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Introduction

Yakymchuk, R. A., Valyuk, V. F., Sobolenko, L. Y., & Sorokina, S. 1. (2021). Induction of useful mutations in Triticum aestivum in
the conditions of the radionuclide-contaminated alienation zone of the Chornobyl Power Plant. Regulatory Mechanisms in Biosys-
tems, 12(3), 506-512. doi:10.15421/022169

Induced mutagenesis opens great perspectives for radical genetic improvement of cultivated plants. Scientists seeking new sources
and methodological approaches to improve the frequency and extend the range of mutations have drawn attention to the Zone of Aliena-
tion around the Chornobyl Nuclear Power Plant, where unique conditions of the influence of mutagenic factors have developed, and
therefore needs to be studied for possible use of its territory in propagating parent material for selective breeding of wheat. Plants of winter
wheat of Albatros Odesky and Zymoiarka varieties were grown within 10 km of the Chemobyl Plant, inside the Alienation Zone, in
Chystohalivka, Kopachi and Yaniv villages of Chornoby! district of Kyiv Oblast. The exposure occurred in the dose of 7.2 - 10
50.0- 102 A/kg. As the control, we used the territory of the Research Institute of Physiology of Plants and Genetics of the Academy of
Sciences of Ukraine (Hlevaha urbanized settlement of Vasylkivsky District of Kyiv Oblast), where the power of the exposure dose
equaled 0.93 - 102 A/kg, Frequency and spectrum of mutant forms were determined in M,-M; generations according to the ratio of the
number of families with mutagenic plants to studied M, families. Among the observed mutations, we determined the share of the ones
important for selective breeding. Chronic ionizing radiation throughout the vegetation period of winter wheat increased the level of notice-
able mutations, the frequency of which exceeded the control parameters by 8.0-14.9 times. In the conditions of cultivation of winter wheat
in the territory of Kopachi village, where the dose was the lowest, we recorded a high level of mutation variability which exceeded the
control parameters by 8.0-9.2 times and was notably different from the frequency of mutations induced by radionuclide contamination of
soil in the territories of Chystohalivka and Yaniv villages. The mutation range contained 1220 types and depended on the density of soil
contamination with radio nuclides, magnitude of exposure dose and genotype of plants. The predominant mutations were the ones related
to the duration of vegetation period, length of the stem, morphology and awns of the ear. Among the detected mutations, the important
selective ones accounted for 24.3-49.3%, predominant being low height, intense growth and long cylindrical ear. Because beneficial
agronomic traits are highly likely to be inherited in complex with mutations that reduce the productivity of winter wheat, efficiency of
direct selection of mutant forms that are valuable for selective breeding is limited. Enlargement of genetic diversity of the initial selection
material using the radionuclide-induced mutagenesis resulting from contamination creates the possibility of using it in cross breeding for
the purpose of implementing selective breeding genetic programs of improving wheat varieties.

Keywords: ionizing radiation; induced mutagenesis; frequency of mutations; spectrum of mutations.

scientific studies and practical experiments confirms that contribution of
variety to yield increment equals 50-60% of genetic potential of new

‘Wheat is one of the planet’s main grasses and plays the leading role in
supply of food to humans. Because of its high ecological plasticity, it is
distributed broadly (Beljaev et al., 2017; Bezpal’ko et al., 2020). Wheat
fields in Ukraine occupy the largest share area of agricultural lands (Ryab-
chenko & Nonhebel, 2016; Bhutta et al., 2019). However, mean annual
rates of production of wheat grain were significantly behind the rates of
increase in the global population, which according to the predictions will
reach 9.1 B people by 2050, while the need for food would increase by
70%. According to the predictions made at the beginning of the century, at
such rates of population growth, supporting the usual level of consump-
tion of products would require doubling the yield of grain crops (Qaim,
2020; Senapati & Semenov, 2020), and according to the assessments of
the FAO, to satisfy basic food needs, humans must increase the yield by
more than 0.5 t/ha annually over the next 10 years (Tadesse et al., 2019;
Anders etal., 2021).

A promising way to increase the production of grain wheat is creating
new high-yield varieties based on modem genetic inventions, which
would be adapted to particular cultivation conditions. Generalization of the
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varieties (Gubatov & Delibaltova, 2020). Intense selective breeding
oriented at increasing the productivity using the same donors of beneficial
agronomic traits has led to significant impoverishment of the genetic fund
of wheat (Venske et al., 2019), which in the recent decades has been pro-
moting large-scale search for new sources of parent material using modern
molecular-genetic, biochemical and technological approaches (Rasheed et
al., 2018). This indicates the necessity to intensify the selection through the
enlargement of genetic diversity and introduction of the latest achieve-
ments of genomics, proteomics and metabolic, genetically-modified tech-
nologies, tilling-technologies into the selective breeding (Jankowicz-Cies-
lak et al., 2017; Godwin et al., 2019; Zaidi et al., 2019; Qaim, 2020).

