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Introduction

Morgun, V. V., & Yakymchuk, R. A. (2018). Cytogenetic anomalies of winter wheat cells, induced by chemical contamination of
the territory of Kalush industrial district. Regulatory Mechanisms in Biosystems, 9(3), 446—452. doi:10.15421/021867

Mass accumulation of toxic waste near inhabited localities has changed some regions of Ukraine, in particular Kalush industrial
area (Ivano-Frankivsk region), into zones of ecological disaster. Research on cytogenetic anomalies caused by chemical soil
contamination of the territories of toxic chemical warehouses will be useful in determining the level of mutagenic activity of
xenobiotics when they enter the environment and potential mechanisms of the induction of chromosome reconstructions by them and
mitosis disorders. The aim of the research is to study frequency and spectrum of the types of cytogenetic disorders in 7" aestivum L. under
the prolonged effect on the seeds of soil contaminated with hexachlorinebenzene from territories of toxic waste warehousing and to
determine the level of their mutagenic activity as compared with the effect of moderate and high concentrations of N-nitrozo-N-
methylurea (NMU). Seeds of winter wheat cultivars Al’batros odes’kyi and Zymoiarka were sprouted in the soil samples taken from
the toxic waste ground of LLC “Oriana Halev”, its recultivated area and the dump area of Dombrovskyi potash ore mine, situated
near Kalush city. Hexachlorobenzene concentrations in the soil of the studied areas exceeded CPC by 1233-18350 times. Soil
samples from a tentatively clean area of Svatky village, Hadiach district, Poltava region were taken as the control. To study
cytogenetic consequences of the effect of moderate and high concentrations of NMU, wheat seeds were kept in a mutagen water
solution at concentrations 0.005%, 0.010%, 0.025%. Frequency and spectrum of cytogenetic anomalies were determined in the cells
of sprout root meristem using the anatelophase technique. Chemical contamination of the soil exhibited high mutagenic activity
which, by induction frequency of cytogenetic anomalies, exceeded the control level by 1.8-3.8 times and equalled mutagenic activity
of NMU in moderate concentrations. The highest level of cytogenetic disorders, which exceeded spontaneous indicators by 3.4—
3.8 times, was found when the soil contamination of the territory of the toxic waste ground with hexachlorobenzene was the most
intensive. Traces of hexachlorobenzene in the soil of the recultivated plot of the ground continue to manifest high cytogenetic activity
and pose a threat for the genomes of living organisms. Frequency of chromosome aberrations at a low hexachlorobenzene
concentration in the soil of the disposal area of Dombrovskyi mine exceeded spontaneous indicators by 1.8-2.4 times, which is the
result of its complex effect with natural-mineral compounds of mining-chemical raw materials. The increase of some bridges and
acentric chromosome rings — markers of a radiation effect — among the types of cytogenetic disorders, induced by the soil
contamination with hexachlorobenzene, confirms the radiometric properties of the xenobiotic, which were identified at high
concentrations of NMU. The increase in the number of the cells with multiple aberrations, induced by the hexachlorobenzene
contamination of the soil holding the studied objects proves the high genotoxicity of the chemical compound and the threat of serious
genetic consequences if it enters the environment.

Keywords: Triticum aestivum L.; toxic waste; mitosis disorders; chromosome aberrations; mutagenic activity.

that wastes of danger category, 1-3, 8 min t of which are annually for-
med in Ukraine, show the highest genotoxicity. Their mass accumula-

Mutative changes of organisms are a required factor of evolution,
they make the genome dynamic and flexible, help active response to
environmental changes and are an adaptive feature of species (Lynch,
2016; Gervais & Roze, 2017; La Croixetal., 2017). In the conditions of
increasing techno-genic load in the form of physical and chemical
mutagens, controlling systems of genomic reconstructions fail to ensure
their stable spontaneous level. Induced genetic disorders are revealed by
genome destabilization (Chan et al., 2014; Kumar & Pandey, 2015),
kinds of development (Aoki, 2017; Yahaya et al., 2017), the increase of
genetic load in the populations, changes in the trends of natural selection
(Sirohi et al., 2014; Henn et al., 2015), the decrease of lifespan (Chen et al.,
2013; Correia et al., 2013), disorder of sexual dimorphism, individual
death (Doorn, 2014; Kumar & Pandey, 2015).

