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EFFECT OF CD ON PHYSIOLOGICAL
AND BIOCHEMICAL PROCESSES OF PLANTS

This review focuses on the issue of cadmium contamination in agricultural lands, a significant con-
cern in many developing countries, including Kazakhstan. Such contamination is primarily linked to
the growth of heavy industries in mining regions, soil pollution from metallurgical plants, emissions
from vehicles, and the widespread use of phosphorus fertilizers and pesticides containing cadmium.
Heavy metals tend to accumulate around large industrial hubs, contaminating soil, water, and plants.
These metals can then enter the food chain via forage plants, affecting animals and humans. Even small
amounts of cadmium in the soil can reduce crop yields, inhibit plant growth, and disrupt physiological
and biochemical processes. Therefore, it is essential to study how cadmium impacts plants and explore
strategies to enhance plant resistance to this metal. This review examines the effects of heavy metals,
particularly cadmium, on plant pollution, its accumulation in plant tissues, and its toxic impact on plant
growth, photosynthesis, pigment content, respiration, oxidative stress, and mineral nutrition. Addition-
ally, it discusses the mechanisms through which plants protect themselves against cadmium toxicity,
such as the production of metal-binding proteins like metallothioneins and phytochelatins, as well as the
activation of antioxidant systems in response to this stress.

Key words: cadmium, heavy metals, plants, toxic effects, protective mechanisms.
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KaaMHIAiH 6ciMAIKTEpAiH PU3UOAOTUSIADIK,
)KdHe OMOXMMMSIABIK, MpoLecTepiHe acepi

KentereH aamylubl eapepae, CoHbiH iwiHAe KaszakcraHaa e3exTi 60AbIN TabblAATbIH KAAMMIA
MOHAAPbIMEH ayblA LUAPYyalUbIAbIFbl aAKAMNTapblH AACTay MOCEAECiH LIOAYAA KapacTblpaAbl. bya keH
OPbIHAAPbI MEH LIaxTaAap aMarblHAAFbI ayblp OHEPKACINTIH AaMyblHA, MeTaAAyprusi 3aybITTapblHbIH,
arHaAaCbIHAAFbl KAAMMIA MOHAQPbIMEH TOMbIPAKTbIH, AACTaHyblHA, KOAIKTEPAIH AacTaHyblHa, COHAQM-
aK, KypambliHAQ KaaMui 6ap ocop ThIHANTKBILUTAPbl MEH NMECTULIMATEPAIH KEHIHEH KOAAAHbIAYbIHA
6aAaHbICTbI. Ipi BHAIPICTIK OPTaAbIKTAPAbIH, ailHAaAACbIHAQ ayblp METaAAAp TOMbIPAKTA, CYAQ >KaHe
OCIMAIKTEPAE >KMHAABIM, a3bIK-TYAIK Ti30eri apKblAbl >KEMILOM OCIMAIKTEPI apKblAbl >KaHyapAap
ar3acblHa, AeMeK aAam ar3acbliHa Gepineai. TinTi KaAMMIAAIH a3 MeALLIEpi TOMblpakTa >KMHAAbIM,
AAKBIAAAPADBIH OHIMAIAITIH TOMEHAETEAI, 6CIMAIKTEPAIH 6CYi MEH AaMybIH TeXXerAil, (PU3MOAOTUSIABIK,
KaHe BUOXMMUSIAbIK, npouecTepai 6y3aabl. OcbiFaH 6alAaQHbICTbI KAAMUIAAIH ©CIMAIKTEpPre ybITTbl
acep eTy MeXaHM3MAEPIH >KaHe BCIMAIKTEPAIH KaAMUIA 8cepiHe TO3IMAIAIFH apTTbIpy CTpaTernsAapbiH
3epTTey 63eKTi MaceAe OOAbIN TabblaaAbl. Bya WOAyAa 6CIMAIKTEPAIH ayblp MeTaAaAapMeH, aran
aNTKAHAQ KaAMWIAMEH AACTaHybl, OCIMAIK MyLUEAepiHAE KaAMWIAIH >KMHAKTaAy 3aHAbIAbIKTapbI,
KaAMMIMAIH ©Cy >K8He Aamy rpouecTepiHe ybITTbl acepi, (OTOCMHTE3, (POTOCUHTETUKAADIK,
MUIMEHTTEPAIH KYPaMbl, ThIHbIC aAY, TOTbIFY CTPECCIHIH AaMybl, 6CIMAIKTEPAIH MMHEPAAAbI KOPEKTEHYI
KapacTbIpbIAAAbl,COHAAN-AK, OCIMAIKTEPAI KAaAMMI MOHAQPbIHbIH ©CIMAIKTEPre YbITTbl 8CepiHeH
KOpFay MeXaHM3MAEpi KapacTbipblAaAbl, METAAAOTMOHEUHAED, (PUTOXEAATUHAEP CUSIKTbl METaAABI
6afAQHbICTBIPATBIH AKYbI3AAPAbBIH CUHTE3i, COHAAN-AaK, KAAMUMAIH YbITTbl 8CepiHe >ayamn peTiHAe
OCIMAIKTEPAIH KOPFaHbIC PEeaKLMSChbl PETIHAE aHTMOKCUAAHTTBIK, XKYMEHIH BEACEHAIAITIH apTTbIpy.

