, with only 20 DEGs related to antioxidant defence, general stress
response pathways, and cell wall responses. They may represent markers for recovery
from acute γ-irradiation, but also suggest that the control of oxidative stress damage may
be a long-lasting process and that persistently elevated levels of ROS can occur long after
radiation exposure [38].

The low overlap between the three accessions was mainly due to accession Masa-0
that had fewer DEGs and a different expression profile (Figure 8, Table 4). This observa-
tion may indicate that this natural accession has become somewhat insensitive to high
γ-radiation levels, as also suggested by phenotypic parameters (Figures 2B and 3). The 21
Masa-0-specific DEGs may also reflect essential regulatory elements for a stress-primed
organism. Interestingly, among them, 10 were also deregulated on Masa-0 plants recover-
ing from chronic radiation exposure when compared to the background reference Bab-0,
but with an opposite expression pattern (Table 5). These data confirmed our previous
findings [34] that acute and chronic irradiations often trigger opposite transcriptional re-
sponses patterns. Among these 21 unique DEGs, especially relevant seems upregulation
of stress-responsive bHLH transcription factor AT5G39860, which has a regulatory role in
gibberellin-dependent development [39], rapidly responds to shade [40] and to hydrogen
peroxide [41]. Downregulated AT3G30775 encodes for proline oxidase ProDH1, which is
repressed by osmotic stress [42]. Deficiency in this enzyme leads to prolonged accumula-
tion of proline during stress [43], while free proline takes part in antioxidant defence and
stress signaling [44]. The calcium/lipid-binding endonuclease/exonuclease/phosphatase
AT3G60950 is known to interact with Tdp1 proteins, which are involved in DNA repair [45].
Other Masa-0-specific genes deregulated during the recovery from the acute γ-irradiation
may also reflect the hormonal imbalance in these plants, such as AT1G15640, which encodes
auxin and cytokinin cross-talk component [46], and SAUR-like auxin-responsive proteins
AT5G18010, AT5G18050, AT5G18080, AT5G18030 that play a central role in auxin-induced
acid growth [47,48].

On the contrary, seedlings of background reference Bab-0 and VS-0 accession from the
plot with low level of contamination had similar transcriptional responses to acute high-dose
irradiation. Their transcriptional profiles had 248 commonly regulated DEGs (Table S5). Such
an overlap was also reflected by the enrichment of GO terms, which included responses
to ROS, salicylic acid, jasmonic acid, ABA, peroxidase activity, defence responses, and
metabolism of cell wall components (Tables 4 and S6). The higher overlap between Bab-0
and VS-0 transcriptional profiles to acute γ-irradiation also indicates that differences in soil
composition are not the main driver of the response patterns observed in this work, since
Masa-0 and VS-0 were characterized by more similar soil conditions (Table 1).

All plants recovering from acute γ-irradiation showed enrichment in terms associated
with cell wall (Table 4). Cell wall modifications were evident for several transcriptomic
profiles of other plants after irradiation [3,23,34], suggesting that penetration of the cell wall
by γ-quantum and particles can induce responses similar to wounding of pathogen attack.

4. Conclusions

Studies of microevolutionary consequences of chronic radiation exposure for plant
populations remain important in the light of development of new nuclear technologies,
radionuclide remediation strategies, and space research. In this work, we observed that
A. thaliana natural accessions from the Chernobyl exclusion zone had worse growth per-
formance than the background accession. The growth differences were accompanied by
changes in phytohormonal balance and chlorophyll fluorescence parameters. However, ac-
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cessions from the radioactively contaminated plots demonstrated lower sensitivity to acute
high-dose γ-irradiation of seeds, which may reflect an adaptive process after generations
of chronic radiation exposure. Transcriptional profiles indicated a clear difference between
the expression pattern of plants recovering from chronic or acute radiation exposure. The
accession Masa-0 from the plot with high level of heterogenous radioactive contamination
had few differentially expressed genes after acute γ-irradiation of seeds, showing more
specific response to γ-irradiation and being probably adapted to higher doses of exposure.
Ongoing study of specific single nucleotide polymorphisms may help to uncover the source
of such adaptation.

Transcriptional responses of A. thaliana to chronic and acute irradiation are in good
agreement with transcriptional studies of other plant species, suggesting opposing response
patterns to acute and chronic irradiation, and important roles of antioxidant system, chap-
erones, cell wall responses, and mechanisms of DNA protection in withstanding ionising
radiation stress. Since ionising radiation triggers continuous primary and secondary ROS
production, damages DNA, membranes, and proteins, the activation of abovementioned
defence systems can ensure the success of plant populations in radioactively contaminated
areas and provide the direction of candidate gene search for space missions, where high
radiation load is expected.