The studies performed over the recent years persuasively suggest that
the use of induced mutagenesis opens great opportunities for the progress
of selective breeding, radical genetic improvement of cultivated crops
(Nazarenko et al., 2018). Therefore, the amount of varieties created using
the method of experimental mutagenesis accounts for 31 thou. The great-
est successes in the sphere of mutagenic selective breeding have been
achieved in China, India, Japan, Russia, Sweden, Great Britain, Germany,
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France, Italy and the USA (Oladosu et al., 2016; Hernandez-Mufioz et al.,
2019). Vavylov (1966) considered that mutagenesis is one of the funda-
mental fields of genetics, which has definite advantages over some new
but complex and laborious methods of genetic manipulation in cases of
improving plant varieties. As of now, the method of experimental muta-
genesis is used with different breeding purposes: obtaining macro and
micro mutations of qualitative and quantitative traits and selection or direct
practical implementation, overcoming of the non-crossing of distantly
related forms, impact on crossing over of hybrids, inhibition of reaction of
self-incompatibility in cross-fertilization plants, induction of polyploidy,
etc. (Mir et al., 2020). Contemporary studies have aimed at improving
effectiveness of induction of various original and selectively valuable
mutants, and also creating principal sources of plants with high productivi-
ty, yield and resistibility to biotic and abiotic factors (Nazarenko, 2020).
Notable achievements in scientific-practical direction have been made by
specialists of the Institute of Physiology of Plants and Genetics of the
Academy of Sciences of Ukraine, where there were created varieties of
winter wheat which are being sown in Ukraine in an area of around
2 M ha, accounting to 30% of all fields in which this plant is cultivated
(Morgun & Rybalka, 2017).

Especially relevant now is the search for methodological approaches
of increasing the frequency and enlarging the spectrum of mutations,
opportunities of obtaining mutations having agricultural and important
selection traits with high frequency (Yakymchuk & Morgun, 2011).
Therefore, scientists are currently actively seeking for mutagens that
would cause a high level of controllable variability, significantly reduce
the level of depression in plants and would be of lower cost price (Eyges,
2013). Along with laser rays, exposure to nitrogen ions, carbon, use of the
conditions of the cosmic radiation in space (Khazaei et al., 2018; Yang et
al.,, 2019; Mir et al., 2020; Mousseau & Meller, 2020), there has arisen the
issue of efficiency of using the complex of mutagenic factors of the envi-
ronment, which have developed in technogenically contaminated territo-
ries. In this regard, an important stage of the research was the study of
genetic consequences of radionuclide contamination in winter wheat in
the 30 km Alienation Zone of the Chomobyl Power Plant (Morgun &
Yakymchuk, 2010; Yakymchuk, 2019). The study of the mutant lines
grown in the conditions of environmental radionuclide contamination
revealed the possibility of using them in selective breeding, and therefore
resulted in development of highly productive winter-tolerant varieties
Tsarivna, Lisova Pisnia, Romantyka, Vidrada on their bases (Burdeniuk-
Tarasevych et al., 2015). Therefore, the territory of anthropogenic radio-
nuclide contamination in the Chomobyl Plant Alienation Zone may have
unique conditions of mutagenic factors and requires study for the possibili-
ties of its use during the development of parents for the selective breeding
of winter wheat.

The objectives of the study were frequency and spectrum of muta-
tions in Triticum aestivum L. in the conditions of chronic exposure of the
plants to ionizing radiation in the Chornobyl Alienation Zone and efficien-
cy of using the radionuclide-contaminated territory in induction of selec-
tion valuable mutations.

Materials and methods

To study the mutagenic activity of radionuclide contaminations in the
Chormobyl Alienation Zone 30 years after the accident, we used Albatros
Odesky and Zymoiarka varieties of winter wheat (7. aestivum L.).
The plants were grown within Chystohalivka village (6 km from the
Power Plant), Kopachi village (4 km from the Plant) and Yaniv village (3
km from the Plant) of Chormobyl District of Kyiv Oblast (Fig. 1). Depend-
ing on the radionuclide contamination, the exposure dose equaled 7.2 * 10
12500 « 10 A/kg. As the control, we used the territory of the Research
Institute of Physiology of Plants and Genetics of the NAS of Ukraine
(Hlevaha urban-type settlement of Vasylkiv district of Kyiv Oblast),
where the exposure dose was 0.93 * 107> A/kg and where the spontane-
ous level of mutation variability in winter wheat plants has been being
studied over many years (Table 1).

