
INTRODUCTION

Life, as a form of biological matter, has been constantly af-
fected by mutagenic factors throughout its history, such as
natural radiation, chemical compounds of mineral origin,
chemical effects of neighbours in the ecological niche, free
radical processes in the course of normal metabolism, infec-
tious diseases, mechanical and thermal tissue damage, er-
rors in the genetic apparatus, and ordinary stochastic pro-
cesses that occur in DNA molecules at body temperature
(Livnat and Love, 2024). It is believed that the spontaneous
mutations induced by them, associated with molecular
changes in individual genes and changes in the number or
structure of chromosomes, are the only source of new traits
and properties of living organisms (Lynch et al., 2016).

With the emergence of humans, wildlife began to be ex-
posed to mutagenic factors of anthropogenic origin, the in-
tensity of which increased over time as a result of environ-
mental pollution (Ozkara and Akyil, 2018). The level of
mutational variability has been steadily increasing as a re-
sult of the accumulation of a variety of genotoxicants in the
environment, including radionuclides of natural and man-
made origin, chemical compounds from industrial and agri-
cultural production, certain medicines and food additives,
mutagens produced during food preparation, and infections
that are accompanied by age-related reductions in the body's
defence systems (Roychoudhury et al., 2022; Bartoszek and
Holota, 2023; Geueke et al., 2025). The discovery of artifi-
cial mutagenesis was of great importance for studying the
consequences of their influence, as it allowed to induce mu-
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tations under experimental, controlled conditions and study
their nature. The first mutagens, such as X-rays and alky-
lating compounds, were introduced by humans into the
natural environment by using them for experimental muta-
genesis (Lundqvist, 2014; Calabrese and Selby, 2024).
From weapons of experimentation and originating from rare
phenomena in laboratories and small-scale production, these
and similar mutagenic sources are now part of the Earth's
biosphere in certain areas or globally and now have a com-
plex impact on the heredity of organisms, including hu-
mans.

The development of the mining and uranium processing in-
dustries, construction of energy facilities and nuclear reac-
tors, nuclear weapons testing, and radiation accidents have
led to massive releases of radionuclides into the environ-
ment and a global increase in the level of radiation load on
the biosphere (Folkers and Pentz, 2022; Zhao et al., 2023).
More than 50 tons of uranium are mined annually in the
world (Dudar, 2019), and about 450 nuclear reactors have
been commissioned and further construction is planned in
the long term (Faudon, 2022), and in addition humanity has
experienced more than 440 major radiation accidents, the
consequences of which will be felt for centuries (Hasegawa
et al., 2015). A total of 2161 nuclear explosions were car-
ried out, including 525 in the atmosphere (Dahlman et al.,
2011), which, despite the Comprehensive Nuclear-Test-Ban
Treaty adopted by the UN General Assembly in 1996, some
countries plan to resume, exposing humanity to greater ra-
diation hazard (Malygina et al., 2024). Industrialisation and
improved technologies have created the preconditions for
the annual synthesis of thousands of new substances, the
production of which increased from 1 million to 4 million
tons in the last century alone. More than 50% of them are
environmentally hazardous, and 70% have a detrimental im-
pact on the environment (Gavrilescu et al., 2015; Ozkara
and Akyil, 2018). In addition, as a result of industrial pro-
duction and agricultural activities, trillions of tons of chemi-
cally active substances are released into the environment as
by-products, many of which are toxic and pose a danger to
biological systems, even in small quantities (Cribb, 2021).

Of particular concern are the numerous accidents that have
occurred at nuclear facilities, hazardous chemical produc-
tion facilities, during transportation of production waste, or
their uncontrolled release from storage and disposal sites.
Having destroyed the balance of biodiversity and threatened
the stability of genomes, they have led to environmental
disasters in certain areas. Limited information about the
level of mutagenic activity of xenobiotics and possible ways
of their transformation during disposal has led to problems
of large-scale contamination of territories not only near en-
vironmentally hazardous facilities but also far beyond them.
As a result, numerous manmade contaminated sites have
been formed, with more than 60,000 in the United States
and Canada, and some industrialised countries in Western
Europe (e.g., Germany, Denmark, Switzerland, Austria)
have an equivalent or even greater number of such sites
(White and Claxton, 2004). The impact on natural systems

of anthropogenic pollution in the form of pollutants and
xenobiotics, in conjunction with an increased radiation
background, has been demonstrated in numerous studies.
The intensity of these consequences is frequently unpre-
dictably influenced by the density of ionising radiation and
the concentration of chemical mutagens. Therefore, the
study of the diversity of natural and anthropogenic muta-
genic environmental factors, identification of sources of
their formation and distribution in nature, and establishment
of the level of danger to biodiversity and genome stability
of organisms can become an important component in the
geographical ranking of contaminated areas, development
of measures to localise them, and protection of humans
from the negative effects of inducing hereditary disorders to
preserve the health of future generations.

METHODOLOGY

In order to identify the sources and mechanisms of spread
of natural and anthropogenic mutagenic environmental fac-
tors, which would allow to establish the consequences of
their uncontrolled impact on the heredity of living organ-
isms, including humans, on a local and global scale, a
large-scale search of original peer-reviewed publications
was conducted in the Wiley, Google, PubMed, Google
Scholar, ScienceDirect and Scopus databases using the fol-
lowing keywords: mutagenic factors, radionuclide contami-
nation, industrial emissions, xenobiotics, and genotoxicity.
Based on a preliminary review of the abstracts, articles that
did not correspond to the content of the review were ex-
cluded from the literature analysis. These included articles
that dealt with environmental pollution by pollutants that do
not have a genotoxic effect, induction of mutations by
chronic exposure to stressful psychoemotional factors,
physiological mechanisms of mutagenic factor metabolism,
and activation of molecular repair systems. Based on the de-
fined criteria, 121 relevant articles were selected for this
study. In addition to peer-reviewed articles, also reports,
conference proceedings, and book chapters were reviewed,
which covered in depth the components of the problem of
anthropogenic pollution and genetic consequences on the
level of individual regions, countries, and the world as a
whole. The collected and analysed literature is supple-
mented by the results of the author's own research published
in professional journals.

