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Abstract—The effect of γ-radiation on the level of nuclear DNA damage in onion seedlings (Allium-test) was
studied using the comet assay. DNA breaks were first found in cells of onion seedlings exposed to low-dose
radiation (≤ 0.1 Gy). Dose dependence of DNA damage parameters showed nonlinear behavior: a linear sec-
tion in the low-dose region (below 0.1 Gy) and a dose-independent plateau in the dose range between 1 and
5 Gy. Thus, the comet assay can be used to estimate the biological effects of low-dose γ-radiation on Allium
cepa seedlings.
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Artificial radionuclides in the environment are a
source of irradiation of not only humans but also
organisms of the biota. In most cases, living organisms
are exposed to low-dose ionizing radiation. Aquatic
organisms of the Yenisei River for a long time experi-
ence extra radiation load due to artificial radionuclides
(including radioactive microparticles) as a result of
long-term industrial discharges of the Rosatom Min-
ing and Chemical Combine (MCC) into the river [1–
3]. To simulate the impact of γ-radiation of radioactive
particles, earlier we performed laboratory experiments
with various plant and bacterial bioassays [4, 5], which
showed their high sensitivity to low-dose γ-radiation
[4, 5]. One of the bioassays was represented by the
Allium-test [6], which showed a high level of chromo-
somal aberrations in seedling cells at low-dose irradia-
tion.

Ionizing radiation induces DNA damage as a result
of both direct energy action and indirectly (through
the formation of free radicals). The result of physico-
chemical interaction between ionizing radiation and
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DNA are single-stranded and double-stranded DNA
breaks, apurinic and apyrimidinic sites, base modifi-
cations, and cross-linking of DNA and proteins.
These types of DNA damage can be detected using gel
electrophoresis of individual nuclei (the comet assay)
[7, 8]. The comet assay is commonly used to study ani-
mal and human cells [7, 8]. However, in several stud-
ies, the comet assay was used in plant systems to assess
chemical toxicity [8, 9]. In some studies, the comet
assay was used to assess radiation toxicity; however, in
this case, high radiation doses were used (tens and
hundreds Gy) [8, 10–13]. Only in one study [13], the
genotoxicity of low-dose radiation (radioactive soils)
was assessed using the Allium-test and the comet assay.
However, the authors did not specify the irradiation
doses of plants.

The purpose of this work was to evaluate the effect
of γ-radiation (including small doses) on the level of
DNA damage in onion seedling cells using the Allium-
test.

Experiments on biotesting ionizing radiation were
performed with seeds of onion (Allium cepa L.) cultivar
Stuttgarter Risen. Seeds were preliminarily germi-
nated in polypropylene containers on filter paper
moistened with distilled water. For the experiment,
sprouts 2–3 mm long were selected. Onion sprouts
were irradiated with a γ-radiation source (137Cs with
activity of 14 GBq) at the Budker Institute of Nuclear
Physics (Novosibirsk) for 24 h. In total, we performed
four experiments in 2016. In the experiments, the
absorbed dose for onion seedlings was 0.02, 0.05, 0.1,
1, 3, and 5 Gy, which corresponded to a dose rate of
0.8, 2.1, 4.2, 42, 125, and 208 mGy/h. The γ-radiation
2
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Fig. 1. Photographs of intact onion cell nuclei ((a) control) and damaged nuclei ((b) experiment, DNA comets) after gamma-
irradiation of onion seedlings. 

(a) (b)
dose rate values were determined by the distance
between the source and the seedlings, were obtained
by the calculation method based on the certificate rate
of the exposure dose for the 137Cs source, and were ver-
ified by direct measurements with a DKS-AT1123
dosimeter (SPE Doza, Russia). The non-irradiated
seedlings served as a negative control (dose rate in the
control, 0.002 mGy/h), and the seedlings incubated in
0.5% H2O2 for 1.5 h served as a positive control. For
irradiation, the seedlings were placed in transparent
polypropylene containers on a bed of two layers of fil-
ter paper moistened in distilled water. For each irradi-
ation level and control we used 15 seedlings. Experi-
ments were performed at a temperature of 18–21°C
without illumination.

