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Abstract

Cadmium (Cd) and Mercury (Hg) as toxic metallic mutants can cause various genetic and
chromosomal disturbances in plants. Their overproduction due to various domestic and
industrial demands leads to excess release to the environment and consequently pose
detrimental genotoxic effects on plants and other life forms. They cause phytotoxic
problems by directly or indirectly impeding plant growth because of their damage to DNA or
cellular components of cell cycle viz. spindle apparatus, DNA polymerases and DNA repair
systems. They impose detrimental effects on the genome and cause overproduction of
Reactive Oxygen Species (ROS), physiological and/or biochemical irregularities such as
decreased membrane stability and photosynthesis, suppression or inhibition of cell division
and gene expression. These disruptions lead to impaired growth, delayed development and
in long run it results into irreversible cellular damage, programmed cell death. Such
conditions ultimately impact overall organismal productivity and survival. Due to their
mutagenic or genotoxic effects on plants and other organisms, these are referred to as
genotoxins. Genotoxic substances cause DNA damage, which can either be repaired or result
in DNA changes. This review is a comprehensive survey on their sources, occurrence,
industrial use, exposure impacts and various phytotoxic, cytotoxic and genotoxic effects on
plants.
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Introduction

Plants are subject to a variety of environmental stresses (biotic and abiotic stress) like heavy
metal stress, acidity, salinity, radiations (UV-A, UV-B, UV-C), etc which obstruct the growth of
the plant either directly or indirectly through inducing oxidative stress and overproduction of
ROS (1).

Heavy metal elements are discharged into the environment as a result of increased
anthropogenic activity, urbanization and rapid industrialization (2,3). Heavy metals such as
Cd and Hg pose significant risk to plant health. Even at low concentration they can lead to
detrimental effects on plant growth, metabolism and overall yield. Cadmium (Cd) in soil is
commonly present at an average concentration of 0.1 mg kg?, whereas Hg in various types
of soils from all over the world range between 0.58 and 1.8 mg kg* and the worldwide mean
content is estimated at 1.1 mg kg* (4-7). When soil Cd concentration exceeds 8 mg kg or
when bioavailability of Cd surpass 0.001 mg kg? toxic symptoms appeared in the plants (8).
For many plant species like Lettuce and Raphanus, Cd concentration of about 5-20 mg kg!
often produces visible stresses such as reduction in root, shoot length, chlorophyll and
carotenoid content as well as reduction in fresh and dry weight (9,10). The recent
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experiments on Nigella sativa exposed to Cd stress revealed
pronounced alteration in ultrastructure of stomatal apparatus
which results into reduction in stomatal density and closure of
stomatal aperture. Furthermore, cd stress induced noticeable
changes in plant’s morphology and significantly decrease seed
and fruit production. In addition, Cd accumulation in seed
exceed WHO’s permissible limit 0.3 mg kg (11). Similar to Cd,
exposure of wheat plants to 10 and 30 mg L* of Hg caused
significant decline in growth parameters (12).

Cd is a hazardous heavy metal with a lengthy biological
half-life (13). Because of its great mobility and solubility, it enters
the food chain directly. It is capable of inducing genotoxicity in
plants by binding to the functional sites of DNA. It damages DNA
by causing breaks in single and double strands, changed bases,
DNA-protein crosslinks, oxidised bases and bulky adducts (13).

Hg is one of the most dangerous and carcinogenic heavy
metals found in the environment. It reacts with other elements to
generate inorganic and organic mercury (14). It is capable to
induce oxidative stress in plants which may lead to
overproduction of ROS, ultimately leading to genotoxicity.
Depending upon the concentration and types of tissue, Hg
induced stress can affect both growth and developmental
processes of plants like photosynthesis, nucleic acid production
and lipid metabolism (15).

Primary genotoxicity occurs as a result of direct reactivity
of genotoxins (like heavy metals) with DNA whereas secondary
genotoxicity can occur due to the formation of ROS as reported
by researchers (1). Heavy metals like Cd and Hg have genotoxic
effect on plants through oxidative pathways that involves free
radicals (16). Oxidative stress is produced as a result of increased
ROS production under metal stress situations. These ROS can
oxidise many macromolecules such as lipids, proteins, DNA and
RNA which results in cellular dysfunctions (1,16,17). Heavy metal
induced oxidative stress in plants causes mutations such as point
mutation or deleted mutation or can cause DNA damage which
may lead to the amplification of new bands of DNA,
disappearance of normal bands and DNA strand breaks (15).