Throughout the vegetation period, winter wheat plants were subjected
to chronic radiation. The first generation of plants (M;) was sown by
mechanical broadcasting in polluted territories. Seeds were sown in the
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optimum period in the area in 5 m?” plots. In the phase of complete maturi-
ty, the plants were reaped and each ear was threshed individually. Plants of
M, and M; generations were cultivated in the conditions of natural radia-
tion fund (Hlevaha urban-type settlement of Vasylkiv district of Kyiv
Oblast). They were grown distinctly in families, allowing them to manifest
macro- and micro-mutations, which we correctly recorded. A family was
considered to be a group of plants that grew from one ear. Families were
sown manually in 1.5 m-long rows with 15 cm distance between the
rows. Mutations were considered to be only those altered traits that had
been inherited in the subsequent generations. Different cases of mutations
were considered the plants that were phenotypically distinct from the
initial form within one family. Plants with altered traits were distinguished
by accurate analysis of all families during the course of their main phases
of growth and development. At the stage of ear formation, we were moni-
toring the rates of growth and tillering, specific changes in the stem and
leaves, detecting plants with intense waxy layer and without waxy layer,
including delayed and early massive ear formation, as compared to the
standard families. Early matured forms were determined compared with
the generally accepted standard of winter wheat variety Donska Napivkar-
lykova. Mutations according to morphological traits of the ear were moni-
tored in the period spanning the blossom to ripening of the seeds.

Fig. 1. Locations of cultivation of winter wheat (M)
within the Chomobyl Plant Alienation Zone

The record of frequency and the range of mutant forms were perfor-
med only in generation M; after checking the inherited altered traits ac-
cording to the ratio of the number of families with mutant plants to the
examined M, families. Mutations valuable for selective breeding were
considered to be inherited changes that contribute to yield, increase in
grain quality and resistance of the plants to deleterious abiotic and biotic
environmental factors. The level of induction of beneficial mutations was
determined according to the ratio of the number of detected beneficial
mutations to the overall number of examined families in M, and accor-
ding to their share of the total amount of detected mutant changes.

Table 1
Density of soil pollution with radionuclides (according
to the State Specialized Enterprise Chornobylsky Spetskombinat)

Radio- Sampling location
uclides Chystohalivka village Kopachi village Yaniv village
Bgkg kBym’ Bgkg kBgm’ Bgkg kBgmnt
BiCs 7013 526 3557 267 28000 2100
“Sr 789 5920 1275 95.60 1067 80.0
X Am 129 9.64 46 344 147 110
920py 108 8.10 53 3.99 88 6.6
py 45 338 23 1.78 36 2.7

Note: overall specific radioactivity of soil in Hlevaha urban-type settlement in Kyiv
Oblast is 290 Bg/kg (21.8 kBg/nr').
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Statistical analysis of the experimental data was made using the gene-
rally accepted methods, the significance of the differences was assessed
using ANOVA. The tables present percentages of mutations and mean
errors of samples’ mean arithmetic values.

Results

Ionizing radiation throughout the vegetative period of the winter
wheat plant within 10 km of the Chomobyl Alienation Zone (Chystoha-
livka, Kopachi, Yaniv villages) 30 years after the accident caused increase
in the level of noticeable mutations, frequency of which exceeded the
control values (0.81% for Albatros Odesky and 0.58% for Zymoiarka
variety) by 8.0-14.9 times (Table 2). In the territories with highest radio-
nuclide pollution — Chystohalivka village (exposure dose was 28.7 - 10
A/kg) and Yaniv village (exposure dose was 50.0 - 1072 A/kg), we ob-
served maximum frequency of mutations, which accounted for 12.0%
among Albatros Odesky variety and 6.9% and 7.0% respectively for
Zymoiarka variety.

Table 2

Frequency of noticeable mutations in winter wheat

in My-M; generations, induced by radionuclide contamination
in the Chomobyl Plant Alientation Zone (x + SD)

. Numberof Number  Frequency
Variety (/\lﬂoggggn examined ofmutant  of mutant
families families families, %o
Hlevaha urban-type
Albatros setflement (control) 44 4 081040
Odesky Chystohalivka village 241 29 12,03 £2.10%%*
Kopachi village 497 37 744+ 1.18%**
Hlevaha urban-type
settlement (control) 522 3 0.58+0.33
Zymoiarka Chystohalivka village 413 29 7.02+1.26%**
Kopachi village 345 16 4.64+1.13%**
Yaniv village 430 33 6.88 £ 1.16%**

Note: *** — difference is statistically significant compared with the control at P <0.001.

Exposure dose at the examined plot located in Kopachi village
(72-10™* A/kg) was the lowest, 4.0-6.9 times lower than the exposure
doses within Chystohalivka and Yaniv villages. However, even in the
conditions of cultivation of winter wheat in the territory of Kopachi, we
determined a high level of mutation variability (7.4% for plants of Alba-
tros Odesky variety and 4.6% for Zymoiarka variety) that exceeded the
control values by 9.2 and 8.0 times and was not significantly different
from the frequency of mutations induced by radionuclide contamination
in the territories of Chystohalivka and Yaniv villages.