Based on the generalization of the research results concerning the
factors of chemical pollution of the environment, it has been established

446

tion in the ground near inhabited localities have changed some regions
of Ukraine, in particular Kalush city and adjacent villages Kropyvnyk
and Sivka-Kaluska in Ivano-Frankivsk region, into zones of ecological
disaster (Al-Naber et al., 2016). Intensive soil, water and air contamina-
tion of Kalush industrial district with highly toxic substances from the
largest deposit of toxic waste in Europe — LLC “Oriana Halev” and
Dombrovskyi potash ore mine, where 11,087.6 t of hexachlorobenzene
are stored according to official data (about 50% of all the available waste
of danger category [ in the territory of Ukraine) (Lysychenko et al., 2015),
have caused an increase in the level of genetic pathology, inborn ano-
malies, new formations, and somatic diseases of the main organ systems
among local residents (Rozhko et al., 2014). Based on the estimation of
the UN international experts, recultivation of the ground of the territory
and removal of toxic waste for further utilization outside the country
caused additional contamination of the region with highly toxic chemi-
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cal compounds and some concern of the world community as to a po-
tential risk of trans-border ecological-technological disasters (Yakym-
chuk & Valyuk, 2018).

Most research has focussed on monitoring and identifying the amount
of xenobiotic concentration in the soil, water and foodstuffs (Parpan et al.,
2016; Febbraio, 2017; Dent & Dmytruk, 2017). The determination of
the level of mutagenic danger to organisms of chemical soil contamina-
tion within areas of toxic waste warchousing is among the unsolved
problems. To study their mutagenic activity and to define the mechanisms
of occurrence of genetic disorder, it is important to research the effect of
gene-toxicants on the functioning of a nucleus cell apparatus and fre-
quency of cytogenetic disorders (Altwaty et al., 2016). The study of
frequency and spectrum of cytogenetic anomalies, induced by chemical
soil contaminants of the natural environment in comparison with the effect
of different concentrations of the comprehensively-studied super-muta-
gens, among which are N-nitrozo-N-methylurea (NMU), is of great
practical significance, and will make it possible to identify the level of
mutagenic activity of the discovered xenobiotics and possible mechanisms
of their induction of chromosome reconstructions and mitosis disorders.

When the effect of environmental harmful factors on the genetic
apparatus of living organisms, including man, is studied, in most cases
plant test-objects are used, as they facilitate the identification of various
mutation types, they do not require serious financial expenses, and the
experiments using them can be conducted in a shorter time (Firbas &
Amon, 2014; Babatunde & Anabuike, 2015; Kumar & Srivastava, 2015).
The aim of the research is to study frequency and spectrum of the types
of cytogenetic disorders in Triticum aestivum L. under the prolonged
effect on the seeds of the soil contaminated with hexachlorobenzene in
the territories of toxic waste warehousing and to determine the level of
their mutagenic activity as compared with the effect of moderate and
high concentrations of N-nitrozo-N-methylurea.

Materials and methods

Cytogenetic activity of soil chemical contamination in the territory
of the toxic waste ground of LLC “Oriana Halev”” and Dombrovskyi
potash ore mine (Kalush city, Ivano-Frankivsk rgn.) was studied on
winter wheat sprouts of cv. Al’batros odes’kyi and Zymoiarka with help
of anatelophase method. Seeds were sprouted at 25 °C in soil samples
moistened with distilled water and taken by standard technique (Bekker
& Agaev, 1989) from the area within the toxic waste ground (49°04' N,
24°19' E), its recultivated area (49°05' N, 24°19' E) and dump of Domb-
rovskyi mine (49°01' N, 24°20' E) (Fig. 1). Hexachlorobenzene concen-
trations in the soil were 550.5, 292.0 and 37.0 mg/kg, respectively, and
exceeded CPC by 1233-18350 times (0.03 mg/kg). Soil samples from a
provisionally clean area of Svatky village, Hadiach district, Poltava
region were taken as the control.

To study cytogenetic consequences of the effect of moderate and
high concentrations of N-nitrozo-N-methylurea (NMU), wheat seeds
were kept for 18 hours in water solution at concentrations 0.005%,
0.010%, 0.025%, after which they were placed in Petri dishes on filtered
paper, moistened with distilled water. Seeds moistened in distilled water
were taken as the control.