5. Materials and Methods
5.1. Sampling in the Chernobyl Exclusion Zone

Seeds of naturally growing A. thaliana plants were collected at three experimental plots
on the territory of Polesye State Radiation-Ecological Reserve (Khoiniki, Gomel Region,
Republic of Belarus) with different radioactive contamination levels in June 2019 (Figure 1).
Each accession was composed by a pool of 10–20 plants harvested in each plot. The
Babchin plot (accession Bab-0) was used as reference because of the background level of
radioactivity. Vygrebnaya Sloboda (accession VS-0) was considered as low-contaminated
plot, and Masany (accession Masa-0) as the most contaminated plot. Photos of experimental
plots are provided in Figures S19–S21. The weather conditions during sampling varied as
following: ambient temperature—from 29.5 ◦C to 34.0 ◦C, relative humidity—from 48%
to 50%. There was no precipitation during sampling and a week before in the area. The
experimental plots were similar (open areas, uniform insolation).

The radiological parameters of the experimental plots are given in Table 1. The α-
and β-particles flux densities (min−1 × cm−2) were determined at the levels of 0.2 cm
from the ground as well as ambient dose rate measurement (µSv × h−1) were determined
on a distance of 1 m from the surface and any surrounding subjects using a dosimeter-
radiometer MKS-02SA1 (SNIIP, Moscow, Russian Federation). The relative error of dose
rate and flux densities measurements did not exceed 20%.

At each plot, we collected soil samples for the assessment of physical and chemical
properties, radionuclide content, and heavy metal contamination. The soil was collected
by “envelope” method, taking 15 cm of samples from the corners and the centre of a
rectangular area (1 × 2 m) inside the plot and mixing them into a pooled sample. In the soil
samples, in accordance with the ISO standard for soil quality (ISO/TC 190) we analysed
pH, hydrolytic activity, K, P, and Ca contents, cation exchange capacity, and humus content
(Table S1).

Total concentrations of heavy metals (Cd, Cu, Co, Ni, Cr, Mn, Pb, Zn, As, Mo) (Table S1)
were measured in the soil samples using plasma optical emission spectrometer (ICP-OES,
Varian, Mulgrave, Australia) in accordance with the ISO 11,047 standard, as previously
described [34].

The active concentrations of 137Cs were measured with a γ-spectrometer CANBERRA
(Atlanta, Georgia, USA) with a coaxial semiconductor Ge (Li) detector and an extended
energy range. To determine 90Sr activity in soil, radiochemical method was used.
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5.2. Acute γ-Irradiation of Seeds

To identify a presumable radioadaptation of A. thaliana populations from plots with
different levels of radioactive contamination, the seeds were exposed to acute γ-radiation
at a dose of 150 Gy [49] using scientific irradiation facility «GUR-120» (Russian Institute
of Radiology and Agroecology, Obninsk, Russian Federation), 60Co, with a dose rate of
460 Gy × h−1. For phytohormonal, morphological, and reproductive assessments, two
independent experiments were carried out with four biological replicates per plot (20 seeds
per replicate) in each.

5.3. Growth Conditions and Germination Assay

The seeds were planted for germination after stratification at 4 ◦C for 7 days. Half-
strength solid (0.5% agar) Murashige–Skoog nutrient medium (supplemented with 0.3%
sucrose) was used to grow seedlings of A. thaliana. Seed germination was carried out in a
plant growth chamber SANYO MLR-351H (SANYO Electric Co., Ltd., Osaka, Japan) under
the following conditions: long daylight hours (16 h light/8 h darkness), temperature of
+21 ◦C, relative humidity—55%, the density of the photosynthetic photon flux—80 µmol
photons m−2 × s−1.

Seed germination was assessed as endosperm rupture and visible radicle emergence
during the first 6 days after transfer to the plant growth chamber.

Germination parameters were calculated using the Germinationmetrics package v0.1.3
for RStudio v1.4 using data from a partial germination count. For statistical analysis of
experimental data and visualization of the results, tidyverse and rstatix packages for R were
used. A nonparametric analysis of data variance was carried out using the Kruskal–Wallis
test to compare the studied groups. For significant results, an additional Dunn’s test was
performed (using the Holm–Bonferroni correction for multiplicity).