The range of mutations was determined according to the number of
types of inherited changes that were found in induced mutants. The range
of mutations in MM generations of winter wheat plants, which were
caused by prolonged action of the emission of radionuclide pollutions of
the neighboring Chornobyl Power Plant Zone 30 years after the accident,
included 1220 types and depended on density of soil contamination and
exposure dose, as well as genotype of winter wheat plants. Among them,
the mutations expressed in duration of vegetative period, length of the
stem, morphology of the ear, presence or absence of awns (Fig. 2-4).

In all the studied territories under the increased radiation fund, the mu-
tant plants observed in high frequency were late maturing (0.60-2.92%),
low (2.03-2.49%) forms, mutants with dense (0.81-2.32%), squarchead
(0.20-0.87%)) ear. Tall mutants and mutants with intense growth rates,
despite being exclusively typical consequences of chronic radiation within
the Alienation Zone of Chormobyl, were seen with the frequency excee-
ding the control parameters significantly (Table 3). Such mutations as
short, non-dense, semi-sterile ear occurred in winter wheat plants growing
in the conditions of chronic radiation in the territories with the highest
density of soil contamination with radionuclides — villages Chystohalivka
and Yanic, and a statistically significant increase in frequency of long ear
mutation (0.81% in Albatros Odesky variety) was observed in the condi-
tions of the lowest density of radionuclide contamination in Kopachi
village. Some types of mutations had a variety-specific pattern of manife-
station, and the frequency with which they occurred did not depend on
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density of radionuclide contamination. Therefore, mutations such as
glaucous ear, anthocyanin leaves and awns, were found only among
plants of Albatros Odesky variety, with frequency equaling respectively
1.01-1.25%, 0.20-0.83% and 0.40-1.66%. Mutation of early maturation,
characteristic for Zymoiarka variety, was seen with 0.19-0.63% frequen-
cy. Among the types of mutations in Albatros Odesky plants induced by
radionuclide contamination in the territories of Chystohalivka village, we
distinguished a number of original noticeable inherited changes, including
speltoid ear (0.42%), red anthers (0.42%), wide (0.83%), narrow (0.42%)
and light green (0.83%) leaves. Erectoid ear mutation (0.20%) was also
found in plants of this species, but in the conditions of influence of radionuc-
lide contamination in Kolpachi village. In winter wheat plants of Zymoiarka
variety, the heightened radioactive background of radionuclide-conta-
minated territories induced a significantly narrower range of mutant types,
including such an untypical mutation as absence of waxy layer (0.20%),
caused by radiation impact developed in the territory of Kopachi village.

4 5
Fig. 2. Mutations according to the morphology of the ear in winter wheat
of Albatros Odesky variety, induced in the Chormobyl Alientation Zone:
1 —1nitial form of the ear, 2 —short ear, 3 —long ear,
4 —squarehead ear, 5 —speltoid ear

Fig. 3. Mutations of awns of the ear of winter wheat
of Albatros Odesky variety, induced in the Chornobyl Alienation Zone:
1 —awned ear of the initial form, 2 — semi-awned ear, 3 —awnless ear

3 4
Fig. 4. Mutations according to the morphology of the ear of winter wheat
of Zymoiarka variety, induced in the Chornobyl Alienation Zone:

1 —initial form of the ear, 2 —long ear, 3 —short dense ear,

4 —squarehead ear, 5 —speltoid ear

Regul. Mech. Biosyst., 2021, 12(3)



shed tall forms with intense growth and broad leaves; tall, late maturing,
with intense growth, light green colour and non-dense ear; tall, late matur-
ing, with light green narrow leaves and red anthers; low, awnless, with
short dense ear in plants of Albatros Odesky variety and tall, early matur-
ing, with intense growth; late matured, with dense cylindrical or short ear
and absence of waxy layer; with semi-awned non-dense ear; low, with
squarehead ear in plants of Zymoiarka variety.

In the conditions of chronic impact of ionizing radiation in the Chor-
nobyl Alienation Zone, the frequency of useful selection mutations ex-
ceeded the control level by 35.3-35.4 times for Albatros Odesky variety
and 20.9-26.8 times for Zymoiarka variety, equaling respectively 7.05—
7.07% and 3.97-5.09% (Table 4).