Primary rootlets, 0.8-1.0 cm long, were fixed during 4 hours in
Clark holder. Their chemical maceration was done during 1 minute in
1 n solution of hydrochloric acid. When maceration was over, the rootlets
were exposed to 23-25 °C for 24 hours in aceto-orcein solution. Tem-
porary crushed cytological preparations were used for microscopic
analysis according to standard technique (Pausheva, 1988). Microscopic
study of root meristem cells was carried out using the microscope
Jenaval (Carl Zeiss Jena) at magnification 600°. When identifying fre-
quency of chromosome aberrations and mitosis disorders, cells which
were in anaphase and early telophase were examined. Microphotogra-
phy was done with help of Olympus SP-500 UZ integrated into a mic-
roscope at microscope magnification 900" and software Quick Photo
Micro 2.3 for Windows (Olympus). Sampling for each variant used at
least 1000 cells, which were analyzed in 20 and more primary rootlets.
Frequency of aberrant cells was considered as a percentage of cells in
anaphase and early telophase which had chromosome disorders. When
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average number of aberrations per aberrant cell was calculated, cells
with 0, 1, 2 and multiple chromosome aberrations (>2 aberrations) were
taken into account. Statistical processing of experimental data was done
by standard technique. Percentage shares of chromosome aberrations and
average errors of sampled arithmetic averages are given in the tables.
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Fig. 1. Soil sampling areas near Kalush city, Ivano-Frankivsk rgn.:
1 — dumps of Dombrovskyi mine, 2 — toxic waste ground
of LLC “Oriana Halev”, 3 — recultivated area of the toxic
waste ground of LLC “Oriana Halev”

Results

The prolonged effect of chemical factors of soil contamination from
the territory of the toxic waste ground of LLC “Oriana Halev” and
Dombrovskyi potash ore mine in Kalush city on wheat seeds caused the
frequency increase of chromosome aberrations in primary rootlets of
winter wheat, which was 1.51-2.35% for cultivar Al’batros odes’kyi
and 1.37-2.51% for cultivar Zymoiarka, and it exceeded the control
level by 1.8-3.8 times (Table 1). Its highest indicators — 2.35% for
Al’batros odes’kyi and 2.51% for Zymoiarka — were recorded on the
most intensively hexachlorobenzene contaminated soil area of the toxic
waste ground. Frequency of cytogenetic disorders exceeded the control
level by 3.4-3.8 times. The concentration of residual amount of hexa-
chlorobenzene in the soil of a recultivated plot of the ground decreased
twice, as compared with a previous variant. However, chemical conta-
mination continued to maintain high mutagenic activity, which was
confirmed by a statistically reliable induced increase in the number of
aberrant cells of root meristem by 2.6-3.0 times. The frequency decrease
of cytogenetic disorders regardless of the genotype of a winter wheat
cultivar only by 1.3 times in the conditions of a doubled decrease of
mutagen concentration proves that there is no direct correlation between
the intensity of hexachlorobenzene soil contamination and the level of
cytogenetic anomalies.

The level of cytogenetic disorders, induced by soil contamination
near the dump of Dombrovskyi potash ore mine, exceeded control indi-
cators by 1.8-2.4 times. The soils of Dombrovskyi mine dump contain
bare-lying rocks, which include halite, kainite, langbanite, sylvite,
kieserite, polyhalite, anhydrite, shungite, leonite and compounds Ni, Fe,
Mn, Pb, Cr, Me, the concentrations of which exceed standard admis-
sible rates considerably (Haidin et al., 2014). Besides, within the dump
area of the mine, unsanctioned storage of thousands of tons of especially
dangerous chemical substances — hexachlorobenzene and amines — took
place, and they, being improperly isolated, enter the superficial soil layers.
Hence, the preservation of high frequency of chromosome aberrations
with further intensity decrease of soil hexachlorobenzene contamination
by 8 times is classified as the result of the cumulative and synergetic
effect of a complex impact of low concentrations of xenobiotics with
natural mineral compounds of mining-chemical raw materials.
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‘When the water solution of NMU was at the lowest concentration —
0.005%, the level of induced cytogenetic disorders in the cells of root
meristem increased by 3.5-10 times: it was 2.74% for cultivar Al’batros
odes’kyi and 5.82% for cultivar Zymoiarka, control indicators were
0.78% and 0.58%, respectively (Table 2). Further doubling of NMU
concentration (0.01%) caused the increase of chromosome reconstruct-
tion level in sprout cells of cultivars Al’batros odes’kyi and Zymoiarka
of up to 3.92% and 7.13%, respectively, which exceeded the control
level by 5.0-12.3 times. However, no statistically reliable difference
between the indicators of aberrant cell frequency, induced by NMU in
concentrations 0.005% and 0.010%, was recorded. Further increase of
NMU concentration by 2.5 times (0.025%) was followed by the induc-
tion of the highest level of cytogenetic disorders in meristem cells of
primary rootlets — 19.0% for cultivar Al’batros odes’kyi and 23.1% for
cultivar Zymoiarka, which exceeded the control level by 24.4-39.7 times.
A considerable increase of the number of cells with chromosome recon-
structions shows a radiomimetic effect of the chemical mutagen impact
in a high concentration.