5.4. Leaf Area and Fluorescence Measurements

The photosynthetic activity was assessed for 17-day-old juvenile plants grown in
conditions described in Section 5.3. All fluorescence measurements were performed using a
pulse–amplitude modulated chlorophyll (Chl) fluorometer Junior-PAM (Heinz Walz GmbH,
Effeltrich, Germany). The fluorescence parameters were measured for 54 samples (three
accessions (Bab-0, VS-0, Masa-0) × two conditions (non-irradiated, acutely irradiated) ×
three Petri dishes per condition × three plants per Petri dish) after adaptation to darkness
for at least 30 min. Determination of the minimum levels of actinic light intensity (Ik)
required for subsequent measurements of fluorescence parameters was performed using
the method of rapid light curves (RLC) [50,51] and amounted 420 µmol photons m−2 × s−1.
The intensity of saturation pulse was 5250 µmol photons m−2 × s−1 under duration of 0.8 s.
The levels of low frequency measuring light were selected in order to avoid the Kautsky
effect and amounted 190 µmol photons m−2 × s−1.

The following fluorescence parameters were measured in vivo, according to the man-
ufacturer protocol: basic fluorescence yield recorded with low measuring light intensities
(F0), maximum chlorophyll fluorescence yield (Fm), maximum quantum yield of photo-
chemistry of photosystem II (Fv/Fm), coefficients of photochemical fluorescence (qP and
qL), effective photochemical quantum yield of photosystem II (Y(II)), electron transport rate
(ETR, µmol photons m−2 × s−1), coefficient of non-photochemical fluorescence quenching
(qN) and non-photochemical fluorescence quenching (NPQ). The photosynthetic param-
eters were calculated using WinControl v 3.30 software (Heinz Walz GmbH, Effeltrich,
Germany). Non-destructive measurements of leaf areas of A. thaliana were performed using
the open-source software Easy Leaf Area (ELA) [52].

5.5. Processing of Morphological and Fluorescence Data

Two experiments with independent irradiation of seeds were performed. For each
accession, the seeds were sown on four Petri dishes after irradiation. The results presented
herein are based on analysis of combined data of the two experiments performed, if not spec-
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ified otherwise. Statistically significant differences were determined by the Mann–Whitney
U-test, or Kruskal–Wallis test. Results with p-value less or equal to 0.05 were considered sig-
nificant. Analyses were performed with Statistica 8.0 (Dell Technologies, Round Rock, TX,
USA), MS Office Excel 2019 (Microsoft Corporation, Albuquerque, NM, USA) and RStudio
v1.4 (R-Tools Technology, Richmond Hill, ON, Canada).

5.6. Phytohormone Measurement

The concentrations of the auxins indoleacetic acid (IAA) and indole-3-butyric acid
(IBA), zeatin, abscisic acid (ABA), and salicylic acid were assessed in samples of 17-day-old
plants using a LC-30 Nexera high-performance liquid chromatograph system (Shimadzu,
Kyoto, Japan) as detailed in [53]. The results were processed using LabSolutions software
(Shimadzu Corporation, Kyoto, Kyoto Prefecture, Japan). Two to four replicates were used
for each experimental point (sample weight of 0.3 g). Each sample was analysed in two
technical replicates.

5.7. RNA Extraction

Total RNA was extracted from 13-day-old seedlings with a GeneJet Plant RNA Purifica-
tion Mini Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer
protocol. All further sample preparation for Illumina Sequencing was performed by Evro-
gen company (Moscow, Russian Federation).

5.8. Illumina Sequencing

Transcriptome analysis was performed for 12 A. thaliana samples: three accessions
(Bab-0, VS-0, Masa-0)× two conditions (non-irradiated, acutely irradiated)× two replicates
of 100 µg of plant tissue. After the RNA quality control assessment, poly(A) enrichment and
synthesis of cDNA with random primers was performed using TruSeq Stranded mRNA
kit (Illumina Inc., San Diego, CA, USA). The resulting cDNA was used for preparation of
libraries compatible with TruSeq (Illumina Inc., San Diego, CA, USA). The quality of the
resulting libraries was checked using Fragment Analyzer Systems (Agilent Technologies,
Santa Clara, CA, USA). Quantitative analysis was performed using the qPCR method. After
quality control and quantitative assessment, the pool of cDNA libraries was sequenced on
Illumina NovaSeq 6000 SP (2 × 150 bp, Illumina Inc., San Diego, CA, USA). As a result,
1.090.535.508 reads were received: 107.927.544 and 190.269.208 reads for acutely irradi-
ated and background plants of Bab-0 accession, respectively; 172.682.154 and 184.025.394
for acutely irradiated and chronically irradiated plants of VS-0 accession, respectively;
178.016.214 and 189.350.394 reads for acutely irradiated and chronically irradiated plants of
Masa-0 accession, respectively.