NATURAL RADIATION BACKGROUND

Given that radiation is one of the most significant physical
mutagenic factors in the environment, the question regard-
ing the potential consequences of such a global shift in the
biosphere's radiation load for all living organisms is becom-
ing increasingly relevant. The natural radiation background
consists of three components: gamma radiation from the
Earth, cosmic radiation (protons, á-particles, ã-rays), and
airborne radon. Earth's radiation sources are more than 60
natural radionuclides, including 32 radionuclides of the ura-
nium-radium and thorium families, about 11 long-lived
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radionuclides not included in these families (K-40, Rb-87,
Te-123, Bi-209, etc.) with half-lives of more than 108 years,
and cosmogenic radionuclides (Duarte et al., 2023). The ex-
ternal radiation background is complemented by the internal
one, which is formed as a result of inhalation and ingestion
of K-40, C-14, U-238, Th-232, Rb-87, Rn-222 isotopes
with food (Shahbazi-Gahrouei et al., 2013).

Cosmic radiation consists of galactic and solar radiation, the
fluctuations of which are associated with solar flares. About
90% of the cosmic rays that reach the Earth are of galactic
origin and consist mainly of protons (up to 87%), as well as
á-particles and a small fraction of heavy ions and electrons.
Solar cosmic rays have lower energy because they are 98%
protons and 2% á-particles (Duarte et al., 2023). Part of the
energy of cosmic rays is spent on collisions with the nuclei
of atmospheric nitrogen, oxygen, and argon, resulting in
secondary high-energy radiation at altitudes up to 20 km,
consisting of mesons, neutrons, protons, electrons, and 14
so-called cosmogenic radionuclides, which fall to the
Earth's surface with precipitation and circulate in the envi-
ronment (Wilkinson, 2015). The natural radiation back-
ground is associated with some mutations, the frequency of
induction of which is related to the life expectancy of the
organism. For example, in drosophila, it is about 0.1% of all
spontaneous mutations, and in humans, due to their accu-
mulation, it reaches 1–6% (Huber et al., 2023).

The value of the natural radiation background on the Earth's
surface is not constant and is associated with both global
and local anomalies. They are caused by cyclic fluctuations
in cosmic radiation and geological processes that have be-
come global catastrophes. Local anomalies are observed in
some areas such as India (Kerala and Tamil Nadu) (Mo-
hanty et al., 2004; Ghosal et al., 2021), Iran (Ramsar
County) (Ghiassi-nejad et al., 2002), Greece (Ikaria Island)
(Trabidou and Florou, 2005), Egypt (Nile Delta near Ro-
setta Beach) (Mubarak et al., 2017), France (Lodeve), Bra-
zil (Morro do Ferro, Minas Gerais, Espirito Santo, and Rio
de Janeiro), Kenya (Mombasa), Russia (Republic of Sakha
(Yakutia), Bryansk, Taganrog), China (Yangjiang) (Mous-
seau and Moller, 2020), and Ukraine (Kropyvnytskyi),
where natural radiation doses are 5–10 times higher than the
world average — 0.001–0.002 Sv/year (Morgun and
Yakymchuk, 2010). These are the result of geological pro-
cesses during which heavy natural radionuclides, primarily
U-238 and Th-232 and their decay products, moved from
the subsurface to the Earth's surface through intense vol-
canic activity and mudflow formation. For example, in the
territories of Russia and Ukraine from Taganrog to Bryansk,
accumulation of “black sands” containing natural radionu-
clides U-238 and Th-232, which are the result of leaching of
indigenous rocks, was detected. Their specific activity along
the coastline of the Azov Sea can reach 6 · 103 Bq/kg,
which causes a 200-fold increase in the level of the natural
geochemical background (Abdel-Razek et al., 2012). The
maximum levels of ionising radiation on the ground are 20
times lower than the maximum levels that exist in the Chor-
nobyl Nuclear Power Plant (ChNPP) exclusion zone, but

they have existed for geological periods of time, which pro-
vides ample opportunities for adaptation to ionising
radiation (Mousseau and Moller, 2020). In addition to exter-
nal radiation, there is internal radiation exposure, which is a
consequence of radionuclides entering the body with air,
water, and food. Its level is determined by radionuclide con-
tamination of the environment and can be twice the dose
from external exposure (Yakymchuk, 2019).

MANMADE CONTAMINATION WITH NATURAL RA-
DIOISOTOPES

As a result of human economic activity, the amount of natu-
ral radionuclides extracted from the Earth's interior with oil,
coal, gas, mineral fertilisers, and construction materials has
increased in the environment. In some countries, including
Ukraine, contamination with radionuclides of natural and
artificial origin caused by technical activities and accumula-
tion of waste from their extraction, production, and use ac-
count for the main share (17.9%) of the uncontrollable com-
ponent of the total dose to the population (Yakymchuk,
2019).