The spectrum of the types of cytogenetic anomalies in winter wheat
cells under the effect of contamination of the soil and NMU water solu-
tions from the studied areas with hexachlorobenzene, except for acentric
fragments and bridges, which were typical for the control variant, contai-
ned micronuclei, ring and lagging chromosomes (Fig. 2a, b). The corre-
lation between frequency of induction of several types of chromosome
aberrations and the genotype of the plants and the concentration of the
active substance was recorded. The increase in frequency of chromosome
aberrations in the cells of sprout root meristem under the effect of con-
tamination of soil with hexachlorobenzene in the highest concentration
(the territory of the toxic waste ground) is due to the induction of single
acentric fragments (1.18%) in cultivar Al’batros odes’kyi and that of chro-
matide and chromosome bridges (1.07%) in cultivar Zymoiarka (Table 3).
As a result of the effect of contamination of soil with hexachloroben-
zene in lower concentrations on wheat root meristem, which is typical
for a recultivated plot of the toxic waste ground, frequency of the cells
with acentric fragments remained at the level of a previous variant and
was 0.88% for Al’batros odes’kyi and 0.90% for Zymoiarka (Fig. 3).
But the share of bridges in total frequency of cytogenetic disorders
decreased to the indicators of the control level. The increase of the

number of clastogenic disorders in meristem cells of primary rootlets of
wheat sprouts under soil chemical contamination near Dombrovskyi
mine resulted from the formation of mainly acentric fragments in
Al’batros odes’kyi and dicentric chromosomes in Zymoiarka.

Table 1
Frequency of anatelophase aberrations in winter wheat,
induced by toxic waste contamination of soil (x + SE)

Studied  Mitoses with ~ Studied  Mitoses with

anatelo-  cytogenetic  anatelop  cytogenetic
. . phase disorders hase disorders
Soil sampling area . .
mitoses, o mitoses, o
% pes %
pes pes
Al’batros odes’kyi Zymoiarka
Svatkyvillage, Poliava 1591 g 0632020 1200 9 075025
rgn. (control)
Toxic waste ground of - "
LLC “Oriana Halev” 1107 26 235+046 1592 40 2514039
Recultivated area of the

toxic waste ground of 1133 21 1.85+040° 1219 24 197+040°

LLC “Oriana Halev”
Dombrovskyi potash

X 1126 17 151+036" 1166 16
ore mine

1.37+034

Notes: ~ — difference as to the control is statistically reliable at P < 0.05,
" —atP<00l.

Table 2
Frequency of anatelophase aberrations in winter wheat, induced by NMU

Studied  Mitoses withcytoge-  Studied ~ Mitoses with cyto-

anatelopha-  netic disorders anatelopha- _ genetic disorders
Mutagen . —_— .
. Se mitoses, se mitoses,
concentration pes % %
pcs pes
Al’batros odes’kyi Zymoiarka

Water (control) 1409 11 078+023 1210
NMU, 0.005% 1239 34 274+046° 1117
NMU, 0.010% 1122 4 3924060 1319 94 7.13+0.71"
NMU, 0.025% 1067 203 19.03+120" 976  22523.05+135%

7 058+022
65 5.82+0.70"

Notes: " — difference as to the control is statistically reliable at P < 0.01; * —
difference as to variant NMU 0.005% and NMU 0.010% is statistically
reliable at P < 0.01.