Their range included forms with long, large, cylindrical ear, shortened
stem, intense growth, early maturation. Their share in the overall amount
of mutations in Albatros Odesky plants grown in Chystohalivka village
was at the level of the control (24.7%), whereas the percentage of useful
. ot selection mutations in the conditions of radionuclide contamination in

Fig. 5. Mutations in stem length among plants of Albatros Odesky Kopachi territory accounted for 49.3%, which statistically significantly

winter wheat, induced in the Chomobyl Alienation Zone: exceeded the control parameters. The dominating forms among them
1~ nitial length of the stem, 2 —low height, 3 —tall height were low, with intense growth and long ear. In plants grown in Kopachi,

As a result of the analysis of the spectrum of noticeable mutations in ~ Nighly frequent mutation was also early maturation. Under the conditions
M,-M; generations of the plants, we found plants and some samples with of radionuclide contamination, we observed mutations such as large and

multiple combinations of discovered traits. Among them, we distingui ~ cylindrical ears with lower fiequency.

Table 3

Spectrum of noticeable mutations (%) in winter wheat of M,—Mj; generations, cultivated in the Chomobyl Plant Alienation Zone

Albatros Odesky Zymoiarka
Types of mutations ~ Hlevahaurban-type ~ Chystohalivka - Hlevahaurban-type ~ Chystohalivka . s
settlement (control) village Kopachi village settlement (control) village Kopachi village Yaniv village

1 0.20+0,20 0 101045 0 0.73+042 145+0.64* 0
2 0 0 0 0.19+0.19 048+0.34 0 0.63+0.36
3 0 291+£1.01%* 0.60+0.34" 0 1.21+£0.53* 145+0.64* 292 +0.76%**
4 0 291+£1.01** 1.81+0.60%* 0.19+£0.19 1.70+0.63* 029+028" 0.63+0.36
5 0.61+0.35 5.81 £ 1.5]%*+* 3.22£0.79%* 0.19+£0.19 1.94+0.68* 0.29+028" 1.04+046
6 0 249 +1.00* 242 +£0.59%** 0 2.18 +£0.72%* 2.03+0.76** 2.2940.68%**
7 0 1.25+0.71 0.81£040* 0 0 029+0.28 042+029
8 0 1.25+0.71 0.20+0.20 0 0 0.87+0.50 0.83+041*
9 0 042+041 0.60+0.34 0 024+0.24 0 0
10 0 1.66+£0.82* 0.81 +040* 0 0.97+048* 232+0.81** 0.83+041*
11 0 2.08+0.92* 0 0 024+024 029+0.28 021+0.20
12 0 0 040+0.28 0 024+024 0.58+041 0.63+0.37
13 0 0.83+0.58 0.20+0.20 0 0 0.87+0.50 042+0.29
14 0 042+041 0 0 0 0 0
15 0 0 020+£0.20 0 0 0 0
16 0 042+041 0 0 024+024 0 0
17 0 042041 0.20+0.20 0 0 0 0
18 0 0 020+0.20 0 024+0.24 0.58+041 042+029
19 0 0 0 0 0 0 021+£0.20
20 0 1.25+0.71 1.01+045* 0 0 0 0
21 0 1.66+0.82* 040+028 0 0 0 0
22 0 042041 0 0 0 0 0
23 0 0.83+0.58 0 0 0 0 0
24 0 042041 0 0 0 0 0
25 0 0.83+0.58 0.20+0.20 0 0 0 0
26 0 0.83+£0.58 0 0 0 0 0
27 0 0 0 0 0 0.58+041 0

Number of mutant types 2 20 17 3 12 13 13

Note: types of mutations: 1 — early maturation, 2 — average-early maturation, 3 — late maturation, 4 — intense growth, 5 — tallness, 5 — low height, 7 — long ear, 8 — short ear, 10—
dense ear, 11 —non-dense ear, 12 — cylindrical ear, 13 — squarehead ear, 14 — speltoid ear, 15 — erectoid ear, 16 — semi-sterile ear, 17 —awnless ear, 18 — semi-awned ear, 19 —
awned ear, 20 — glaucous ear, 21 —anthocyanin awns, 22 — red anthers, 23 — broad leaf, 24 — narrow leaf, 25 — anthocyanin leaves, 26 — light green leaves, 27 absence of waxy
layer; * — difference was considered statistically significant compared to the control at P < 0.05; ** — difference is considered statistically significant compared to the control at P <
0.01; *** — difference is considered statistically significant compared to the control at P < 0.001; # — difference compared to the variant in Chystohalivka village is statistically
significant at P < 0.05; ~— difference compared to the variant in Yaniv village is statistically significant at P <0.05.