Around the world, about 250 thousand tons of used nuclear
fuel and 68 million m3 of radioactive waste are stored in
storage facilities, of which 45 thousand m3 are stored in
European countries. For comparison, 80 radioactive waste
storage facilities are located at nuclear fuel cycle facilities
in the United States, while Russia has 416 radioactive waste
facilities and Kyrgyzstan has 60 such storage facilities
(Mousseau, 2021; National report of the Kyrgyz Republic,
2021). The total amount of solid and liquid radioactive
waste in Ukraine is 2.96 million m3 and 42.3 thousand m3,
respectively. The main facilities for their disposal are the
Chornobyl exclusion zone, nuclear power plants, and radio-
active waste storage facilities of the Ukrainian State Asso-
ciation Radon (Fig. 1). According to average estimates, the
volume of solid radioactive waste stored at ChNPP is 246
thousand m3 and the volume of liquid radioactive waste is 3
thousand m3 (Pasyuk, 2017).

The uranium mining industry in Ukraine has created more
than ten uranium tailing ponds, the largest of which, with a
volume of more than 60 million tons of radioactive waste,
are localised in the Dnipro region (Rozhko et al., 2014).
The spread of tailing pond materials caused by erosion pro-
cesses and contamination of soil, atmosphere, surface, and
groundwater with natural radionuclides leads to an increase
in exposure of the Ukrainian population to natural radionu-
clides, which is 75 times higher than the total exposure
from all man-made sources, including the Chornobyl acci-
dent, and almost twice the global average. As a result of the
activities of uranium mining enterprises in Ukraine, zones
with an elevated radiation background have been formed,
which are not inferior to the ChNPP near-exclusion zone in
terms of mutagenic activity (Yakymchuk, 2019). It has been
established that almost half of the residents of Ukraine have
accumulated lifetime doses of about 350-400 mSv (Seval-
nev et al., 2009), which is more than twice the world aver-
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age of 170 mSv. This is reflected in genetically determined
developmental defects, an increase in mortality over births,
and the progressive development of diseases, among which
oncological pathologies, haematopoiesis, and reproductive
disorders are of particular concern (Chaturvedi and Jain,
2019).

RADIONUCLIDE CONTAMINATION CAUSED BY
NUCLEAR WEAPONS TESTING AND NUCLEAR AC-
CIDENTS

The Semipalatinsk nuclear test sites and Novaya Zemlya Is-
land in the former Soviet Union, Nevada in the United
States, the Marshall Islands in the Pacific Ocean, the Ma-
ralinga region in Australia, Lobnor Lake in China, the is-
lands of Indonesia, Algeria, Kerguelen Island, and others
became radioecological disaster zones (Pravalie, 2014;
Lawrence et al., 2024). As a result of all nuclear test explo-
sions, the content of radionuclides in nature has increased
significantly. For example, before the explosions Th-232
and C-14 levels were about 4 · 1012 Bq and 1 · 1015 Bq, re-
spectively, and after – 2.4 · 1020 Bq and 2.2 · 1017 Bq. The
amount of Sr-90 in the Earth's crust under natural condi-
tions was estimated at 5 · 1016 Bq, after nuclear weapons
tests; it was released into the atmosphere at 6 · 1017 Bq,
Cs-137 – 9.6 · 1017 Bq. Due to the very long half-life of
Pu-239 (24065 years), the main actinide pollutant, during
the life of the current and many future generations, the
amount of «bomb» Pu-239 in the biosphere will hardly
change, and the total specific activity of this radionuclide
will increase due to later input from other sources (Orlov
and Nadtochiy, 2005).

To a large extent, the increase in radiation background is
caused by the consequences of nuclear accidents, of which
there have been more than 440 worldwide (Hasegawa et al.,
2015). According to the IAEA, 450 nuclear power units are
in operation in 26 countries (Faudon, 2022). Since the
1970s, incidents have occurred at nuclear submarines, their
maintenance bases, nuclear industry, and nuclear power
plants. For example, on September 29, 1957, an accident
occurred at the Mayak Production Association, which re-

sulted in the release of 20 MCi of radioactive substances
and exposure of 270 thousand residents of the Chelyabinsk,
Sverdlovsk, and Tyumen regions (Russia). A radioactive
trace, later called the Eastern Ural, was formed on the
ground, with an area of 23 thousand km2 (Tang and
Loganovsky, 2018). In the same year, a nuclear accident oc-
curred at a reactor of one of the nuclear fuel reprocessing
plants in Windscale (England). This accident was subse-
quently classified as category five on the IAEA INES radia-
tion accident scale. I-137 – 8.1 · 1014 Bq, Cs-137 – 2.2 ·
1013 Bq, Sr-89 – 3.0 · 1012 Bq, Sr-90 – 3.3 · 1011 Bq, as
well as some H-3 and Po-210 were released into the envi-
ronment (McGeoghegan et al., 2010). Around the same
time, radioecological studies were started at nuclear centers
in the United States and Western Europe (Hanford Centre,
Oak Ridge National Laboratory, Savannah River Centre,
Brookhaven National Laboratory in the United States,
Cadarache Nuclear Centre in France). The territories adja-
cent to these nuclear centres were also contaminated with
radioactive waste (Gerber, 2007). In 1961, a disaster oc-
curred at the Los Alamos National Laboratory (USA),
which resulted in more than 15 thousand people being ex-
posed to internal plutonium and external general exposure.
In December 1971, the accident at the Saxton NPP, which
resulted in the release of radioactive gases into the environ-
ment, amounted to 72.89-1010 Bq. On 28 March 1979, an
accident occurred at the Three Mile Island NPP (Pennsylva-
nia, USA). About 9.25 · 1010 MBq of radioactive gases and
55.5 · 1010 Bq of radioactive iodine were released (Yakym-
chuk, 2019). In 1969 and 1980, accidents occurred at the
Saint-Laurent-des-Eaux NPP in the Loire River Valley,
which, in terms of molten uranium emissions, were the larg-
est in the history of nuclear power in France and the world
in general (Dechy, 2020). In September 1987, another
large-scale radiation incident occurred in the city of Goiânia
(Brazil), which resulted in the exposure of numerous people
to a wide range of doses. The dismantling of the radiother-
apy facility resulted in the release of Cs-137 with activity of
50.9 GBq (IAEA, 1988).