Fig. 2. Chromosome aberrations and mitosis disorders in root meristem of winter wheat, induced by toxic waste contamination of soil:
a —ring chromosome, b — lagging chromosome, ¢ — pair acentric fragments and lagging chromosome, d — multiaberrations; bar — 5 pm

The frequency variation of fragments and bridges depending on the
genotype of the plants and the concentration of mutagen was also
recorded under the effect of NMU on winter wheat (Table 4). The effect
of the supermutagen in concentration 0.005% caused a serious increase of
both acentric fragments and chromatide bridges in mitotic cells of root
meristem of wheat sprouts of cultivar Zymoiarka (2.78% and 0.89%,
respectively, the control level was 0.33% and 0.25%), whereas in the
cells of root meristem of cultivar Al’batros odes’kyi only frequency of
acentric fragments increased (1.69%, the control level was 0.43%) (Fig.
4). The increase of NMU concentration to 0.01% was followed by a
considerable increase of fragment and bridge frequency in the cells of
root meristem of cultivar Zymoiarka, but a decrease of the number of
cells with acentric fragments (0.89%) and increase in cells with
dicentrics (1.25%) was seen in cultivar Al’batros odes’kyi. A serious
increase in acentric fragments (8.34-9.02%) was recorded under the
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effect of NMU in high concentrations (0.025%) for both cultivars; most
of them were pair ones. The frequency indicator of anatelophase cells
with chromatide bridges, as compared with the previous variant of
mutagen effect, did not change significantly.

Thus, the appearance of a great number of cells with dicentrics in
wheat root meristem, induced by hexachlorobenzene contamination of
the soil near the toxic waste ground, confirms the radiomimetic proper-
ties of the chemical compound. According to the results of studying
cytogenetic consequences of NMU impact, the abovementioned type of
chromosome aberrations with high frequency may occur under moderate
and high concentrations of mutagen.

Contamination of the soil of the studied territories with hexachloro-
benzene caused the appearance of the cells with ring chromosomes,
which may point to the lack of affinity of chemical mutagens with gene-
tic cell structures and the mechanism of their effect by a principle of a

Regul. Mech. Biosyst., 9(3)



target — accidentally. The spectrum of the types of cytogenetic disorders,
as NMU concentration increased, extended with the appearance of ring
chromosomes. They are markers of radiation effect (Ryu et al., 2016;
Markovi¢ et al., 2017), which is why the appearance of such chromosome

Table 3

aberrations, affected by NMU in concentration 0.025% and hexachloro-
benzene contamination of the soil in the areas of its storage with fre-
quency 0.19-0.51% and 0.06-0.19% respectively, confirm radiomime-
tic properties of the studied xenobiotics.

Spectrum of types of anatelophase chromosome aberrations in winter wheat, induced by toxic waste contamination of soil (x = SE)

Frequency of types of mitosis disorders and chromosome aberrations, %

Soil sampling area fragments lagging chromosome Number of aberra-
fragments bridges and bridges micronuclei chromosomes rings tions per aberrant cell
Al’batros odes’kyi
Svatky village, Poltava rgn. (control) 0.08+£0.08  0.54+0.20 0 0 0 0 1.00
Toxic waste ground of LLC “Oriana Halev”  1.18+£0.32*  0.99+0.30 0 0.09+0.09 0 0.09+0.09 1.19*
Recultivated area of the toxic waste ground %
of LLC “Oriana Halev” 0.88+0.28* 0.53+021 0 0 026+0.15 0.18+0.12 1.05
Dombrovskyi potash ore mine 053+£021  0.62+023 0 0 0.36+0.18* 0 1.18*
Zymoiarka
Svatky village, Poltava rgn. (control) 042+0.18  033+0.16 0 0 0 0 1.00
Toxic waste ground of LLC “Oriana Halev”  0.88+023  1.07+026*  0.12+0.08 0 0.38+0.15% 0.06+0.06 1.45%*
Recultivated area of the toxic waste ground s
of LLC “Oriana Halev” 090+027  0.66+0.23 0.08+0.08 0 025+0.14 0.08 +0.08 1.38
Dombrovskyi potash ore mine 043+£0.19  0.69+0.24 0 0.09£0.09  0.09+0.09 0.09+0.09 1.19
Notes: *— difference as to the control is statistically reliable at P < 0.05, ** —at P <0.01.
5 - B fragments Wbridges e ™ frazments W bridges
. :
= 14 A S14 A .
12 : 212 -
; 10 - ; TE
S o8 - g 03 -
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= =
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Fig. 3. Induction of acentric fragments and bridges by toxic waste contamination of soil in the cells of root meristem
of winter wheat, cultivars Al’batros odes’kyi () and Zymoiarka (b): I — Svatky village, Poltava rgn. (control), 2 — toxic waste ground
of LLC “Oriana Halev”, 3 — recultivated area of the toxic waste ground of LLC “Oriana Halev”, 4 — Dombrovskyi potash ore mine;
* — P <0.05 compared to the control; n = 1000, x + SE