Concepts of heavy metals

Heavy metals are naturally occurring metallic elements (18).
which have high atomic weight and atomic number probably
greater than 20 (19). They have high densities that are at least 5
times higher than water (18). It accumulates in the environment
and have toxic effects that serves as a threat to various lifeforms
(19). Heavy metals have an impact on cellular components such
as the cell membrane, mitochondria, lysosome and numerous
enzymes involved in metabolism, as well as the damage and
repair mechanisms. These metal ions interact with the cellular
components causing damage and brings about change in the
structures (18). Low concentration of these metals is beneficial to
plants but at high concentration they may induce phytotoxicity,
morphological toxicity, cytotoxicity, genotoxicity in plants. The
Cd and Hg induce toxicity in plants are discussed in this review
work.

Cadmium- properties, exposure limit and occurrence

Cd is a transition metal element that belongs to the group-12 of
the d-block elements in the periodic table. It is found in nature in
the form of mineral and is obtained from Cd ore, called
Greenockite (Fig. 1, Table 1) (20,21).

Fig. 1. Greenockite ore.

Table 1. Physicochemical properties of cadmium

Physicochemical Properties Analytical Data

Atomic number 48
Atomic mass 112.4 g/mol
Colour Silvery White
State at room temperature Solid
Atomic radii 1.71A
lonic radii 0.95A
Isotopes 15
Common Oxidation States +2
Electronic configuration [Kr] 4d105s2
Vander Waals radii 0.154nm
Electronegativity 1.69
Density 8.6 g/cm?
Melting Point 321°C
Boiling Point 765°C
Firstionization energy 866 kJ/mol
Enthalpy of fusion 6.192 kJ/mol

Latent heat of vapourisation 99.570 kJ/mol

Cd is naturally contained in the earth's crust at a
concentration of roughly 0.1 mg kg*(18). It is found in the form of
ores combined with zinc, lead and copper. It is mainly extracted
as a by-product during refining of zinc (22).

China, Japan and Korea are the world’s largest producer
of Cd. Netherlands, India, USA, UK, Peru and Germany along with
fifteen other countries produces Cd in smaller amounts (Fig. 2)
(23).
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Fig. 2. Distribution of cadmium reserves in the world.
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The concentration and exposure limit for Cd in plants is
0.02 mg kg' as recommended by Food and Agricultural
Organisation (FAO) and WHO (Table 2) (24-31).

Mercury- properties, exposure limit and occurrence

Hg is a transition metal element in the periodic table that
belongs to group-12 of the d-block elements. It is a heavy, white
and silvery liquid metal (Table 3) (32). It is recovered from
cinnabar ores by heating and then the vapour is condensed and
collected (Fig. 3) (33).

Hg has a worldwide production of around 8000 tonnes
per year and the mineable reserves are around 600000 tonnes.
Hg is ranked third among the most toxic elements or substances
on the planet by the US Government Agency for Toxic
Substances and Disease Registry (34). The average concentration
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Table 3. Physicochemical properties of mercury

Physicochemical Properties

Analytical data

Symbol

Atomic number

Group number

Colour

Atomic mass

Element classification

Ore

State at room temperature
Density

Electronic configuration

Hg
80
12
Silvery white
200.59 g mol*
Transition metal
Cinnabar
Liquid
13.6 gcm3at 20°C
[Xe] 4f14 5d10 6s2

Electronegativit 1.9
of Hg in the earth's crust is 0.5 mg kg* both in its free state as well & y. )
as in the form of ores such as cinnabar, corderoite and | "e"malconductivity Poor
livingstonite (22). Electrical conductivity Good
i 2+

The concentration and exposure limit for Hg in plants is Stan.dard ?Otent'al +0-854V (He™/ He)
003 pg g' as recommended by Food and Agricultural ~Meltingpoint -38.9°C
Organisation (FAO) and WHO (Table 4) (24-26, 35-37). Boiling point 356.6°C

The world’s major producers of Hg are Algeria, OXidationstates l *2, +1b o and

: H + 56 total - 7 stable and 33

Kyrgyzstan, Spain, USA and China (Fig. 4) (38). Isotopes radioactive
Sources of Cd and Hg lonic radii 0.11 nm (+2)
Heavy metals are prevalent in the earth's crust and are dispersed ~ Vander Waals radii 0.157 nm
unevenly (39). They may exist in the form of colloids, ions, Atomic radii 2.23nm

particulates or dissolved phases (40). The presence of these metals
is currently a major source of concern. The high concentration of
these metals may have adverse effect on various lifeforms as well
as the environment. The sources of these heavy metals can be
natural as well as man-made (41) (Fig. 5).