DNA damage in seedling cells was assessed by the
comet assay as described in [9]. Toot tips 0.3–0.5 mm
long were cut off from the control and irradiated seed-
lings, placed in 300 μL of cold Tris-HCl buffer
(400 mM, pH 7.5), and thoroughly minced. Then,
200 μL of the obtained suspension was added to 0.6 mL
of low-melting agarose (1% low-melting agarose in
sodium phosphate buffer) at 37°C, thoroughly mixed,
and applied (200-μL aliquots) on pretreated slides
(thin layer of 1% high-melting agarose in distilled
water dried for 12 h), covered with coverslips, and
incubated on ice for 3–4 min, after which the covers-
lips were removed. The preparations were placed in an
electrophoresis chamber with a freshly prepared buffer
(1 mM Na2EDTA and 300 mM NaOH, pH > 13) and
incubated at 4°C for 15 min. Electrophoresis was also
performed at 4°C for 30 min (40 V, 125 mA, 2 W).
Then, the glasses were washed three times in neutral-
izing buffer (400 mM Tris-HCl, pH 7.5), stained with
ethidium bromide (20 μg/mL, 100 μL per glass) for
15 min, and washed from excess dye in cold distilled
water for 15 min.
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The results were analyzed with an AxioStar f luo-
rescence microscope (Carl Zeiss) using the Zen soft-
ware (Carl Zeiss). At each experimental point, no less
than 100 comets were counted. Figure 1 shows the
photographs of non-irradiated nuclei ((a), control)
and nuclei damaged by radiation ((b), experiment,
DNA comets) of onion cell nuclei. Data were pro-
cessed using the CASPLab software
(http://casplab.com/), and the results were presented
as the following parameters:

(1) DNA in comet head, %;
(2) DNA in comet tail, %;
(3) comet tail moment (rel. units)—the product of

the comet length from the middle of the head to the
middle of the tail and the content of DNA in the comet
tail.

The experimental data were analyzed by variation
statistics methods using the STATISTICA 7.0 software
package. The statistical significance of differences was
assessed by Student’s t test.

The methodology used [9] makes it possible to
evaluate the total number of breaks in onion nuclear
DNA (single-stranded and double-stranded DNA
breaks). In all four experiments, we found that the
accumulation of total DNA lesions in onion seedling
nuclei is non-linear in the γ-radiation dose range used
(from the background to 5 Gy). The data presented in
Fig. 2a shows that the parameters of DNA damage
(DNA in the comet tail and the comet tail moment)
increased almost linearly with increasing irradiation
dose and reach their maximum values   at an irradiation
dose of 0.02 Gy and higher. In the region of low irra-
diation doses (0.02–0.1 Gy), the parameters of DNA
damage significantly differed from the parameters of
the control (non-irradiated) plants.

At γ-irradiation doses above 1 Gy, no further
increase in the total content of DNA lesions in seed-
ling cell nuclei was observed; furthermore, the level of
9  2019
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Fig. 2. Dose dependence of the parameters of DNA damage (comet tail DNA and comet tail moment) (a), frequency of chromo-
somal aberrations (b), and frequency of micronuclei (b) in onion seedling cells. The dashed line is the control. 
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damage even slightly decreased (Fig. 2a). This reduc-
tion in DNA damage parameters for the comet tail
moment (from 171 to 51 rel. units) was more pro-
nounced than for the comet tail DNA (from 73 to
52%). It should be noted that, in the literature, the
comet tail DNA is considered a more reliable parame-
ter than the comet tail moment, because the changes
in the comet tail width are not taken into account in
the calculations of the comet tail moment [8]. The
obtained maximum values   of DNA damage parame-
ters (comet tail DNA 73 ± 5% and comet tail moment
171 ± 21 rel. units) under γ-irradiation are close to the
values   of these parameters for the positive control,
when the seedlings were incubated in 0.5% H2O2. For
example, for the positive control, DNA damage
parameters were as follows: comet tail DNA 80 ± 5%
and comet tail moment 151 ± 17 rel. units).

Earlier, in experiments on γ-irradiation of onion
seedlings in 2016–2017, we analyzed the cytogenetic
indices (chromosomal aberrations and micronuclei)
in the apical root cells at absorbed doses up to 10 Gy
[6]. The data obtained showed that, as the irradiation
dose increased to 5 Gy, the frequency of chromosomal
aberrations (Fig. 2b) and the frequency of micronuclei
(Fig. 2b) in onion seedling apical cells increased lin-
early. Under low-dose irradiation (≤ 0.1 Gy), the total
DOKLADY
frequency of chromosomal aberrations and micronu-
cleus incidence was significantly higher than that in
the control non-irradiated samples [6]. The detected
fact of DNA damage in onion seedling cells at low
doses (Fig. 2a) is additional evidence of the influence
of low doses of γ-irradiation along with chromosomal
aberrations and micronuclei.