Chemical soil contaminants in the territory of the toxic waste ground
and Dombrovskyi mine show the ability to cause aneuploid cells at fre-
quency 0.09-0.38%. A statistically reliable increase of the level of lagging
chromosomes caused by chemical contamination of the soil of the toxic
waste ground and the dump of Dombrovskyi mine was 0.38% for
cultivar Zymoiarka and 0.36% for cultivar Al’batros odes’kyi, respecti-
vely. Analysis of frequency of aneugenic effects under the impact of
NMU in concentration 0.005% and 0.010% established that the level of
the cells with lagging chromosomes is in direct correlation with the
concentration of supermutagen. Frequency of the formation of the cells
with lagging chromosomes in sprout root meristem of cultivars Al’bat-
ros odes’kyi and Zymoiarka was 0.65-1.33% and 1.70-2.12%, respect-
tively. A considerable increase in cytogenetic disorder frequency due to
the induction of the cells with lagging chromosomes was observed at
high concentration of chemical mutagen (0.025%), which was 8.34%
for cultivar Al’batros odes’kyi and 11.47% for cultivar Zymoiarka.

Cells with more than two chromosome reconstructions were found
among the aberrant cells, induced by soil contamination with chemical
mutagens. The highest number of indicators of aberrations per aberrant
cell, which were equal to the indicators, found at moderate and high
concentrations of NMU, was characteristic of the cells of primary
rootlet meristem of winter wheat sprouts of cultivar Zymoiarka, which
were affected by contamination of the soil of the toxic waste ground
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(1.45) and its recultivated area (1.38) with hexachlorobenzene. Complex
cytogenetic disorders in meristem cells of cultivar Al’batros odes’kyi
were formed with lower frequency, however, under the effect of hexa-
chlorobenzene in the highest and lowest concentrations, which is typical
for soil contamination near the toxic waste ground and dumps of Dom-
brovskyi potash ore mine, the indicator of aberration number per aberrant
cell reliably exceeded the control level. The majority of cytogenetic ano-
malies in the cells with multiple aberrations were presented with acentric
fragments and lagging chromosomes. Also cells were found which inclu-
ded three acentric fragments at the same time, two lagging chromosomes,
a single acentric fragment and a bridge, pair acentric fragments and a
bridge, pair acentric fragments and a lagging chromosome (Fig. 2¢, d).
Heavy cytogenetic disorders, induced by low hexachlorobenzene concen-
trations in the soil, can be associated with a cumulative or synergetic effect
of their combined impact with chemical factors of natural origin.

Discussion

Based on the results of numerous trials it has been established that
chemical mutagens increase natural plant variability by tens of thou-
sands times, cause a great variation of inherited changed forms. The advan-
tage of chemical compounds in low and moderate concentrations, as
compared with radiation, is high induction frequency of point mutations
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and a low level of chromosome reconstructions (Venken & Bellen, 2014;
Oladosu et al., 2016). But chemical mutagens in high concentrations
produce an opposite effect, mostly inducing damage of the nuclear cell
apparatus in the form of chromosome and aneuploid reconstructions,
which corresponds to a severe effect of ionizing radiation. Although
some believe that frequency of gene mutations increases along with the
increase of the concentration of chemical mutagen factors, their identi-

fycation in a phenotype is hindered by chromosome aberrations, mitosis
anomalies, abiosis (Jejges, 2013). Taking into account the specificity of
effect of mechanisms of chemical mutagens, connected with the corres-
pondence of dipole moments of their molecules with dipole moments of
certain molecular cell structures — preceding ones of DNA and protein
synthesis, a predominant type of genetic material disorders is mutations
of some chromosome loci (Bulathsinghala & Shaw, 2014).