Table 4
Frequency of useful selection mutations (%) in winter wheat in M,—M; generations, induced in the Chomobyl Alienation Zone (n =400, x + SD)
Albatros Odesky Zymoiarka
Sampling locations Frequency Share of beneficial mutations in the Share Share of beneficial mutations in the
of beneficial mutations _ overall amount of detected mutations  of beneficial mutations  overall amount of detected mutations

Hlevaha urban-type settlement (control) 020+0.08 24.69+1.94 0.19+0.06 3333+2.06
Chystohalivka village 7.07 £ 1.65%+* 2429+2.76 5.09+ 1.08*** 4890+2.46*

Kopachi village 7.05+ 1.15%+* 49.34+£224%* 4.64+1.13%%* 39.02+2.63

Yaniv village - - 3.97 £0.89%** 34.58+2.17

Note: * — difference compared to the control is statistically significant at P < 0.05; ** — difference compared to the control is statistically significant at P < 0.01; *** — difference
compared to the control is statistically significant at P <0.001.
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The peculiarity of the genotype reaction of Zymoirka plants to radio-
nuclide contamination in the territory of Chystohalivka village was signif-
icant increase in the percentage of beneficial agronomic mutations, which
accounted for 48.9%. Excess over the control values according to the
share of beneficial mutations was also observed in the conditions of ra-
dioactive contamination in the territories of Kopachi and Yanivvillages,
though their percentage was significantly inferior to such observed in the
conditions of Chystohalivka village. In most cases, they contained forms
that matured early, low, with intense growth and cylindrical ear.

Important selection mutations were often accompanied by morpho-
logically inherited changes, which may have been factors of significant
reduction of plants” productivity. Therefore, the long ear mutation was
found in a complex with long stem trait; mutation of low height was seen
accompanied by short or squarehead ears; plants with intense growth were
characterized by tall height at the same time and non-dense ear; the valua-
ble selection breeding trait of early maturation was found together with tall
height and non-dense ear; plants with large ear were characterized by late
maturation, while the cylindrical ear mostly was also small sized.

Discussion

Among the agricultural crops that grew in pre-disaster period in the
territory of Chornobyl Alienation Zone and were sown over a large area of
land, there were the following cereal crops: winter bread wheat (7riticum
aestivum L.) and rye (Secale cereale 1..) (Morgun & Yakymchuk, 2021).
Since the first months following the accident, they have become some of
the commonest plants studied concerning the genetic effects of the Chor-
nobyl disaster and have lost no relevance to this day. Winter bread wheat
has a complex genetic nature because of hexaploidity and therefore a great
reserve of variance (Krotova & Beletskaya, 2015). Selection of original
mutations and re-combinations, combination of mutation and combinato-
ry variabilities are the main methods of gene fund enrichment (Makeen &
Babu, 2010). Creation of new and improvement of existing genetic sour-
ces of grasses through mutations allow improvement of the frequency of
crossing over, shifting trait dominations, altering effects of gene interac-
tion, which ultimately leads to more complete implementation of inherited
variability (Makeen & Babu, 2010). In the conditions of induced mutage-
nesis, from one genotype, one may derive quite a broad variety of forms,
particularly those with different beneficial traits. Use of mutagens that
have emerged in already existing varieties allows one to operate highly
beneficial proportions of positive traits (compared to negative) against the
homogenous general background of genome of cultivated variety. Fur-
thermore, as the material for cross breeding, there may be used mutants
with induced positive traits that do not occur in existing varieties. Muta-
genic factors with low frequency led to emergence of mutants that are not
of great interest individually, though they have heightened parameters of
the complex of quantitative useful selective breeding traits that would be
expedient to transfer to other mutants or varieties. Creating new varieties
with high and stable yield against the background of varying ecological
conditions is based on morphologically variable parent material and inte-
grated study of'it.

The mutagens that have been used most commonly in the practice of
experimental mutagenesis include ionizing radiation and chemical super-
mutagens. Study of the peculiarities of molecular mechanisms of their
action allowed a development of methods of their most efficient applica-
tion to improve the frequency and broaden the range of mutations, particu-
larly the ones useful for selective breeding. Taking into account positive
results of using combined action of mutagenic factors of different nature in
high and low doses, the next question is the potential of using territories
that have been anthropogenically contaminated by mutagenic factors as
polygons with unique conditions of influence of complex of natural and
technogenic genotoxic factors that may cause unpredictable genetic con-
sequences. In Ukraine, such a polygon has for 35 years been the Chor-
nobyl Alienation Zone.