5.9. Data Processing and Functional Analysis

Data pre-processing that included quality control and filtering of sequencing data was
performed on Ubuntu 16.04 releases. The quality control checks of raw sequence data were
performed using FastQC v 0.11.9 and MultiQC v 1.11. Low-quality reads were filtered
with Trimmomatic v 0.39 [54] for paired-end data, using ILLUMINACLIP, HEADCROP,
LEADING, TRAILING, SLIDINGWINDOW, and MINLEN parameters. Less than 1% of
raw data was found to have a low-quality read and were removed.

The filtered reads were aligned to A. thaliana reference genome (TAIR10 from Ensem-
blPlants database) using HISAT2 v 2.2.1 [55], specifying the strand information (RF) and
with –downstream-transcriptome-assembly (–dta) option. StringTie v 2.1.1 was applied to
assemble the aligned data into potential transcripts, using as input a HISAT2-processed
sample. All transcripts assembly files were merged using merge mode of StringTie for
generating a non-redundant set of transcripts. Finally, StringTie was rerun for each HISAT2-
processed sample using the -G option with the merged transcripts file, reporting the output
tailored for differential expression analysis which was performed with edgeR v 3.34.0 [56].
The three experimental plots were used as a comparison factor, and three comparison
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groups were formed and the analysis of contrasts of interest was performed. Differential
gene expression in A. thaliana was presented as the logarithm of fold change (log2FC). The
accepted level of significance was 0.05 (using the Benjamini and Hochberg correction). Only
genes showing log2FC > |2| were retained. The transcriptome assembly and differential
gene expression analysis were performed using the Galaxy/Europe platform [57].

Functional enrichment analysis was performed using Gene Ontology (GO) database
with agriGO v 2 web tool. The accepted level of significance was 0.05 (using Fisher as a
statistical test method and Yekutielli as an adjustment method).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11223142/s1, Figures S1–S18: Graphical representation of
GO enrichment analysis results; Figures S19–S21: Photos of the experimental plots; Table S1: Sampling
details, soil properties, radioactive contamination, heavy metal content at the experimental plots;
Table S2: Chlorophyll fluorescence parameters; Table S3: Differential gene expression for chronically
irradiated A. thaliana seedlings; Table S4: Functional enrichment GO analysis for chronically irradiated
A. thaliana seedlings; Table S5: Differential gene expression for additionally gamma-irradiated
A. thaliana seedlings; Table S6: Functional enrichment GO analysis for additionally gamma-irradiated
A. thaliana seedlings.

Author Contributions: Conceptualization, P.V., G.T.D. and M.P. (Mikhail Podlutskii); Formal analysis,
M.P. (Mikhail Podlutskii), D.B., M.P. (Marina Podobed), E.B. and P.V.; Funding acquisition, P.V.;
Investigation, M.P. (Mikhail Podlutskii), D.B., M.P. (Marina Podobed), S.B., Y.B., E.S., A.P. and L.T.;
Methodology, M.P. (Mikhail Podlutskii), D.B., M.P. (Marina Podobed), E.B., D.G., M.K., G.T.D. and
P.V.; Software, M.P. (Mikhail Podlutskii), E.B., G.T.D. and P.V.; Supervision, P.V.; Validation, M.P.
(Mikhail Podlutskii); Visualization, M.P. (Mikhail Podlutskii), D.B., M.P. (Marina Podobed) and E.B.;
Writing—original draft, M.P. (Mikhail Podlutskii), G.T.D. and P.V.; Writing—review and editing, D.B.,
M.P. (Marina Podobed), E.B., S.B., Y.B., E.S., A.P., L.T., D.G., M.K. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Russian Science Foundation, grant number 20-74-10004 (all
experiments, except sampling in 2019). Sampling in 2019 was funded by Russian Ministry of Science
and Higher Education, project number FGNE-2022-0004.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The processed sequencing files are available at the Sequence Read
Archive (BioProject PRJNA787059).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Van Hoeck, A.; Horemans, N.; Nauts, R.; Van Hees, M.; Vandenhove, H.; Blust, R. Lemna minor plants chronically exposed to

ionising radiation: RNA-seq analysis indicates a dose rate dependent shift from acclimation to survival strategies. Plant Sci. 2017,
257, 84–95. [CrossRef] [PubMed]

2. Grinberg, M.A.; Gudkov, S.A.; Balalaeva, I.V.; Gromova, E.; Sinitsyna, Y.; Sukhov, V.; Vodeneev, V. Effect of chronic β-radiation on
long-distance electrical signals in wheat and their role in adaptation to heat stress. Environ. Exp. Bot. 2021, 184, 104378. [CrossRef]