On 26 April 1986, the largest nuclear disaster the world has
ever seen occurred — the Chornobyl accident. The total

Fig. 1. Share of nuclear waste stored at different facilities in Ukraine (based on Pasyuk, 2017).
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amount of radioactive materials released was 200 times
higher than the radioactivity caused by the simultaneous ex-
plosions in Hiroshima and Nagasaki (Reste et al., 2016).
The Chornobyl accident became a national disaster for
many millions of people living in large areas of Ukraine
(Tang and Loganovsky, 2018) and to some extent caused
contamination of the regions of Sukhumi (Georgia), the
Baltic States, Austria, Bulgaria, Hungary, Italy, Norway,
Poland, Romania, England, Turkey, Greece, Germany, Fin-
land, Sweden, Montenegro, Serbia, Croatia, Slovenia, and
Macedonia. The Chornobyl disaster contaminated an area of
about 150,000 km2, home to 5 million people; in Northern
and Eastern Europe, this area reached 45,000 km2 (Evange-
liou et al., 2016) (Fig. 2). In Ukraine, the Chornobyl disas-
ter resulted in the formation of a huge, potentially hazard-
ous area of 67 thousand km2, where about 2.5 million
people live. Radioactive contamination has been registered
in 11 regions and 74 administrative districts. To a greater or
lesser extent, 37 thousand km2 of land — fields, hayfields,
pastures, forests — are contaminated with radionuclides;
580 km2 have been withdrawn from agricultural use. The
operation of hundreds of industrial and agricultural facilities
has been suspended, and according to various sources,
1614–2161 settlements are in the danger zone (Yakymchuk,
2019). Experts estimate that Cs-137 and Sr-90 contamina-
tion will pose a danger for several hundred years, and Pu-
239 and Am-241 for many millennia (Morgun and Yakym-
chuk, 2010). Am-241 poses a particular threat, the amount
of which will increase 40 times by 2059 due to the rela-
tively rapid decay of Pu-239 (half-life of 24 thousand

years). Sr-90, being an analogue of calcium; Cs-137, being
an analogue of potassium, as well as radioactive phosphorus
and tritium, can form complexes with chromatin. Their de-
cay is accompanied by radiation, which leads to the break-
ing of chemical bonds in the DNA molecule (Gray, 2012).
On March 11, 2011, as a result of a strong earthquake that
triggered a tsunami, an accident occurred at the Japanese
Fukushima Daiichi NPP, which caused the release of I-131
and Cs-137 into the environment, including ocean waters,
with specific activity thousands of times higher than per-
missible standards (Kumamoto et al., 2017). Nuclear acci-
dents and nuclear weapons testing have led to an increase in
the level of effective radiation doses and a global increase
in the background ionising radiation. Despite the time that
has passed since the nuclear accidents and the reduction of
dose burdens, mutational variability in organisms of differ-
ent taxonomic groups caused by radionuclide contamination
continues to be high and has led to an increase in the level
of genetic burden in natural ecosystems (Fuller et al., 2019;
Yakymchuk, 2019; Cannon and Kiang, 2022).

CHEMICAL ANTHROPOGENIC MUTAGENIC ENVI-
RONMENTAL FACTORS

The contribution of chemical mutagenic factors to the muta-
tion rate in most areas of the planet exceeds the impact of
the radiation background. The main categories of chemical
mutagens in the environment are three groups of sub-
stances: 1) natural inorganic substances (nitrous oxides, ni-
trates, nitrites, heavy metals, radioactive minerals, etc.);

Fig. 2. Cs-137 contamination as a result of the Chornobyl accident. Resolution of 0.1° for the territory of Europe and 0.01° for the ChNPP exclusion zone
(25E-40E and 47N-55N) (based on Evangeliou et al., 2016).
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2) natural substances of organic origin (alkaloids, hor-
mones, etc.); 3) processed natural substances (oil products;
coal and wood combustion products; heavy metal (HM)
compounds, food waste, etc.); 4) chemical products that do
not occur in nature (xenobiotics): pesticides, food additives,
industrial waste, synthetic compounds, including medicines,
and alkylating agents (Venken and Bellen, 2014; Roy-
choudhury et al., 2022). The Chemical Abstracts Service
database accommodates over 160 million organic and inor-
ganic compounds. Over 350,000 of them are used in many
fields, such as medicine, cosmetics, agriculture, homes, and
more. It is known that many of these substances are toxic in
low concentrations; sometimes their effects are enhanced in
combination with other pollutants or as decay products after
entering the biosphere and geosphere (Naidu et al., 2021).
About 15 thousand new substances are added to the data-
base every day, and there is no certainty that they have been
screened for mutagenicity, as the results of studies on the
biological activity of many development companies are not
available (Ghani, 2020). Given the current rate of progress,
it will take more than 100,000 years to assess the safety for
humans and the environment of all existing synthetic
chemical compounds and another 2000 years to assess the
new substances synthesised annually (Cribb, 2017). Over
the past decades, as a result of industrial global production,
the annual volume of synthetic chemicals has doubled, ex-
ceeding 2.3 billion tons, which is 300 kg per capita. It is
projected that by 2030, the use of chemicals will increase by
70%, with China and the European Union remaining as the
largest consumers (Naidu et al., 2021) (Table 1).