Chronic radiation influencing the winter wheat in the Alienation Zone
in remote period since the Power Plant disaster led to mutations in plants,
the frequency of which has not been accompanied by direct dependence
on the density of radionuclide contamination. In particular, in the condi-
tions of difference between the exposure doses (21.3 - 1072 A/kg), found
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in the territories of Chystohalivka and Yaniv villages, no significant diffe-
rence in frequencies of the observable mutations were determined.
The frequency of mutations was also not significantly different in the con-
ditions of chronic exposure of plants to the radiation in the territory of
Kopachi village, where the exposure dose was the lowest, 4.0-6.9 times
lower than those within Chystohalivka and Yaniv villages. Long-lasting
action of high doses of radiation is believed to induce a number of non-
vital mutants that were not taken into account in the overall frequency of
mutations (Mousseau & Moller, 2020). Non-linear pattern of induction of
mutations in the organisms that are subject to chronic exposure in the
territories with different levels of specific activity of radionuclides was
found in many tested plants: narrowleaf hawksbeard Crepis tectorum,
Scots pine Pinus sylvestris, pea Pisum sativum, winter rye, winter wheat,
barley (Zaichkina et al., 2004; Geras’kin et al., 2008; Boratynski et al.,
2016; Olsen & Dineva, 2017; Morgun et al., 2019; Hase et al., 2020;
Shuryak & Brenner, 2021).

Some studies clearly revealed that the frequency of mutations per
unit of absorbed dose against the background of lowest levels of contami-
nation (5-10 Ci/km?) was 16-fold higher than in the conditions of high
doses (400-500 Cikm?) (Sidorov, 1994). Over the period fiom germina-
tions to microspore genesis and gametogenesis, the barley plants of waxy-
line grown in two experimental plots in Chomobyl and within Yanic village
had been exposed to radiation doses of 0.05, 2.56 and 21.12 ¢Gy. Mutation
frequency in calculation per unit of the dose was higher than such in the
least contaminated plots (Boubriak et al., 2016). The authors indicate that
in the conditions of gamma radiation field, the frequency of waxy-
reversions was increasing linearly, while in the conditions of the Chor-
nobyl Zone — exponentially. Decrease in mutagenic effects during high
levels of radionuclide contamination was also observed in wild-growing
populations of Arabidopsis (Geras’kin et al., 2008), which is attributed to
decrease in efficiency of DNA reparation. Inhibition of the system of
DNA recovery is associated with SOS-reparation, which ultimately leads
to relative decrease in mutagenesis at high levels of radionuclide contami-
nation. Non-linear dependence of the effect on the radiation dose is indi-
cated by the results of the studies conducted on winter wheat (Morgun &
Yakymchuk, 2010; Yakymchuk, 2019). Therefore, as the level of radio-
nuclide contamination in territory of the Alienation Zone gradually de-
creases, we should expect that high mutagenic effect of the radiation shall
remain.

Acute radiation that is often used in laboratory conditions to induce
the mutations usually take impact in a short period of time during expo-
sure to high doses. Chronic exposure to radiation, observed in radionuc-
lide-contaminated territories of the Chornobyl Alienation Zone, is conti-
nuous and often affects a significant part of life of an organism. Usually,
chronic radiation is active during separate life stages and in quite low do-
ses, causing no heavy radioactive impacts. The difference between genetic
consequences of acute and chronic emissions in the Chomobyl Alienation
Zone may be explained by the fact that the plants are subject to various
types of both external and internal radiations, the concentration of radio-
nuclides in the growth zones, their synergy with chemical toxicants that
may influence the level of genetic impact. Also, the chronic effect of ioni-
zing radiation related to the Power Plant disaster is believed to occur
through components that are still unknown (Boubriak et al., 2016; Sanzha-
rova & Fesenko, 2018). During the ontogenesis, there were recorded se-
veral obstacles for organisms damaged by y-radiation to continue to exist
(Pozolotina, 2003): 1) beginning of functioning of the meristematic tis-
sues, 2) gametogenesis, which coincides with blossom phase, 3) embryo
development stage. All the existing barriers guarantee no complete disap-
pearance of changes caused by y-radiation in the subsequent generations,
but undergoing them is a necessary condition for preservation and transfer
of complete genetic information to offspring.