3. Volkova, P.Y.; Duarte, G.T.; Kazakova, E.A.; Makarenko, E.S.; Bitarishvili, S.V.; Bondarenko, V.S.; Perevolotskii, A.N.; Geras’Kin,
S.A.; Garbaruk, D.K.; Turchin, L.M. Radiosensitivity of herbaceous plants to chronic radiation exposure: Field study in the
Chernobyl exclusion zone. Sci. Total Environ. 2021, 777, 146206. [CrossRef]

4. Esnault, M.-E.; Legue, F.; Chenal, C. Ionizing radiation: Advances in plant response. Environ. Exp. Bot. 2010, 68, 231–237.
[CrossRef]

5. Gudkov, S.V.; Grinberg, M.A.; Sukhov, V.; Vodeneev, V. Effect of ionizing radiation on physiological and molecular processes in
plants. J. Environ. Radioact. 2019, 202, 8–24. [CrossRef]

6. Caplin, N.; Willey, N. Ionizing radiation, higher plants, and radioprotection: From acute high doses to chronic low doses. Front.
Plant Sci. 2018, 9, 847. [CrossRef]

7. Volkova, P.Y.; Geraskin, S.A. ‘Omic’ technologies as a helpful tool in radioecological research. J. Environ. Radioact. 2018, 189, 156–167.
[CrossRef]

https://www.mdpi.com/article/10.3390/plants11223142/s1
https://www.mdpi.com/article/10.3390/plants11223142/s1
http://doi.org/10.1016/j.plantsci.2017.01.010
http://www.ncbi.nlm.nih.gov/pubmed/28224921
http://doi.org/10.1016/j.envexpbot.2021.104378
http://doi.org/10.1016/j.scitotenv.2021.146206
http://doi.org/10.1016/j.envexpbot.2010.01.007
http://doi.org/10.1016/j.jenvrad.2019.02.001
http://doi.org/10.3389/fpls.2018.00847
http://doi.org/10.1016/j.jenvrad.2018.04.011


Plants 2022, 11, 3142 23 of 24

8. Chang, S.; Lee, U.; Hong, M.J.; Jo, Y.D.; Kim, J.-B. High-throughput phenotyping (HTP) data reveal dosage effect at growth stages
in Arabidopsis thaliana irradiated by gamma rays. Plants 2020, 9, 557. [CrossRef]

9. Abramov, V.I.; Fedorenko, O.M.; Shevchenko, V.A. Genetic consequences of radioactive contamination for populations of
Arabidopsis. Sci. Total Environ. 1992, 112, 19–28. [CrossRef]

10. Kovalchuk, I.; Abramov, V.; Pogribny, I.; Kovalchuk, O. Molecular aspects of plant adaptation to life in the Chernobyl zone. Plant
Physiol. 2004, 135, 357–363. [CrossRef]

11. Horemans, N.; Nauts, R.; Battle, J.V.; Van Hees, M.; Jacobs, G.; Voorspoels, S.; Gaschak, S.; Nanba, K.; Saenen, E. Genome-wide
DNA methylation changes in two Brassicaceae species sampled alongside a radiation gradient in Chernobyl and Fukushima.
J. Environ. Radioact. 2018, 192, 405–416. [CrossRef] [PubMed]

12. Morozova, V.; Kashparova, E.; Levchuk, S.; Bishchuk, Y.; Kashparov, V. The progeny of Chernobyl Arabidopsis thaliana plants
does not exhibit changes in morphometric parameters and cellular antioxidant defence system of shoots. J. Environ. Radioact.
2020, 211, 106076. [CrossRef] [PubMed]

13. Klimenko, O.; Pernis, M.; Danchenko, M.; Skultéty, L.; Klubicová, K.; Shevchenko, G. Natural ecotype of Arabidopsis thaliana (L.)
Heynh (Chernobyl-07) respond to cadmium stress more intensively than the sensitive ecotypes Oasis and Columbia. Ecotoxicol.
Environ. Saf. 2019, 30, 86–95. [CrossRef] [PubMed]

14. Food and Agriculture Organization of the United Nations (FAO). Micronutrients. Assessment at the Country Level; Soil Bulletin
No. 63; FAO: Roma, Italy, 1990.