Table 4
Spectrum of types of anatelophase chromosome aberrations in winter wheat, induced by NMU (x + SE)
Frequency of types of mitosis disorders and chromosome aberrations, % Number of
Mutagen fragments and lagging aberrations per
concentration fragments bridges bridges micronuclei chromosomes chromosome rings aberrant cell
Al’batros odes’kyi
Water (control) 043+0.17 0.57+0.20 0 0 0.07+0.07 0 1.09
NMU, 0.005% 1.69 +£0.36%* 040+0.18 0 0 0.65+0.23* 0 121
NMU, 0.010% 0.89+0.28 125+0.33 0.18+0.12 0.09+0.09 133 £0.34%* 0.18+0.12 1.14
NMU, 0.025% 834 4+0.84** 131035 0.66+0.25* 0.19+0.13 834 4+0.84** 0.19+0.13 1.52%*
Zymoiarka
Water (control) 033+0.16 025+0.14 0 0 0 0 1.14
NMU, 0.005% 2.78 £0.49%* 0.89+0.28* 0.09+0.09 036+0.18 1.70 +£0.39** 0 147
NMU, 0.010% 3.18 £0.48** 1.37 +£0.32%* 0.15+0.11 023+0.13 2.12+£040%* 0.08+0.08 1.40
NMU, 0.025% 9.02 +0.92%* 1.33 +£0.36** 0 0.72+£027*%* 1147+ 1.02%* 0.51+£0.23* 1.48*
Notes: * — difference as to the control is statistically reliable at P < 0.05, ** —at P <0.01.
10 - ) 10 =+
Wfragments Whbridges s m fragments = bridges
91 9

Ln
L

Frequency of chromosome aberrations, %

Water
{control)

0.005
Concentration NMU, %

0.01 0.025

a

b

Frequency of chromosome aberrations, %
Lh

(]

Water
(control)

0.005 0.01 0.025
Concentration NMU. %

Fig. 4. Induction of acentric fragments and bridges under the effect of N-nitrozo-N-methylurea in the cells of root meristem of winter wheat,
cultivars Al’batros odes’kyi () and Zymoiarka (b): * — P <0.05 compared to the control, ¥* —P <0.01; n= 1000, x + SE

This point of view was grounded on the results of study of muta-
genic activity of alkylating compounds in low and moderate concentra-
tions. It is under these conditions that one can expect the induction of high
frequency of point mutations and a low level of chromosome aberrati-
ons, which gives preferences to extended and efficient usage of chemical
mutagens in breeding practice. Chemical mutagens in high concentrations
produce a more occasional effect; they induce serious damage to genetic
cell apparatus and the appearance of numerous cytogenetic disorders.
Which is why one can assume that the lack of a serious difference bet-
ween frequency of cells with chromosome aberrations under the effect of
NMU in concentrations 0.005% and 0.010% and the effect of hexachlo-
robenzene contamination of soil near the toxic waste ground and its re-
cultivated area is connected with the increase of specific genetic disor-
ders at higher mutagen concentrations of point mutations, which are not
identified with help of cytogenetic analysis and require research on mu-
tative plant variability at the level of phenotype and molecular-genetic
inherited changes. A non-linear dependence of genetic disorders on the
concentration of chemical mutagens is also associated with the varied
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efficiency of reparation processes and different ways of their biotrans-
formation (Budinsky et al., 2013). NMU is considered to make its main
contribution to mutagenic effect as a result of the response of the
interaction of decay products with biopolymers and, as one of the con-
sequences, blocking the threads of spindle separation rather than through a
direct mutagen attack of DNA molecules (Usatov et al., 2005). Chemi-
cal mutagen in high concentrations directly affects chromosome hetero-
chromatin in the area of the centromere which causes chromosome
lagging in a mitosis anatelophase (Jejges, 2013). Considering the insuf-
ficient study of the mechanisms of chemical interaction of hexachloro-
benzene with inherited cell structures, one can assume that its high
mutagenic activity is explained by the formation of a set of highly toxic
compounds resulting from mutagen metabolism in a plant cell.

The high frequency of cytogenetic anomalies which was recorded
when wheat seeds were sprouted in the dump soil of Dombrovskyi
potash ore mine can be explained by the effect of synergetic interaction
between low concentrations of hexachlorobenzene residues and a complex
of heavy metals and natural mineral compounds of mining-chemical
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raw materials. Synergetic responses of biological systems are observed
when factors different in their nature act together: gamma-rays and
chemical mutagens, heavy metals and radio nuclides, heavy metals and
hypothermia, chemical mutagens and ultra-violet rays, laser radiation
and magnetic field, etc. (Ang et al., 2016; Song et al., 2016; Kayalvizhi
et al,, 2017). The existence of a synergetic effect, under the impact of
chemical environmental factors, which are particularly seen in small
concentrations, was proved on lentils (Lens culinaris Medik.) (Laskar &
Khan, 2017), winter cherry (Physalis peruviana L.) (Gupta et al., 2018),
nematodes (Caenorhabditis elegans) (Guo et al., 2014), human cells
(Devid et al., 2016). It has been established that synergetic effects are
seen more often in a range of low dose loads than in the case of strong
impacts. The processes of a direct mutagenic effect become of great
importance when concentrations are high.