The natural sources of these metals are mostly the result
of volcanic eruptions, weathering of the parental metal rock,
forest fires or they are naturally present in sedimentary rocks,
marine phosphates or in the form of ores (18,19,41). Cd is widely
dispersed in the earth's crust at a concentration of 0.1 mg kg?,
while Hg is found at a value of 0.5 mg kg™. Sedimentary rocks
have the highest concentrations of Cd and Hg. There is about 15
mg of Cd/kg present in the marine phosphates (18). About 7000
tonnes per year of Cd and 475 tonnes per year of Hg is emitted
globally through coal combustion (19). Cd emissions from all
sources (natural and anthropogenic) are estimated to be roughly
22000 metric tonnes per year while Hg emissions are estimated
to be 5000-8000 metric tonnes per year (41,42).

Fig. 3. Cinnabar ore.

Table 2. Concentration and exposure limits for Cd in the environment by different safety standards
Recommendation Level for

Sample Safety Standard Cadmium References
Drinking water Environmental Protection Agency (EPA) 2013 0.05ppm (24)
Drinking Water WHO 2011 3ug/L (25)
Waste water World Health Organisation (WHO) 2011 0.003ppm (25)
Agricultural soil World Health Organisation (WHO) 2007 0.003ppm (26)
Plants Food and Agricultural Organisation (FAO) & WHO 2007 0.02 mg/kg (26)
Leafy Vegetables FAO/WHO 1996, European Commission 2006 0.2mg/kg (27, 28)
Leafy Vegetables FSSAI 2020 0.3mg/kg (29)
Root Vegetables FAO/WHO 1996 0.3mg/g (27)
Root Vegetables European Commission 2006 0.1mg/kg (28)
Root Vegetables FSSAI 2020 0.2mg/kg (29)
Cereals ATSDR 2012 0.1 pg/kg (30)
Cereals EU 2021 0.04mg/kg (31)
Spices (Turmeric powder) FSSAI 2020 0.1ppm (29)

Trends in Current Biology



45 MONALISAET AL

Table 4. Concentration and exposure limits for Hg in the environment by different safety standards

Sample Safety standards Recommendation level for mercury References
Drinking water Environmental Protection Agency (EPA) 2013 2 parts per billion (ppb) (24)
Drinking water WHO 2005 0.006 mg/L (35)
Waste water World Health Organisation (WHO) 2011 0.0019 ppm (25)
Agricultural soil World Health Organisation (WH0)2007 0.05ppm (26)
Vegetables Food and Agricultural Organisation (FAO) & (WH0)2007 0.03 ug/g (26)
Cereals WHO/FAO 2001 0.10 mg/kg (36)
Cereals EU 2018 0.01 mg/kg (37)
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Fig. 4. Distribution of cadmium reserves in the world.
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Fig. 5. Heavy metal sources and its discharge causing pollution in the environment.

Cd concentration in soil and water rises due to both
anthropogenic and geogenic sources (43). Mining, smelting,
wastewater irrigation, industries and vehicular emission, are the
major sources of Cd pollution in soil and ground water. Unlike
other heavy metals Cd is highly mobile in nature. This high
mobility contributes faster release of Cd from soil into

groundwater than other heavy metal (43). Hg is released into the
environment through industrial waste particularly from mining
and manufacturing processes such as cement and non-ferrous
metal production (44). Once released these heavy metals persist
in nature contaminating aquifers and surface water bodies due
to their non- biodegradable nature (45).
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Industrial production and use of Cd and Hg

Cd is mainly used in industries for the manufacturing of alloys,
pigments and batteries (18). Cd is employed in the fabrication of
rechargeable Cd-Ni batteries to the tune of 80 %. Paint pigments
containing cadmium sulphide, usually known as yellow Cd, are
used. Due to its physical property of being able to absorb
neutrons it is used in nuclear reactor control to keep the
reactions under control. Itis alloyed with silver to make solder for
indoor sprinkler system. It is used as a stabilizer for PVC products
and in electroplating of steel (22).

Hg is utilized in the electrical sector to make thermostats,
barometers, switches and batteries, among other things. It is
alloyed with other metals to form amalgams, zinc amalgam is
used in dry batteries whereas silver amalgam is used in dentistry
to make dental fillings. Fluorescent lamps, streetlights and other
electronic devices utilise Hg vapours. Hg batteries are made from
Hg oxide. It is used to make caustic soda.