Global chemical emissions are estimated at 220 billion tons
per year, which are largely cumulative (Naidu et al., 2021).
Chemical toxic substances alter human reproductive func-
tion, which is caused by gene mutations, DNA methylation,
chromatin fragmentation, mitochondrial damage, and cell
apoptosis (Messerlian et al., 2017; Xue and Zhang, 2018;
Selvaraju et al., 2021). Penetrating into the body's cells,
they can cause gene, chromosomal, and genomic mutations
and, along with other mutagenic factors, significantly in-
crease the pool of spontaneous mutations. The entire world
experience of studying the carcinogenic hazards of various
substances and industrial factors has been summarised in
monographs of the International Agency for Research on
Cancer under the WHO, which provide conclusions on 900
chemical agents, complex mixtures, and production pro-
cesses. According to the ranking conducted by this organi-
sation, 107 of these substances are classified as compounds
with unequivocal evidence of involvement in human tu-
mours (IARC, 2019). Industrial chemicals, including carcin-
ogens and their residues, are known to be found in the blood
and tissues of all populations, including infants (Soleman et

al., 2020; Mathiesen et al., 2021), and are also found in
breast milk (Hu et al., 2021). The annual number of chemi-
cal-related deaths is significantly higher than during the
Second World War and is now the largest form of prevent-
able death (Naidu et al., 2021). According to the WHO, in
2016, man-made air pollution caused 4.2 million premature
deaths, of which about 90% occurred in the Third World
(Munsif et al., 2021).

GENETIC HAZARDS OF ACCIDENTAL EMISSIONS
AND WASTE FROM CHEMICAL PLANTS

Often, the reason for contact with humans and the biosphere
as a whole with chemical mutagenic factors can be acci-
dents at chemical plants, the number of which has exceeded
8 thousand in the world over the past two centuries
(Palaszewska-Tkacz et al., 2017). For example, in the Ital-
ian city of Seveso, an explosion at a chemical plant in 1976
released 2 tons of toxic substances, including 2.5 kg of di-
oxin, which causes severe diseases in humans and animals.
Medical experts predict that the consequences of the Seveso
tragedy may manifest themselves for a long time in the
form of birth defects in children (Robbe, 2016). In 1990, in
Ufa (Russia), stormwater washed industrial waste contain-
ing phenols into the river. When this industrial waste
reached chlorinated water, it created conditions for the for-
mation of dioxins (Dmytrenko, 2005). The cyanide spill of
2000 in northwestern Romania, occurring in the upper
reaches of the Tisza River, was described by environmental-
ists as the most devastating ecological disaster since Cher-
nobyl. Cyanide levels exceeding the permissible maximum
by 20 times destroyed all flora and fauna. The presence of
HM in the river further complicated the situation (Gyori et

al., 2022). The 1990 underground crack in the Alexander-
Zapad mine in Horlivka (Ukraine) led to leakage of produc-
tion waste from a chemical plant and unknown chemical re-
actions forming toxic substances that caused deaths of min-
ers (Dubrova, 2014). During the same period, waste from
the same chemical plant from a surface storage facility en-
tered the workings of the Vuhlehirska mine in Yenakiyevo,
which led to the poisoning of several dozen miners
(Yakymchuk, 2019).

Table 1. Volumes of chemical pollutants released into the environment (ac-
cording to Cribb, 2021)

Aggregates of pollutants Emissions,
million tons/m3

Total amount of waste recycled 10000–11000

household waste
e-waste
hazardous waste
food waste

2000
50
400
730

Synthesised chemicals 2500

pesticides
fertilisers
plastic

5
250
400

Food production
Forestry industry
Total production volume

5000
5800
17000

gas
oil
coal
metals
cement
steel
uranium oxide

4000
4500
7500
5000
4100
1800
0,063

Waste from the mining industry
Carbon

36000–84000
37000

Soil eroded as a result of agriculture
Total chemical emissions from human
activities

36000–75000
120000–220000
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No lesser, but slower, damage is caused by industrial waste
that is uncontrollably released into the environment. Their
total weight in the world's industrial and domestic produc-
tion is approximately 600 gigatons per year (Morgun and
Yakymchuk, 2010). Environmental chemical pollution has
been implicated in reproductive disorders, cognitive impair-
ment, increased levels of somatic and generative mutations,
premature deaths, and the decline or extinction of many
plant and animal populations (Underwood, 2017; Landrigan
et al., 2018; Seibold et al., 2019). The population declines
of the bald eagle (Haliaeetus leucocephalus), brown pelican
(Pelecanus occidentalis), and peregrine falcon (Falco pere-

grinus) in North America are well-known examples of the
consequences of xenobiotics in the environment (Bickham
et al., 2000). The global loss of honey bee (Apis mellifera)
communities due to the use of neonicotinoid pesticides has
caused an international crop pollination crisis (Goulson,
2013). There are reports that xenobiotic pollutants have
caused the loss of more than 40% of the total taxonomic
pool of river invertebrates in some regions of Germany,
France, and Australia (Beketov et al., 2013). The loss of up
to 78% of insect species in 290 cities in Germany has been
reported (Seibold et al. 2019).