Ty#HiH ce3aep: KaaAMUIA, ayblp METAAAAP, 6CIMAIKTEP, YAbI 8Cepi, KOPFaHbIC MEXaHU3MAEPI.
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BAnsiHMe kaamus Ha chusnonrornyeckme
M 6UOXMMMUECKME MPOLLECChl PaCTEHUH

B 0630pe obcyxaaetcs npobaemMa 3arpsisHEHNS CEAbCKOXO3SAMCTBEHHbIX YTOAMIA MOHAMM KaAMMS,
KOTOpas akTyaAbHa BO MHOIMX Pa3BMBAIOLLMXCS CTpaHax, BKAloYas KasaxcraH. DTo 3arpsisHeHue CBg-
3aHO C POCTOM TSXKEAOM MPOMBILUAEHHOCTM B palioHax MECTOPOXKAEHMIA M LLAXT, 3arpsi3HeHnem ro-
UBbl BOKPYI METAAAYPrMyeckux 3aBOAOB, BbIOpOCaMM aBTOTPAHCMOPTA, @ Tak>Ke C UCTMOAb30BaHMEM
hocopHbIX YAOOPEHMIT U NMECTULMAOB, COAEPIXKALLMX KaAMMIA. B OKPECTHOCTSIX KPYMHbIX MPOMbILL-
AEHHbIX 0OBEKTOB TAXKEAbIE METAAAbI HAKANMAMBAIOTCSl B MOYBE, BOAE M PACTEHMSX, UTO MPUBOAUT K
MX MOMaA@HMIO B MULLEBYIO LLEMOYKY Yepe3 KOPMOBbIE pPacTeHMs, a 3aTeM B OPraHu3m >XMBOTHbIX U
yeaoBeka. Aaxke HEOGOAbLLME KOAMYECTBA KaAMMS, HAKarAMBasCb B MOYBE, MOTYT CHMXaTb YpOdKan-
HOCTb CEAbCKOXO3SIMCTBEHHbIX KYAbTYP, 3aMEAASITb POCT M Pa3BUTME PACcTeHUIt, HapyLuas ux usno-
AOTMYecKue U G1oXMMUUECKUe NPoLLEeCChl. [103TOMy MCCAeAOBaHME TOrO, Kak KaAMMUI BO3AENCTBYET Ha
pacTeHus 1 pa3paboTka METOAOB MOBbILLEHMS MX YCTOMUYMBOCTU K STOMY SAEMEHTY ABASIOTCS BaXKHbLIMM
3apavamu. B 3ToM 0630pe paccmMatprBalOTCS 3aKOHOMEPHOCTM HAKOMAEHMS KaAMMSI B 4aCTIX pacTe-
HWI, ero TOKCMYeckoe BAMSIHME Ha POCT, pa3BUTMe, (POTOCMHTE3, coaep KaHMe (DOTOCMHTETUYECKMX
MUIMEHTOB, AbIXaHWe, Pa3BUTHE OKUCAUTEABHOIO CTpecca M MMHEPAAbHOE MUTaHMe pacTeHuit. Takxe
006CY>KAQIOTCS MEXAHU3MbI 3aLLMTbl PACTEHUI OT TOKCUYHOIO BO3AEMCTBUS MOHOB KaAMMSI, TakmMe Kak
CMHTE3 METAAACBS3bIBAIOLLMX OEAKOB (METAAAOTMOHENHOB, (DUTOXEAATUHOB) M MOBbILLEHME aKTUBHOCTM
AHTMOKCMAQHTHOM CUCTEMBI, YTO MPEACTaBAsieT CoB0i 3alUMTHYIO peakumio pacTeHMI HAa KaaAMUeBOe

OTpaBAEHMeE.