15. Gupta, D.K.; Tiwari, S.; Chatterjee, S.; Walther, C. Potassium and its role in cesium transport in plants. Biologia 2018, 73, 885–896.
[CrossRef]

16. Bilbro, J.D.; Wanjura, D.F. Soil Crusts and Cotton Emergence Relationships. Trans. ASAE 1982, 25, 1484–1487. [CrossRef]
17. Maxwell, K.; Johnson, G.N. Chlorophyll fluorescence—A practical guide. J. Exp. Bot. 2000, 51, 659–668. [CrossRef]
18. Kramer, D.M.; Johnson, G.; Kiirats, O.; Edwards, G.E. New fluorescence parameters for the determination of QA redox state and

excitation energy fluxes. Photosynth. Res. 2004, 79, 209. [CrossRef]
19. Buschmann, C. Photochemical and non-photochemical quenching coefficients of the chlorophyll fluorescence: Comparison of

variation and limits. Photosynthetica 1999, 37, 217–224. [CrossRef]
20. Fernández-Marín, B.; Gulías, J.; Figueroa, C.M.; Iñiguez, C.; Clemente-Moreno, M.J.; Nunes-Nesi, A.; Fernie, A.R.; Cavieres, L.A.;

Bravo, L.; García-Plazaola, J.I.; et al. How do vascular plants perform photosynthesis in extreme environments? An integrative
ecophysiological and biochemical story. Plant J. 2020, 101, 979–1000. [CrossRef]

21. Wani, S.H.; Kumar, V.; Shriram, V.; Sah, S.K. Phytohormones and their metabolic engineering for abiotic stress tolerance in crop
plants. Crop J. 2016, 4, 162–176. [CrossRef]

22. Verma, V.; Ravindran, P.; Kumar, P.P. Plant hormone-mediated regulation of stress responses. BMC Plant Biol. 2016, 16, 86.
[CrossRef] [PubMed]

23. Volkova, P.Y.; Duarte, G.T.; Soubigou-Taconnat, L.; Kazakova, E.A.; Pateyron, S.; Bondarenko, V.S.; Bitarishvili, S.V.; Makarenko,
E.S.; Churyukin, R.S.; Lychenkova, M.A.; et al. Early response of barley embryos to low- and high-dose gamma irradiation of
seeds triggers changes in the transcriptional profile and an increase in hydrogen peroxide content in seedlings. J. Agron. Crop Sci.
2019, 206, 277–295. [CrossRef]

24. Gruszka, D. Crosstalk of the brassinosteroid signalosome with phytohormonal and stress signaling components maintains a
balance between the processes of growth and stress tolerance. Int. J. Mol. Sci. 2018, 19, 2675. [CrossRef]

25. Podlešáková, K.; Ugena, L.; Spíchal, L.; Doležal, K.; De Diego, N. Phytohormones and polyamines regulate plant stress responses
by altering GABA pathway. New Biotechnol. 2019, 48, 53–65. [CrossRef]

26. Samsonova, Z.; Kiran, N.S.; Novak, O.; Spyroglou, I.; Skalák, J.; Hejátko, J.; Gloser, V. Steady-state levels of cytokinins and their
derivatives may serve as a unique classifier of Arabidopsis ecotypes. Plants 2020, 9, 116. [CrossRef] [PubMed]

27. Wan, J.S.H.; Pang, C.K.; Bonser, S.P. Does the cost of adaptation to extremely stressful environments diminish over time?
A literature synthesis on how plants adapt to heavy metals and pesticides. Evol. Biol. 2017, 44, 411–426. [CrossRef]

28. De Micco, V.; Arena, C.; Pignalosa, D.; Durante, M. Effects of sparsely and densely ionizing radiation on plants. Radiat. Environ.
Biophys. 2011, 50, 1–19. [CrossRef]

29. Naser, V.; Shani, E. Auxin response under osmotic stress. Plant Mol. Biol. 2016, 91, 661–672. [CrossRef]
30. Wang, T.; Li, P.; Mu, T.; Dong, G.; Zheng, C.; Jin, S.; Chen, T.; Hou, B.; Li, Y. Overexpression of UGT74E2, an Arabidopsis IBA

glycosyltransferase, enhances seed germination and modulates stress tolerance via ABA signaling in rice. Int. J. Mol. Sci. 2020, 21, 7239.
[CrossRef]

31. Tognetti, V.B.; Van Aken, O.; Morreel, K.; Vandenbroucke, K.; van de Cotte, B.; De Clercq, I.; Chiwocha, S.; Fenske, R.; Prinsen,
E.; Boerjan, W.; et al. Perturbation of indole-3-butyric acid homeostasis by the UDP-glucosyltransferase UGT74E2 modulates
Arabidopsis architecture and water stress tolerance. Plant Cell 2010, 22, 2660–2679. [CrossRef]