A notable example of severe biological consequences is the
1956 Minamata tragedy in Japan, which caused industrial
methylmercury contamination of coastal waters, resulting in
widespread neurological damage among the local human
population, congenital abnormalities in newborns, and pro-
found ecological degradation (Ekino et al., 2007). The dis-
charge of wastewater containing hazardous chemicals and
HMs into natural water bodies in West Bengal (India)
caused the emergence of mitotic cycle abnormalities, a wide
range of chromosomal aberrations, and point mutations in
the fish Channa punctatus (Rakshit and Gangopadhyay,
2015). Toxic compounds in the wastewater of a pharmaceu-
tical company in Ogun State, Nigeria, caused a decrease in
mitotic activity in rat blood cells and increased the fre-
quency of chromosome rearrangements (Bakare et al.,
2011). The high content of pollutants in the air of Brindisi
(Italy) was associated with increase in the number of cases
of congenital heart disease in newborns (Vecoli et al.,
2016). Epidemiological studies in the Toms River region
(USA) (Maslia et al., 2005) have shown a link between the
consumption of contaminated drinking water by pregnant
women and the subsequent risk of cancer in their children.
Increased mortality from respiratory cancer was found in
people living in areas of intense vehicle exhaust emissions
(Brewer, 2023). An increased risk of mutations, malignan-
cies, and morphoses has been observed in wildlife species
near aluminum, steel, and superphosphate plants (Fe-
dorenko et al., 2012; Ali et al., 2019). Industrial and trans-
port emissions within the city limits of the south-central
part of Guangdong Province (China) have caused the accu-
mulation of moderate to high concentrations of polycyclic
aromatic hydrocarbons in the soil, which have mutagenic,
carcinogenic, and teratogenic properties. In places where
these contaminants accumulate, the risk of overall cancer
incidence increases, including among children (Ren et al.,

2021). Other authors have also warned in their studies about
an increase in the frequency of chromosome aberrations in
individuals exposed to harmful substances (Bazyka et al.,
2012; Demirhan et al., 2019; Arbo et al., 2022).

MANMADE SOURCES OF HM AND THEIR GENO-
TOXIC EFFECTS

HMs are considered one of the most dangerous genotoxic
environmental pollutants. In terms of their toxicity, they are
second only to radionuclides and pesticides (Kumar and
Tripathi, 2008). The presence of polluting particles of As,
Pb, Cd, Hg in the air of large cities has been documented
since the times of Ancient Rome and Athens, whose inhabi-
tants suffered from contaminated water, air, and food
sources (Patterson et al. 1987). Over the past 100 years,
1.55 Mt of silicon, 1.5 Mt of arsenic, more than 1 Mt each
of Ni and Co, and 0.6 Mt each of Zn and Sb have been re-
leased into the atmosphere. As a result of global industrial
activity, annual emissions of HMs (As, Cd, Cr, Cu, Ni, Pb,
Zn) are estimated at 69591 tons. Metallurgy and energy
companies annually add 32% of all pollution. They cause an
increase in the risk of cancer, which, according to various
estimates, is 14.6–50.8% (McDuffie et al., 2021). This fact
is confirmed by epidemiological studies that show that one
of the reasons for the increased incidence of lung cancer in
urban populations compared to rural ones is more intense
urban air pollution (Lee et al., 2022).

In terms of environmental contamination, the ability to ac-
cumulate in food, and toxicity, the most dangerous heavy
metals are Hg, Pb, Cd, As, V, Zn, Cu, Co, Mo, and Ni (Pal
and Rai, 2010). Industrial HM emissions are associated with
primary and secondary smelting of Cu, Al, Zn, Pb, iron ore
sintering, steel production in electric arc furnaces, iron
smelting, incineration of municipal solid and hazardous
waste, emissions from cement kilns, coke plants, and
coal-fired thermal power plants. Their maximum concentra-
tions are recorded in areas with developed energy, metallur-
gical, chemical, and coke industries (Yang et al., 2024).
Wastewater contaminated with HM is highly toxic, with
sources including metalworking, electrolysis processes, bat-
tery production, paper and pulp mills, mining, textile, and
dyeing industries (Qasem et al., 2021). Manmade accidents
have repeatedly caused large-scale HM contamination of
natural ecosystems: the 2015 environmental disaster in
Brazil, which was associated with a breach of the Fundao
mining company's tailings dam and the uncontrolled dis-
charge of a huge plume (60 million m3) of waste into the
Rio Docey (Frachini et al., 2021), the discharge of Cu-con-
taminated wastewater into the Yangtze River basin (China)
in 2011 and 2016 (Liu et al., 2024), and the terrorist attack
by Russian troops in 2023 on the critical energy facility of
the Kakhovka HPP (Ukraine), which caused the spread of
83 thousand tons of toxic elements accumulated in the res-
ervoir sediment through turbulent water flows (Shumilova
et al., 2025).

Exhibiting mutagenic and carcinogenic properties, HMs
negatively impact numerous molecular-genetic, biochemi-
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cal, and physiological processes in plants, leading directly
or indirectly to the inhibition or cessation of growth and de-
velopment, and in some cases, to death (Asati et al., 2016).
Some of them can also interact directly with DNA (Ver-
golyas and Goncharuk, 2016). The reason for this is the
ability of HMs to actively bind to the functional sites of en-
zymes, change the conformation of protein molecules, nu-
cleic acids, disrupt the integrity of cell membranes, and
break down vital metabolites (Aslam et al., 2014).