Impact of cadmium and mercury

The high toxicity of heavy metals has been known for a long time
and have remained a cause of major concern (46). There is a
drastic global increase in heavy metal contamination of soil,
water and air over the last few decades due to the increased
demand of modernization (47). The presence of these metals at
extreme concentrations in the environment have a negative
impact on overall biological life and the ecosystem. They affect
the biological system by inducing toxicity and inhibiting cellular
activities.

Effect on humans and animals

The main threat to human health may be the exposure to Cd and
Hg (18) depending on where the heavy metal is bound in the
body (48). Heavy metals are transported and compartmentalised
into body cells and tissues, where they bind to proteins and
nucleic acids, destroying them and disrupting their cellular
functions. Cd exposure may lead to kidney damage, skeletal
damage, lung emphysema and infllmmation, hepatic damage.
Pregnant women, infants and young ones are more susceptible
to Cd exposure. During pregnancy exposure of Cd can lead to
many detrimental effects such as low birth weight, preterm birth
and developmental disorders (49). Hg can harm neurocognitive
functions like fine motor skills, speech function and memory.
Acute Hg poisoning can cause lung damage. Neurological and
psychological signs of chronic poisoning include tremor,
personality changes, restlessness, anxiety, sleep disturbances
and depression (22).

Effect on microbes

Heavy metals in the environment can lead to a decline in both
the amount and variety of the microbial community (48) by
altering their physiological and biochemical properties (50). Cd
can cause oxidative damage and denaturation in
microorganisms, as well as reducing their ability to bio remediate
(50). It can disrupt enzyme activities and prevent DNA-mediated
transformation in microorganisms (51). Cd toxicity in microbial
cells is thought to be caused by protein depletion of glutathione
and sulfhydryl groups, interactions with nucleic acids, oxidative
damage caused by ROS and inactivation of metalloproteins due
to displacement of Zn and Fe ions (52). Hg toxicity causes protein
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denaturation, cell envelope disruption, inhibition of cell division
and enzyme activities, nucleic acid destruction and transcription
inhibition in microorganisms (52).

Effect on plants

Plant roots readily absorb heavy metals and transport them to
various plant organs. Excessive amounts of heavy metals in soil
commonly cause stress symptoms in plants, such as reduced
growth, mineral nutrition and carbohydrate metabolism
disturbances (53). Higher plants can absorb metals from the
atmosphere through their shoots and leaves and enter the soil
via roots and rhizomes. When metals move from the soil to the
plant roots, they are transported and stored in various locations
throughout the plant, causing toxicity. The total amount of
potentially available or bioavailability of the metal (quantity
factor), the activity as well as the ionic ratios of elements in soil
solution (intensity factor) and the rate of element transfer from
solid to liquid phases and to plant roots all play a role in the
transfer of HMs from soils to plants (reaction kinetics) (47). Some
metals are required for normal plant growth and development
as cofactors and/or structural and catalytic components of
proteins and enzymes at appropriate concentrations. Toxic
levels of heavy metal ions, on the other hand, cause a variety of
cellular stress responses as well as damage to various cellular
components such as membranes, proteins and DNA. When
heavy metals build up in plant tissues, they affect vital growth
processes like mineral nutrition, transpiration, photosynthesis,
enzyme activities related to chlorophyll metabolism and
biosynthesis, nucleic acids and seed germination (54).

Heavy metal can affect plants in numerous ways. It may
cause phytotoxicity, oxidative stress, cytotoxicity and
genotoxicity in plants. This paper deals with the genotoxic effect
of heavy metal such as Cd and Hg in plants.

Phytotoxicity

Heavy metal phytotoxicity is caused by an imbalance between
an element's uptake and the metabolism's ability to cope with its
cellular, particularly cytosolic, concentrations (55). Hg?* may not
have a significant impact on plant growth at low concentrations,
but at greater concentrations, it becomes highly phytotoxic to
plant cells, causing obvious damage and physiological
abnormalities (56). Photosynthesis, transpiration, water intake
and chlorophyll synthesis can all be affected by Hg exposure. Hg,
both organic and inorganic, has been shown to induce
potassium, magnesium and manganese loss, as well as iron
accumulation (57).