As arule, the induction with high frequency of bridges, in particular
chromosome ones, is a typical cytogenetic consequence of the effect of
ionizing radiations (M’kacher et al., 2015; Syaifudin et al., 2017). The for-
mation of a great number of cells with dicentrics in wheat root meris-
tem, induced by the effect of hexachlorobenzene contamination of soil
in the area of the toxic waste ground near Kalush city, confirms the
radiomimetic properties of the chemical compound, which, based on
the results of the research aimed at studying mutagenic NMU activity,
can be seen under the impact of high mutagen concentrations. When
seeds were sprouted in the samples of the studied soil objects, contami-
nated with chemical factors, single cases of ring chromosomes were
observed — indicators of radiation impact, which prove the lack of the
relationship of chemical mutagens with genetic cell structures and the
mechanism of their effect by a principle of a target — accidentally
(Oladosua et al., 2016). Their formation can be explained by the loss of
telomere fragments, which leads to the loss of the connection of
chromosomes with the nucleus wall and destruction of the architectonics
of the nucleus (Zuccarello et al., 2010; Guilherme et al., 2011).

The effect of chemical mutagens is considered to lead to gene mu-
tations or damages of mitotic spindle (Mohapatra et al., 2014). A serious
increase in frequency of chromosome segregation disorders, which is
found under the effect of hexachlorobenzene contamination of the soil
of the toxic waste ground and Dombrovskyi mine, can be a consequence
of the interaction of mutagen not only with microtube protein of spindle
separation, but also with heterochromatin of nearby-centromere areas of
chromosomes. A chemical mutagen in high concentrations directly
affects chromosome heterochromatin in the area of the centromere which
causes chromosome lagging into a mitosis or meiosis anatelophase
(Jejges, 2013). It is with this mechanism of the appearance of cytogene-
tic disorders that a considerable increase in the number of aneuploid
cells, under the effect of NMU in a high concentration, is connected.

Some authors connect the induction of multiple aberrations in the
cells of wheat root meristem with chemical factors, which include a comp-
lex of chromosome reconstructions or chromosome reconstructions and
mitosis anomaly, with many-sided chemical interaction of mutagens
and biopolymeric nucleus structures. In particular, it has been shown for
plant objects that the wide spectrum of NMU effect is caused not only
by alkylating, but also by nitrating and carbonating, i.e., the compound
has a complex impact on macromolecules (Usatov et al., 2005). Thus, fur-
ther research aimed at studying mechanisms of the chemical effect of
hexachlorobenzene on DNA molecule and enzymes of the repair system
will help identify the potential level of xenobiotic mutagenic activity on
the level of point mutations and predict distant genetic consequences of
its impact in the series of organisms of the generations-to-come.

Conclusions

Chemical soil contamination of the toxic waste ground and dumps
of Dombrovskyi potash ore mine near Kalush city leads to high muta-
genic activity, which, by the induction level of cytogenetic anomalies in
winter wheat root meristem, exceeds the control indicators by 1.8—
3.8 times and is equal to mutagenic activity of N-nitrozo-N-methylurea
in moderate concentrations. Hexachlorobenzene contamination of the
soil of a recultivated area of the toxic waste ground results in the increa-
se of aberrant cell frequency by 2.6-3 times, and it continues to be a
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threat to the genome of living organisms. Hexachlorobenzene contami-
nation of the soil together with natural mineral compounds of mining-
chemical raw materials, even in low concentrations, ensures high muta-
genic activity. The spectrum of chromosome aberrations which contained
acentric fragments that are typical for chemical mutagenesis expanded
in the form of bridge induction, ring chromosomes and micronuclei.
A considerable increase of the share of the cells with dicentric chromo-
somes in the spectrum of the types of chromosome disorders caused by
the effect of hexachlorobenzene contamination of the soil of the toxic
waste ground can confirm the radiomimetic properties of the chemical
genotoxicant. The increase in the number of cells with multiple aberra-
tions, induced by the effect of hexachlorobenzene contamination of the
soil within the area of the studied objects, points to the high genotoxicity
of the chemical compound and the threat it poses of serious genetic
consequences if it penetrates into the environment.
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