According to the WHO, acute metal poisoning is extremely
rare nowadays, so the problem of mutagenic effects on the
body of relatively low doses of their compounds and the
long-term consequences of such effects is becoming par-
ticularly relevant (Yakymchuk, 2019). Given that mutagen-
icity is detected at much lower concentrations than toxicity,
and that the population genetic consequences pose great
danger, monitoring of the genotoxicity of metals accumulat-
ing in areas of environmental tension is necessary. Most
such studies are related to the determination of mutagenic
factors of contaminated areas and the identification of cor-
relations between the concentrations of individual HM com-
pounds and mutagenic effects (Ahmad et al., 2011; Kumar
and Pandey, 2015), but do not provide suggestions for the
establishment of genetic consequences caused by their com-
plex impact.

GENETIC CONSEQUENCES OF PESTICIDE-
XENOBIOTIC CONTAMINATION

The world produces numerous xenobiotics that pose threat
to the environment. The most dangerous among them are
pesticides. Every year, about 1 million people suffer from
contact with pesticides, and the mortality rate is 0.9–1.4%.
In addition, constant contact with low concentrations of pes-
ticides causes many diseases, including tumours and nerv-
ous system disorders (Hassaan and Nemr, 2020). The use of
pesticides is also anticipated to increase, as agricultural pro-
duction is projected to increase by 80% by 2050 (Khushboo
et al., 2024). Due to the lack of comprehensive geographi-
cal quantification of pesticide use and residues in different
habitats, the global impacts of their distribution in the envi-
ronment are usually unknown. The world's agricultural land
is 75% at risk of contamination by active ingredients of sev-
eral pesticide at concentrations exceeding maximum per-
missible levels, and 31% is at high risk of contamination,
exceeding such levels by three orders of magnitude or more.
Traces of synthetic pesticides are systematically found in
6% of organic food samples in Europe, and in Southern
Germany and Switzerland, this figure reaches 28% and 9%,
respectively (Schleiffer and Speiser, 2022). A high risk of
pesticide contamination has been identified in Africa,
China, India, Australia, and Argentina, along with sharp de-
cline of biodiversity and chronic water shortages. Accord-
ing to regional analysis, 62% of European agricultural land
is at high risk of pesticide contamination. This area largely
covers the countries of Eastern and Southern Europe,
among which the territories of the countries with the largest
agricultural production have particular high risk: Ukraine

and Spain. The largest land area of all regions with a high
risk of pesticide contamination (4.9 million km2) is in Asia,
of which 2.9 million km2 is located in China and 0.35 mil-
lion km2 in Kazakhstan (Tang F.H.M. et al., 2021).

Every year, about 2 million tons of pesticides are produced
worldwide. Organochlorine pesticides pose a particular dan-
ger, as they are stable chemicals that do not decompose in
the environment for a long time and have the ability to ac-
cumulate in the fatty tissue of organisms. Organochlorines
have super cumulative activity, they can change the immu-
nological status of living organisms, and exhibit mutagenic
and teratogenic properties (Hassaan and Nemr, 2020). Pesti-
cide exposure leads to the generation of free radicals that
disrupts DNA and, as a result, causes the development of
serious diseases, including cancer and immunodeficiency
syndrome, premature aging, and congenital pathologies.

The additional accumulation of certain groups of organo-
chlorine xenobiotic isomers as by-products of the produc-
tion of polychlorinated organic compounds continued even
after the Stockholm Convention banned their use in 2001
(Mrema et al., 2013). This is the reason for the intense pol-
lution of soil, water, and air in the Kalush industrial district
(Ukraine) with highly toxic compounds from the largest
toxic waste landfill in Europe, Oriana Halev, and the Dom-
brovsky potash ore quarry, which, according to official data,
contains 11087.6 tons of hexachlorocyclohexane alone
(Morgun and Yakymchuk, 2018). Genotoxic xenobiotics
that are common in the area have caused higher rates of ge-
netic disorders, birth defects, tumours, and diseases of ma-
jor organ systems in people who have been exposed to them
for a long time. According to international UN experts, the
reclamation of the landfill and the export of toxic waste for
further disposal outside the country caused additional pollu-
tion of the region with highly toxic chemical compounds,
which raised concerns of the international community about
the possibility of a transboundary environmental and tech-
nological emergency.

The literature describes the consequences of pesticide con-
tamination of organisms' habitats: loss of a large number
and wide diversity of taxa, disturbance of the proportional-
ity of individuals of different ages in populations, changes
in trophodynamics, endocrine disorders, reduced fertility,
organ abnormalities, immunosuppression, increased mortal-
ity, and phytotoxicity (Lal, 2007; Barber et al., 2019; Brad-
ley et al., 2019; Covert et al., 2020; Schmidt et al., 2022;
Oliver et al., 2023). Many studies on various plants, ani-
mals, and humans have proven the cytotoxic, genotoxic, and
mutagenic effects of pesticides (Ozakca and Silah, 2013;
Martinez-Valenzuela et al., 2017; Popova et al., 2021).
Some of these chemicals act as promutagens, which activate
through metabolism after entering a living organism. Con-
sumption of such substances with plant foods can cause
cancer and pose a real danger to the human genome. There
is evidence of the risk of congenital anomalies in children
whose parents were exposed to pesticides. Their negative
effects affect the reproductive system, individual develop-
ment, and mental abilities (Kaur and Kaur, 2018). The pres-
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ence of these pollutants in the environment in the form of
chemical mixtures can lead to complex synergistic and ad-
ditive effects (Schmidt et al., 2022; Loken et al., 2023), and
their increased concentrations in areas contaminated by
radionuclide as a result of the Chornobyl accident can in-
crease the level of stochastic radiation effects (Yakymchuk,
2019).