KAroueBble cAoBa: KAaAMUI, TIXKEAble METaAAbI, PacTeHnsa, ToOKCn4deckoe AEeNCTBMe, 3alMTHbIE Me-

XaHU3MblI

Introduction

Trace amounts of cadmium (Cd) that accumu-
late in the soil can lower crop yields, impede plant
growth, and disrupt physiological and biochemical
processes. Thus, investigating how Cd affects plants
and developing methods to enhance plant resistance
to Cd is a pressing concern. Soil contamination with
cadmium is a significant issue in many developing
countries, like Pakistan, India, Bangladesh and the
CIS countries, including Kazakhstan. This problem
arises from the pollution of extensive areas sur-
rounding metallurgical plants and the widespread
use of phosphorus fertilizers and pesticides that con-
tain Cd [1-5].

Pollution of soil and water with heavy metals
is a major environmental challenge. Despite heavy
metals being naturally present in soil as trace ele-
ments, their spread is exacerbated by activities such
as agriculture, waste management, metallurgy, and
manufacturing. Among these pollutants, cadmium
is considered one of the most harmful to plants. Its
high solubility in water allows it to be rapidly ab-
sorbed by plants, which is the primary way it enters
the food chain, posing severe risks to human health.
Even at low levels, the uptake of cadmium by plant
roots and its transport to other parts of the plant can

adversely affect mineral nutrition and homeostasis
during the growth and development of the roots [6-
10].

The high mobility of cadmium (Cd) within the
soil-plant system can interfere with biochemical
processes, leading to damage to the plasma mem-
brane and significant disruptions in physiological
functions. These disruptions can impact key pro-
cesses such as photosynthesis, respiration, water
regulation, and the uptake and distribution of mac-
ro- and micronutrients. Consequently, this can result
in reduced plant growth or even cell death [11-16].

Impact of Cadmium (Cd) on Plant Biochemi-
cal and Physiological Functions

Cadmium has a negative effect on plants, dis-
rupting their normal growth and development. An
increase in the Cd content in the soil leads to a slow-
down in root growth, a reduction in their length, a
decrease in the number of lateral roots and the death
of root hairs, which, in turn, reduces the total bio-
mass of plants. Similar effects are observed both in
cultivated plants and in wild species [17].

It was established that Cd negatively affects
the processes of cell division, elongation, decreas-
ing the growth of roots and plants in general. Ex-
periments show that in the presence of Cd in growth
medium cell division was inhibited, the number of
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cells involved in mitosis decreased, and the mitotic
cycle elongated. The reason of this effect would be
the strong affinity of Cd tor sulfhydryl groups in
spindle proteins and enzymes involved in mitotic
regulation. Cadmium leads to a violation of the
water balance of cells and the permeability of their
membranes. As a result of all the negative processes
of cadmium action, the growth and development of
plants decreases [17-20].

The primary indicators of cadmium (Cd) tox-
icity in plants include leaf curling, chlorosis, dis-
rupted water absorption, and stomatal closure [20,
21]. Chlorosis, a common symptom of Cd toxicity,
affects the photosynthetic apparatus by reducing the
content of green pigments in the leaves. Studies have
shown that cadmium exposure leads to a decrease
in chlorophyll levels (both @ and b) in various wild
and cultivated cereal species [22-25]. In addition,
the negative effect of Cd on photosynthesis is also
observed in a decrease in the amount. Additionally,
Cd negatively impacts photosynthesis by reducing
carotenoid levels in plants that are not tolerant to
cadmium. However, some research suggests that ca-
rotenoids in cereal leaves are less affected by cadmi-
um stress compared to green pigments [18, 26-29].

It is believed that cadmium (Cd) inhibits Pho-
tosystem II (PS II) by altering the composition of
thylakoid membrane lipids. Additionally, evidence
suggests that Cd damages the light-harvesting an-
tenna complexes of both Photosystem I (PSI) and
Photosystem II (PSII). In response to Cd stress,
green bristlegrass and barley exhibit a reduced rate
of electron transport, a decline in the photochemi-
cal quenching coefficient of chlorophyll, and an
increase in non-photochemical quenching. Further-
more, cadmium negatively impacts the dark reac-
tions of photosynthesis by inhibiting the activity
and synthesis of Calvin cycle enzymes, including
ribulose-1,5-bisphosphate  carboxylase/oxygenase
and triose phosphate dehydrogenase [17, 21].