32. Huang, X.; Hou, L.; Meng, J.; You, H.; Li, Z.; Gong, Z.; Yang, S.; Shi, Y. The antagonistic action of abscisic acid and cytokinin
signaling mediates drought stress response in Arabidopsis. Mol. Plant 2018, 11, 970–982. [CrossRef] [PubMed]

33. Nishiyama, R.; Watanabe, Y.; Fujita, Y.; Le, D.T.; Kojima, M.; Werner, T.; Vankova, R.; Yamaguchi-Shinozaki, K.; Shinozaki, K.;
Kakimoto, T.; et al. Analysis of cytokinin mutants and regulation of cytokinin metabolic genes reveals important regulatory roles
of cytokinins in drought, salt and abscisic acid responses, and abscisic acid biosynthesis. Plant Cell 2011, 23, 2169–2183. [CrossRef]
[PubMed]

http://doi.org/10.3390/plants9050557
http://doi.org/10.1016/0048-9697(92)90234-J
http://doi.org/10.1104/pp.104.040477
http://doi.org/10.1016/j.jenvrad.2018.07.012
http://www.ncbi.nlm.nih.gov/pubmed/30055441
http://doi.org/10.1016/j.jenvrad.2019.106076
http://www.ncbi.nlm.nih.gov/pubmed/31630854
http://doi.org/10.1016/j.ecoenv.2019.02.012
http://www.ncbi.nlm.nih.gov/pubmed/30769207
http://doi.org/10.2478/s11756-018-0110-x
http://doi.org/10.13031/2013.33750
http://doi.org/10.1093/jexbot/51.345.659
http://doi.org/10.1023/B:PRES.0000015391.99477.0d
http://doi.org/10.1023/A:1007003921135
http://doi.org/10.1111/tpj.14694
http://doi.org/10.1016/j.cj.2016.01.010
http://doi.org/10.1186/s12870-016-0771-y
http://www.ncbi.nlm.nih.gov/pubmed/27079791
http://doi.org/10.1111/jac.12381
http://doi.org/10.3390/ijms19092675
http://doi.org/10.1016/j.nbt.2018.07.003
http://doi.org/10.3390/plants9010116
http://www.ncbi.nlm.nih.gov/pubmed/31963497
http://doi.org/10.1007/s11692-017-9419-6
http://doi.org/10.1007/s00411-010-0343-8
http://doi.org/10.1007/s11103-016-0476-5
http://doi.org/10.3390/ijms21197239
http://doi.org/10.1105/tpc.109.071316
http://doi.org/10.1016/j.molp.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29753021
http://doi.org/10.1105/tpc.111.087395
http://www.ncbi.nlm.nih.gov/pubmed/21719693


Plants 2022, 11, 3142 24 of 24

34. Duarte, G.T.; Volkova, P.Y.; Geraskin, S.A. The response profile to chronic radiation exposure based on the transcriptome analysis
of Scots pine from Chernobyl affected zone. Environ. Pollut. 2019, 250, 618–626. [CrossRef]

35. Rizhsky, L.; Liang, H.; Shuman, J.; Shulaev, V.; Davletova, S.; Mittler, R. When defense pathways collide. The response of
Arabidopsis to a combination of drought and heat stress. Plant Physiol. 2004, 134, 1683–1696. [CrossRef]

36. Huang, Y.; Hussain, M.A.; Luo, D.; Xu, H.; Zeng, C.; Havlickova, L.; Bancroft, I.; Tian, Z.; Zhang, X.; Cheng, Y.; et al. A Brassica
napus reductase gene dissected by associative transcriptomics enhances plant adaption to freezing stress. Front. Plant Sci. 2020,
11, 971. [CrossRef]

37. Bourbousse, C.; Vegesna, N.; Law, K.A. SOG1 activator and MYB3R repressors regulate a complex DNA damage network in
Arabidopsis. Proc. Natl. Acad. Sci. USA 2018, 115, E12453–E12462. [CrossRef] [PubMed]

38. Volkova, P.Y.; Bondarenko, E.V.; Kazakova, E.A. Radiation hormesis in plants. Curr. Opin. Toxicol. 2022, 30, 100334. [CrossRef]
39. Lee, S.; Lee, S.; Yang, K.; Kim, Y.-M.; Park, S.-Y.; Kim, S.Y.; Soh, M.-S. Overexpression of PRE1 and its homologous genes activates

gibberellin-dependent responses in Arabidopsis thaliana. Plant Cell Physiol. 2006, 47, 591–600. [CrossRef] [PubMed]
40. Leivar, P.; Tepperman, J.M.; Cohn, M.M.; Monte, E.; Al-Sady, B.; Erickson, E.; Quail, P.H. Dynamic antagonism between

phytochromes and PIF family basic helix-loop-helix factors induces selective reciprocal responses to light and shade in a rapidly
responsive transcriptional network in Arabidopsis. Plant Cell 2012, 24, 1398–1419. [CrossRef]