However, the pattern of the dose curves for the
parameters of DNA damage, as well as the frequency
of micronuclei and chromosomal aberrations signifi-
cantly differed under irradiation at doses higher than
0.02–1 Gy. For example, in the dose range from 1 to
5 Gy, the parameter of DNA damage (comet tail
DNA) almost did not depend of the absorbed dose
(i.e., there was a plateau in the dose dependence),
whereas the frequency of micronuclei and chromo-
somal aberrations increased linearly (Fig. 2).

As mentioned above, the authors of [13] evaluated
genotoxicity of radioactive soils using the Allium-test
and the comets assay. They showed that, when the
content of radium-226 in the soil increased 20 times
(from 1 to 20 kBq/kg), the level of DNA damage in
onion roots (comet tail moment) increased only twice.
Although these authors did not specify the plant irra-
diation doses due to radioactive soils, it is obvious that
 BIOCHEMISTRY AND BIOPHYSICS  Vol. 489  2019



EFFECTS OF GAMMA-RADIATION ON DNA DAMAGE IN ONION 365
the doses were low. The authors of [13] showed a linear
dose dependence of the comet tail moment in onion
roots on gamma-irradiation doses in the range from 5
to 50 Gy (dose rate, 1440 Gy/h). Differences in the
pattern of dose dependences of DNA damage in our
experiments (nonlinear dependence) and in the cited
paper (linear dependence) can be explained by the
nature and duration of irradiation. For example, in our
experiments, irradiation of onion roots was chronic at
a dose rate not more than 0.1–0.2 Gy/h, whereas irra-
diation in [13] was acute at a dose rate of 1440 Gy/h.
In [10], experiments on gamma irradiation of Petunia
leaves showed that, at low dose rates (0.33 Gy/min),
the number of recorded DNA lesions was smaller than
at high dose rates (5.15 Gy/min). It should be noted
that the absorbed dose was the same (50 Gy) in both
cases.

The authors of [12] also showed the nonlinear dose
dependence of DNA damage during γ-irradiation of
Arabidopsis roots in the absorbed dose range from 3 to
48 Gy and low dose rate of irradiation (0.1 Gy/h) in
certain periods. The authors showed the saturation of
the DNA damage dose curve starting from a dose of
3–6 Gy; in this case, the threshold level of comet tail
DNA was 40%. Irradiation doses less than 3 Gy were
not used, and DNA damage parameter values were not
specified. Data obtained in [12] are consistent with the
nonlinear dependence of DNA damage on the
absorbed dose at chronic gamma-irradiation with a
low dose rate, which was observed in our study (Fig. 2).
Possibly, at a low dose rate, cells can effectively (but
not necessarily correctly) repair occurring DNA
breaks. The presence of unrepaired double-strand
breaks in DNA may trigger cell death [14]. Probably,
the level of DNA damage in cells, if there is time for
DNA damage repair, is limited from top by a certain
threshold, after which cells die. It is possible that such
a threshold level of DNA damage is the maximum
comet tail DNA value obtained by us (73 ± 5%, Fig. 2)
or the maximum comet tail DNA value of 40%
obtained in [12]. Conversely, chromosomal aberra-
tions and micronuclei appear primarily as a result of
improper repair of DNA double-strand breaks. Their
accumulation in cells is not already detected by the
comet assay, and the death of cells with such lesions
requires passing one or several divisions. As a result,
the frequency of chromosomal aberrations and micro-
nuclei increases with increasing cumulative absorbed
dose and may increase linearly, as in our case, in a cer-
tain dose range.

Thus, the DNA comet assay, which was used by us
to assess DNA damage in onion seedling nuclei,
showed an increase in DNA damage parameters
(comet tail DNA and comet tail moment) in the γ-
irradiation dose range from 0.02 to 5 Gy as compared
to the control. It was shown for onion seedlings for the
first time that, at low doses (≤0.1 Gy), DNA damage
parameters significantly differed from the parameters
in non-irradiated plants. The dose dependence of the
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DNA damage parameter (comet tail DNA) was non-
linear and included a linear segment at low doses
(<0.1 Gy) and a dose-independent plateau in the
range from 1 to 5 Gy. Earlier, a linear dependence of
the frequency of micronuclei and chromosomal aber-
rations in onion cells was detected in this irradiation
dose range. A possible explanation for the nonlinear
effects of irradiation at doses of 1–5 Gy may be the
existence of a threshold level of DNA damage, which
is determined by the repair of breaks at low chronic
irradiation dose rate. The fact of DNA damage in
onion seedling cells at low doses is additional evidence
(along with the chromosomal aberrations and micro-
nuclei) of the effect of low-dose γ-irradiation on plants
(Allium-test).
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