At low cadmium (Cd) concentrations, respira-
tion rates increase due to the activation of respira-
tory enzymes by Cd. However, higher Cd levels in-
hibit enzyme activity, reducing respiration intensity.
This includes decreased activity of key enzymes like
hexokinase, malate dehydrogenase, and glucose-
6-phosphate dehydrogenase. Enzyme inhibition is
linked to structural changes caused by Cd binding
to sulthydryl (SH) groups and disrupted protein
synthesis. Additionally, reduced respiratory activ-
ity may result from membrane depolarization, H'-
ATPase inhibition, and lower ATP levels [17].

Cadmium in the soil can affect the uptake of es-
sential elements by both the aboveground and un-
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derground parts of plants. High Cd concentrations
can alter the levels of various macro- and micro-el-
ements in plants, which can negatively impact plant
health [7]. Specifically, Cd has been found to ad-
versely affect nitrogen metabolism, and increasing
Cd levels are associated with reduced nitrogen and
phosphorus content in plants [15, 30, 31].

Several factors contribute to the negative impact
of cadmium (Cd) on nitrogen metabolism:

1) Cd ions compete with ammonium ions (NH*")
for transport through membrane ion channels.

2) Cd reduces the activity of key enzymes such
as nitrite reductase, glutamate synthase, and amino-
transferase.

Cadmium in the soil can interfere with the up-
take of essential elements by both aboveground and
belowground plant parts. As Cd levels increase, the
concentrations of various macro- and micro-ele-
ments in plants may be altered, negatively affecting
plant health. Studies have shown that low Cd con-
tent in cereals can increase some mineral elements,
like phosphorus, potassium, nitrogen calcium, sul-
fur, magnesium. But higher Cd rate negatively af-
fects on content of mineral elements [7,8, 15, 30].

Cadmium also disrupts sulfur metabolism by
lowering enzyme activity, such as ATP-sulfurylase
in corn and oats, while increasing O-acetylserine ly-
ase activity, which raises cysteine levels, a precursor
to glutathione and phytochelatins [31].

The studies show a decrease in magnesium in
the shoots and roots of oats and corn due to inhib-
ited absorption. But in some cases in wheat and bar-
ley leaves, magnesium levels may increase at lower
Cd concentrations, possibly due to redistribution to
photosynthetic tissues

Iron deficiency under cadmium stress causes
chlorosis of leaves, and it is also affecting roots size,
disrupts membranes membranes of root cells, and
decrease of activity of Fe reductase, which respon-
sible for reduction of Fe** to Fe*". Cd also competes
with zinc, reducing its levels and causing potential
zinc deficiency, as Cd cannot replace Zn’s biochem-
ical functions [17, 18].

Researchers have utilized transcriptomic, pro-
teomic, and metabolomic platforms to investigate
Cd’s effects. For instance, a comparative study of
Brassica chinensis varieties with differing Cd uptake
showed that the timing of specific transcriptional re-
sponses varies by variety. In cotton, Cd stress trig-
gers an increase in enzymes that neutralize reactive
oxygen species (ROS). A combined transcriptomic,
proteomic, and metabolomic analysis of radish roots
exposed to Cd highlighted Cd’s influence on amino
acid metabolism and oxidative phosphorylation.
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Phosphorylation is the most extensively studied due
to its stability, abundance, and crucial role in cellular
function. It primarily affects the hydroxyl group in
threonine, serine, and tyrosine. A substantial num-
ber of signaling pathways in rice’s response to Cd
are regulated by phosphorylation/dephosphoryla-
tion events, though current understanding is limited
by the typical focus on single phosphoproteins [32].

An excess of reactive oxygen substances is
harmful as it reacts with lipids, proteins, and nucleic
acids, causing membrane damage, enzyme inactiva-
tion, and DNA mutations that may jeopardize cell
viability [33-35].