41. Hieno, A.; Naznin, H.; Inaba-Hasegawa, K.; Yokogawa, T.; Hayami, N.; Nomoto, M.; Tada, Y.; Yokogawa, T.; Higuchi-Takeuchi,
M.; Hanada, K.; et al. Transcriptome analysis and identification of a transcriptional regulatory network in the tesponse to H2O2.
Plant Physiol. 2019, 180, 1629–1646. [CrossRef]

42. Verbruggen, N.; Hermans, C. Proline accumulation in plants: A review. Amino Acids 2008, 35, 753–759. [CrossRef] [PubMed]
43. Funck, D.; Eckard, S.; Muller, G. Non-redundant functions of two proline dehydrogenase isoforms in Arabidopsis. BMC Plant Biol.

2010, 10, 70. [CrossRef]
44. Hayat, S.; Hayat, Q.; Alyemeni, M.N.; Wani, A.S.; Pichtel, J.; Ahmad, A. Role of proline under changing environments. Plant

Signal. Behav. 2012, 7, 1456–1466. [CrossRef] [PubMed]
45. Macovei, A.; Pagano, A.; Sabatini, M.E.; Grandi, S.; Balestrazzi, A. The human tyrosyl-DNA phosphodiesterase 1 (hTdp1)

inhibitor NSC120686 as an exploratory tool to investigate plant Tdp1 genes. Genes 2018, 9, 186. [CrossRef] [PubMed]
46. Hurny, A.; Cuesta, C.; Cavallari, N.; Ötvös, K.; Duclercq, J.; Dokládal, L.; Montesinos, J.C.; Gallemí, M.; Semerádová, H.; Rauter,

T.; et al. SYNERGISTIC ON AUXIN AND CYTOKININ 1 positively regulates growth and attenuates soil pathogen resistance.
Nat. Commun. 2020, 11, 2170. [CrossRef] [PubMed]

47. Vercruysse, J.; Baekelandt, A.; Gonzalez, N.; Inze, D. Molecular networks regulating cell division during Arabidopsis leaf growth.
J. Exp. Bot. 2020, 71, 2365–2378. [CrossRef] [PubMed]

48. Stortenbeker, N.; Bemer, M. The SAUR gene family: The plant’s toolbox for adaptation of growth and development. J. Exp. Bot.
2019, 70, 17–27. [CrossRef]

49. Babina, D.; Podobed, M.; Bondarenko, E.; Kazakova, E.; Bitarishvili, S.; Podlutskii, M.; Mitsenyk, A.; Prazyan, A.; Gorbatova, I.;
Shesterikova, E.; et al. Seed gamma irradiation of Arabidopsis thaliana ABA-mutant lines alters germination and does not inhibit
the photosynthetic efficiency of juvenile plants. Dose Response 2020, 18, 1559325820979249. [CrossRef]

50. Ralph, P.; Gademann, R. Rapid Light Curves: A powerful tool to assess photosynthetic activity. Aquat. Bot. 2005, 82, 222–237.
[CrossRef]

51. Lichtenthaler, H.K.; Buschmann, C.; Knapp, M. How to correctly determine the different chlorophyll fluorescence parameters and
the chlorophyll fluorescence decrease ratio RFd of leaves with the PAM fluorometer. Photosynthetica 2005, 43, 379–393. [CrossRef]

52. Easlon, H.M.; Bloom, A.J. Easy Leaf Area: Automated digital image analysis for rapid and accurate measurement of leaf area.
Plant Sci. 2014, 2, 1400033. [CrossRef] [PubMed]

53. Bitarishvili, S.V.; Volkova, P.Y.; Geras’kin, S.A. γ-Irradiation of barley seeds and its effect on the phytohormonal status of seedlings.
Russ. J. Plant Physiol. 2018, 65, 446–454. [CrossRef]

54. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef] [PubMed]

55. Kim, D.; Langmead, B.; Salzberg, S. HISAT: A fast-spliced aligner with low memory requirements. Nat. Methods 2015, 12, 357–360.
[CrossRef]

56. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2009, 26, 139–140. [CrossRef] [PubMed]

57. Afgan, E.; Baker, D.; van den Beek, M.; Blankenberg, D.; Bouvier, D.; Čech, M.; Chilton, J.; Clements, D.; Coraor, N.; Eberhard, C.; et al.
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