Thirty years after the accident, chronic exposure to radionuclide con-
tamination in the Alienation Zone induced quite a broad spectrum of no-
ticeable mutations in winter wheat, ranging 12-20 types. Most of them
were mutation changes related to height of the plants, structure of the ear,
presence or absence of awns, duration of the vegetative period. The spect-
rum of mutations was characteristic of relatively frequent emergence of
mutations related to the dwarfism (dwarf and low forms), which occurs
quite rarely in the conditions of spontaneous variability and is of low fre-
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quency during experimental mutagenesis. Considering that similar forms
were found among the material collected during the year of the Chornobyl
disaster in most affected Oblasts of Ukraine (Morgun & Yakymchuk,
2021), occurrence of height-related mutations among plants is obviously a
distinctive consequence of the radiation in the contaminated territories.
The mutations included red awns of the ear, red anthers, anthocyanin-
coloured leaves. Detection of anthocyanin colour on various organs of the
plants in the process of ontogenesis is a reaction of plants to unfavourable
abiotic and biotic environmental factors, which may correlate with the
level of radionuclide contamination and degree of adaptation to ionizing
radiation (Guscha et al., 2002; Shoeva et al., 2017; Shoeva & Khlestkina,
2018). The red colour of organs of plants is controlled by a number of
genes: R, — determines the colour of coleoptile, R, — colour of the leaf base
and the “ears” of the leaf axil, P,, — anthers in blossom phase, P, — colour
of the stem in the early period of ripening of seeds, R, and R — colours of
ear scales and grains (Hlestkina, 2012; Jiang et al., 2018; Jia et al., 2020
Abrouk et al., 2021). Emergence of distinct mutants with squareheaded,
speltoid and erectoid ears is related to deletion, deletion-duplication, trans-
location, microabberations in the fifth chromosome of A genome, which
contains locus Q (Konopatskaia et al., 2016; Simonov et al., 2017). Its
deletion is likely to determine speltoid features. Squareheaded plants may
have been conditioned by duplications, translocations, microabberations
related to increase in dose of Q locus, and also trisomy of SA chromo-
some. Erectoid types occur as a result of monosomy, but the missing
chromosome has not yet been identified.

The degree of genotoxicity of mutagenic factor is not only the fre-
quency level of mutations, but also their simultaneous complex presence
in one cell or entire organism. Induction of multiple mutations can be used
to overcome some undesirable relationships between the traits and com-
bine such features in one mutant, which are hard to compose (Abdelalee-
ma & Al-Azab, 2021). Radiation towards hybrid populations of winter
wheat plants was also confirmed to increase successful selection of re-
combinants with more favourable combinations of useful traits than in
case with regular hybrid populations (Beyaz & Yildiz, 2017).

In the studies of frequencies and the spectrum of mutations induced
by various mutagenic factors, it is important to determine the share of
beneficial agronomic ones. Such features may include resistance to unfa-
vourable environmental conditions, diseases and pests, increased yield,
high quality of grain and bread, heightened amount of protein and essen-
tial aminoacids, high adaptive properties, etc (Morgun & Yakymchuk,
2010; Mir et al., 2020). One of the problems of chronic action of radiation
is that its biological consequences are impossible to predict, as well as to
determine direct dependence of initial beneficial agronomic mutations on
the overall level of mutations. The results of our studies may also be an
example when two varieties of one crop were observed to have different
frequencies of useful selective breeding mutations after exposure to the
same doses. Therefore, Albatros Odesky variety had increase in the share
of beneficial selective breeding mutations in the conditions of exposure to
radionuclide contamination of soil in the territory of Kopachi village,
where specific radioactivity was the lowest. Frequency of useful selection
mutations induced by radionuclide soil pollution within Chystohalivka
and Yaniv villages were at the same level and significantly exceeded the
control. Zymoiarka variety had the highest share of important selection
mutations in the conditions of chronic radiation influencing plants in
Chystohalivka village, and was no different from the parameters of the
control in the conditions of cultivating winter wheat under the influence of
highest and lowest specific radiations in soil in Yaniv and Kopachi villages.

Conclusions

Despite significant improvement in the radiological situation in the
Chomobyl Alienation Zone, the level of mutation variability in winter
wheat is high even 30 years following the accident, exceeding the control
by 8.0-14.9 times. In places with most intense radionuclide contamination
(Chystohalivka and Yaniv villages), we found the highest frequency of
mutations — 12.0% for Albatros Odesky variety and 6.9% and 7.0% for
Zymoiarka variety. Mutation variability of winter wheat also remained at
a high level in the area where the exposure dose decreased 6.9-fold (terri-
tory of Kopachi village), exceeding the control parameters respectively by
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9.2 and 8.0 times, and was not different from the frequency of mutations
induced by radionuclide contamination in Chystohalivka and Yaniv villa-
ges. Therefore, as the level of radionuclide contamination in the Chormo-
byl Alienation Zone gradually decreases, one may further expect mainte-
nance of high mutagenic effect of the radiation. The spectrum of mutati-
ons which have been caused by long-term impact of radionuclide conta-
mination in the area next to the Alienation Zone comprised 1220 types,
depending on density of soil contamination with radionuclides and magni-
tude of radiation dose, as well as genotype of plants. Among the deter-
mined mutations, 24.3-49.3% accounted for important agronomic muta-
tions, the dominating being low height, intense growth and long cylindri-
cal ear. The high likelihood of inheriting beneficial agronomic traits in
complex with mutations that reduce productivity of winter wheat limits
the efficiency of direct selection of beneficial selective breeding mutant
forms. Enlargement of genetic diversity of initial material for selective
breeding on account of mutagenesis induced by radionuclide contamina-
tion creates perspectives for its use in cross-breeding with the purpose of
implementation of selective breeding genetic programs aimed at improv-
ing wheat varieties.
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