Mechanisms of Plant Defense Against Heavy
Metals

Plants have complex defense mechanisms to
reduce the toxicity of heavy metals. The first line
of defense includes physical barriers like thick cu-
ticles, trichomes, cell walls, and mycorrhizal symbi-
osis, which protect against metal stress. Trichomes
can store metals for detoxification or release second-
ary metabolites to counteract toxicity. If metal ions
penetrate plant tissues, plants activate biochemical
responses to mitigate damage. This involves the
production of metal-binding compounds such as
glutathione, phytochelatins, metallothioneins, and
other secondary metabolites, including flavonoids
and phenolic compounds [36, 37]. If these mecha-
nisms are insufficient, the cellular redox balance is
altered, resulting in high rate of an oxidative stress.
To combat reactive oxygen species (ROS), plants ac-
tivate antioxidant systems, which include enzymatic
antioxidants — superoxide dismutase and catalase, as
well as non-enzymatic scavengers of ROS like glu-
tathione and carotenoids. The activity of antioxidant
enzymes is influenced by the stage of plant develop-
ment and may even decrease after short-term expo-
sure to metals. Superoxide dismutase (SOD) plays
a crucial role in combating oxidative stress. Other
endogenous compounds synthesized within the cell,
such as organic acids, thiols, polyphenols, and poly-
amines, serve as effective mechanisms for neutral-
izing most metal ions. Heavy metals binds to endog-
enous compounds and accumulates in vacuoles. It’s
an effective mechanisms for neutralizing of heavy
metals in tolerant plants species [33, 34, 37-39].

Certain detoxification molecules are multifunc-
tional, displaying chelation, radical-scavenging, or
antioxidant abilities. The activation of these mech-
anisms differs based on plant species, metal type,
and growth stage. Higher plants have two types of
cysteine-rich metal-binding peptides: metallothio-

neins (MT) and phytochelatins. Metallothioneins,
first identified in 1957, are low-molecular-weight
proteins with high metal-binding capacity, mak-
ing them essential for metal detoxification. Their
concentration increases with heavy metal exposure
and decreases when metal levels decline. Metallo-
thioneins are categorized into 3 groups according to
their chemical structure [40]:

- Class 1 MT include 20 cysteine residues, simi-
lar to mammalian kidneys.

- Class 2 MT also possess cysteine clusters, but
these do not have a straightforward comparison with
Class 1 MT.

- Class 3 MT include y-glutamylcysteinyl resi-
dues, which are present in the polypeptides of algae,
fungi, and plants.

MT genes have been identified in several higher
plants, including Arabidopsis, where, in addition
to Class 1 and Class 2 MT genes, types MT3 and
MT4 have also been discovered. Other plant spe-
cies are believed to contain a large family of MT
genes across multiple classes, with expression stud-
ies showing tissue-specific patterns. While there is
no comprehensive information about the metals that
can bind to MT in plants, copper (Cu), zinc (Zn),
and cadmium (Cd) have been the most extensively
studied. Phytochelatins (PC) are capable of binding
to various metals, including Cd, Cu, Zn, and arsenic
(As), through sulthydryl and carboxyl groups. Their
synthesis is primarily regulated by metals like Cd or
metalloids like As. Glutathione (gamma-glutamyl-
cysteinyl-glycine) plays a key role in this process,
with the enzyme PC synthase catalyzing the syn-
thesis. Genes encoding this enzyme, such as CAD1
and PCS1, have been isolated from plants, yeast,
and some animals. Studies inhibiting PC synthesis
through glutathione have highlighted its crucial role
in metal detoxification in yeast, fungi, green algae,
some aquatic plants, as well as in suspended cells
and intact tissues of higher plants [40].

Differing from enzymatically synthesized phy-
tochelatins, metallothioneins (MT) are formed
through mRNA translation. Phytochelatins mainly
detoxify Cd, MTs can bind a broader range of met-
als, like as zinc, copper, arsenic, cadmium. MT
properties and functions differ across organisms.

There are multiple MT groups in plants, cate-
gorized into 4 subgroups based on cysteine residue
location, each showing specific expression patterns
in organs and development stages. For instance, MT
group 1 is discovered in roots, group 2 — in shoots,
group 3- in leaves and fruit maturation, group 4 —in
seeds. Each subgroup (MT1-MT4) is further divid-
ed into isoforms. All MT groups and isoforms can
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bind heavy metals and act as chelators or storage
sites. But their metal-binding capacity and tissue lo-
calization vary across plant species [40].

In suspension cultures of Silene cucubalus cells,
an enzyme class was discovered and characterized
that produces phytochelatins (PC), peptides com-
posed of repeating units of y-glutamylcysteine with
a glycine carboxyl end. These peptides range from 5
to 17 amino acids in length and are involved in bind-
ing heavy metals [40].