Storage facilities where banned and unusable pesticides are
stored pose a danger to the environment. According to ex-
perts, they facilities contain about 500 thousand tons of out-
dated pesticides. The largest stockpiles are concentrated in
developing countries and in Central and Eastern Europe
(Mrema et al., 2013). Partially or completely destroyed stor-
age facilities in the Republic of Kazakhstan contain 6931.4
thousand tons of unusable pesticides that penetrate the soil
and contaminate surface and groundwater sources. These
pesticides pollute surfaces and groundwater sources when
they enter soil. A positive correlation has been found be-
tween the level of somatic health of the country's popula-
tion, the frequency of chromosomal aberrations, and the
content of pesticides in food (Djangalina et al., 2020). In
Ukraine, the largest country in Europe by area, there are
more than 4000 such facilities, where 19.4 thousand tons of
pesticides are stored (Yakymchuk, 2016). Soil contamina-
tion with xenobiotics within the territories of such storage
facilities has a negative mutagenic effect, as evidenced by a
2–4.4-fold increase in the frequency of chromosomal aber-
rations and a 3.4–5.6-fold increase in visible mutations in T.

aestivum. The high level of mutations found in winter wheat
during seed germination in soil taken from the sanitary zone
of the storage facility indicates the uncontrolled spread of
pesticides beyond their local storage (Yakymchuk, 2019).

SUMMARY AND OUTLOOK

Throughout its evolution, the organic world has been in
constant contact with environmental mutagens, such as
natural radiation background and chemical compounds of
abiotic and biotic origin, which are involved in inducing
spontaneous mutation levels. As a result of anthropogenic
impact, the number and diversity of natural and man-made
mutagenic factors entering the environment have increased
significantly. The development of civilisation is character-
ised by an unfavourable trend of growth of anthropogenic
hazards: natural, manmade, and environmental disasters ac-
companied by prolonged releases of long-lived radionu-
clides and xenobiotics into the environment, their inclusion
in biological migration chains, and, as a result, the forma-
tion of additional sources of mutagenic impact on all living
things to the natural background. Development of mineral
resources, extraction of radioactive ores, use of radioiso-
topes in the energy sector and the nuclear arms race, accu-
mulation of nuclear waste, uncontrolled growth of radionu-
clide disposal, and unpredictable migration of radionuclides
in the environment have led to an increase in the number
and expansion of radionuclide-contaminated areas. The mu-
tational variability of organisms living in these areas contin-
ues to be high and has led to an increase in the level of ge-

netic burden in natural ecosystems. The helplessness of
mankind in resolving the issue of rapid remediation of
radionuclide-contaminated territories by introducing meas-
ures for their artificial decontamination indicates the need to
develop an international strategy for strict control over the
construction of nuclear energy facilities, compliance with
norms, rules, and standards for their radioactive waste man-
agement, and strict implementation of the Comprehensive
Nuclear Test-Ban Treaty.

Environmental pollution with chemical genotoxic agents is
associated with improper management of hazardous waste
from enterprises, accidents at chemical industry facilities,
intensive use of xenobiotics in agricultural production, vehi-
cle emissions, etc. The contribution of chemical mutagenic
factors to the mutation rate in most parts of the world ex-
ceeds the impact of the radiation background. The high rate
of synthesis of new chemical compounds makes it impossi-
ble to conduct timely screening for mutagenicity. Many of
these substances are toxic in low concentrations; sometimes
their effect is enhanced in combination with other pollutants
or as decay products after entering living biological sys-
tems. Some xenobiotics, such as organochlorine com-
pounds, retain their mutagenic properties for a long time,
have super cumulative activity, and pose a danger to organ-
isms even when the environment is polluted in low concen-
trations. Penetrating into the cells of the body, they can
cause gene, chromosomal, and genomic mutations, signifi-
cantly increasing the pool of spontaneous mutations,
thereby affecting the rate of the mutation process and the
level of genetic burden of populations.

Identification of sources of physical and chemical mutagens
in the environment and delineation of contaminated areas
will minimise their impact on the heredity of organisms,
and prediction of real genetic risks induced by them will
help prevent the negative consequences of an increased
level of mutagenic background. Literature data and our own
long-term research show that the planet is increasingly pol-
luted by physical and chemical mutagenic factors that are
harmful to all living things. Further environmental screen-
ing and genetic monitoring of the respective territories
should become a mandatory component of the preservation
of natural ecosystems and scientifically sound placement of
recreational areas, cultivated plants, construction of residen-
tial, industrial, and livestock facilities to protect public
health, flora, and fauna.
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RADIONUKLEOTÎDU UN ÍÎMISKAIS APKÂRTÇJÂS VIDES PIESÂRÒOJUMS KÂ FAKTORS, KAS PALIELINA ORGANISMU
MUTAGÇNO MAINÎBU

Paaugstinâtu mutagçno faktoru klâtbûtni dabâ var izraisît minerâlu dabisko atradòu izstrâdâðana, radioaktîvie un íîmiskie atkritumi,
atomieroèu izmçìinâðana, avârijas atomelektrostacijas un íîmiskâs raþotnçs, plaða un nekontrolçta íîmisko preparâtu izmantoðana
lauksaimniecîbâ un tml. Tas noved pie mutâciju frekvences pieauguma augiem, dzîvniekiem un arî cilvçkam un lîdz ar to — pie dabisko
populâciju adaptâcijas spçjas samazinâðanâs.
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