Phytochelatins (PCs) can bind to various metals,
including Cd, Cu, Zn, and As, through sulthydryl
and carboxyl groups. However, their synthesis is
primarily regulated by the presence of metallic Cd
or the metalloid As. Glutathione (gamma-glutamyl-
cysteinyl-glycine) plays a key role in this process,
with its synthesis being catalyzed by the enzyme PC
synthase. The genes encoding this enzyme, such as
CAD1 and PCSI, have been isolated from plants,
yeast, and some animals. Studies inhibiting PC syn-
thesis with glutathione have highlighted its essential
role in metal detoxification in yeast, fungi, green al-
gae, certain aquatic plants, and both suspended cells
and intact tissues of higher plants. Overexpressing
PC synthase genes has been shown to increase Cd
tolerance in yeast and bacteria, though this effect
is not observed in all higher plants, particularly in
metal-accumulating species. [40].

Phytochelatins (PCs) contribute to the detoxifi-
cation of metal ions through several mechanisms:

1) Activation of phytochelatin synthase by a
metal ion;

2) Formation of Class 3 metallothioneins (MT)
with heavy metals;

3) Transport of Class 3 MT—metal complexes
into the vacuole.

It is important to note that type 3 MTs with a low
molecular weight, aid in the transport of Cd into the
vacuole. There it stores as a high-molecular-weight
complex. Additionally, any disruption in these de-
toxification mechanisms can decrease the plant’s
resistance to heavy metals. For example, mutations
in the gene encoding PC-synthase lead to increased
sensitivity to Cd. Comparable mutants have been
discovered in Vigna angularis, Arabidopsis thali-
ana, Schizosaccharomyces pombe. With the de-
velopment of the understanding of MT in plants, it
becomes obvious that due to the diverse molecular
traits and structural modifications, they probably ex-
ecute a greater variety of tasks relative to different
organisms. In plants, MT plays a key role in neutral-
izing the toxicity of heavy metals by binding them in
cells, regulating intracellular metal homeostasis and
the transport of these elements.
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For plants MT MT plays a key role in mitigat-
ing heavy metal poisoning by binding these metals
within cells, controlling their intracellular balance,
and regulating their transport [40].

In addition to detoxification, MT is involved
in various cellular processes such as the removal
of ROS, preservation of redox homeostasis, resto-
ration of membrane, cell growth support and cor-
rection of impaired DNA. MT production and ex-
pression are also influenced by various internal and
external factors, like as drought, osmotic stress,
nutrient deficiencies, extreme temperatures,, viral
diseases, hormonal emissions, damages, tissue se-
nescence [40].

Conclusion

Impact of even relatively low concentrations of
cadmium (Cd) in the roots is sufficient to impair en-
zyme activity, suppress photosynthesis, block sto-
matal movement, and disrupt transpiration, resulting
in leaf curling, growth inhibition, and chlorosis. As
cadmium is a non-essential element for plants, it is
readily absorbed by the roots through transporters
that typically import essential micro- and macronu-
trients. This interference reduces the plant’s ability
to take up, transport, and utilize these vital trace ele-
ments.

Cd ions also disrupt the plant’s water balance,
inhibit mitochondrial oxidative phosphorylation,
they disrupt the normal metabolism of H*/K", inhibit
the activity of the P-type ATPase and raise the level
of ROS indirectly. In reaction, the plants triggered
various defense mechanisms, such as metallothio-
neins and phytochelatins. In response, plants have
developed several defense mechanisms, including
metallothioneins and phytochelatins.

The known mechanisms of plant resistance to
heavy metals have important practical applications
in various fields. It can be used for phytoremediation
technology. The use of plants to clean polluted lands
and reservoirs of heavy metals. Some plants are able
to accumulate metals from the soil, which makes it
possible to clean the environment. This can be used
to restore polluted areas such as mining areas or in-
dustrial zones.

The study of mechanisms of resistance to heavy
metals helps in the creation of new crop varieties
that can successfully grow in polluted soils. This is
especially important for ensuring food security in
regions where soil contamination with heavy metals
is a problem.

In environmental monitoring — plants that can
accumulate heavy metals are used as bioindicators
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to monitor the state of the environment. They help to
identify and assess levels of heavy metal pollution
in ecosystems.

In agriculture and agronomy — applying knowl-
edge about metal resistance mechanisms to increase
yields in regions with high levels of metals in the
soil, which reduces the negative impact of pollution
on crops.

These mechanisms can significantly contribute
to improving the quality of the environment and ag-

ricultural production, as well as ensuring ecosystem
resilience to pollution.
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