Cd is considered to be one of the most phytotoxic heavy
metals (57). It has a deleterious impact on all elements of
photosynthesis, including the Electron Transport Chain (ETC),
photosystems (PSI and PSll), chl-protein complexes and CO.
reduction pathways in the stroma. The ultrastructure of
chloroplasts is similarly altered by Cd-induced toxicity, with
swollen and disordered thylakoids (58). Cd produces a large
reduction in carbon metabolism, which leads to a shift in
photosynthesis due to a lack of CO, and low carbon levels
interfere with ETC and thylakoid membranes, as well as
photosynthetic enzymes. Cd toxicity affects photosystems (PSI
and PSIl), interacts with the PSIl core complex and
supramolecular entities and slows photoactivation (59).

Cytotoxicity
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Heavy metals induce both oxidative and genotoxic stress
responses in plants, resulting in cytotoxicity and damage to
various cellular components such as proteins, membranes and
nucleic acids, resulting in a typical abiotic stress response.
Extreme heavy metal toxicity frequently affects the cellular redox
system and causes increased formation of ROS as a result of
oxidative stress (60).

Cd has been identified as a key element in the
development of oxidative stress through the creation of ROS and
the weakening of non-enzymatic antioxidant defences. Through
membrane lipid peroxidation, Cd-mediated oxidative stress has
been demonstrated to regularly affect bio-membrane function in
plants. In plants it damages cell membranes, chloroplast
ultrastructure, photosynthetic pigments and finally impairs
antioxidant metabolism, causing severe growth retardation.
Through oxidative stress induced ROS formation, high levels of Hg
cause membrane lipid peroxidation, mitochondrial dysfunction
and ultimately cellular metabolism in plants (60). High
concentration of Hg substantially reduces the carbohydrate and
protein level and also disrupts vital physiological processes.
Moreover the activity of essential antioxidant enzymes like
catalase, superoxide dismutase was greatly reduced under Hg
stress (61).

Morphological toxicity

Plants respond to metal stress with morphological and
metabolic changes that are thought to be adaptive responses.
The main morphological and structural effects of metal toxicity
in roots can be summarised as follows: (i) decreased root
elongation, biomass and vessel diameter, (ii) tip damage, (iii) root
hair collapse or decrease in number of roots, (iv) increased or
decreased lateral root formation, (v) enhanced suberification
and lignification and (vi) changes in hypodermis and endodermis
structure. Cd slows growth while also altering physiological and
biochemical features such as water balance, food intake and
photosynthetic electron transport around photosystems. Cd
causes morphological changes in older leaves, such as drying
and chlorosis and necrosis in younger leaves (40). Seed
germination, germination relative index, root and shoot length
and dry weight, shoot root ratio and seedling vigour index, plant

height, phytomass, number of leaves and branches, leaf area
and chlorophyll contents and nitrate and nitrite reductase
activity have all been shown to be negatively affected by Cd (42).

Genotoxicity

Several lines of evidence show that a range of substances cause
oxidative stress by producing ROS, as well as genotoxicity via
ROS-mediated DNA damage and genomic instability (Fig. 6). ROS
assault DNA and cause alterations in DNA bases, resulting in
further DNA damage such as single and double strand breaks in
the DNA molecule that may not be repaired.

Under ROS stress, DNA Double-Strand Breaks (DSBs) are
one of the most common types of DNA damage, resulting in
genomic instability and DNA fragmentation (17). Overproduction
of ROS/RNS causes a decrease in the quantity of cellular
antioxidants, resulting in an imbalance between free radicals and
the cellular antioxidant-mediated defence mechanism, which
causes oxidative stress-mediated DNA damage (1). Overall, DNA
damage has the potential to be both genotoxic and cytotoxic to
the cell.

Mercuric ions can cause oxidative stress in plants by
causing the production of ROS such as superoxide radicals (0?),
hydrogen peroxide (H;0,) and hydroxy! radicals (OH) (62). ROS
are produced continually by a variety of intracellular oxidative
activities and have the ability to affect enzyme performance,
modulate intracellular signalling and cause damage to biological
macromolecules such as DNA. Antioxidants, ROS-eliminating
enzymes and an effective DNA repair mechanism are all present
in cells. When ROS levels surpass the capacity of defence or
antioxidant systems, DNA suffers oxidative damage, which
frequently results in DNA mutations, DSBs and chromosomal
deletions (53). According to this theory, different types of stress
elicit similar adaptive responses, implying that Reactive Oxygen
Intermediate (ROI) production plays an important role. ROl are
important in plant defence, signal transmission, plant growth
and development, but they can also cause genotoxicity and
Programmed Cell Death (PCD) by damaging genetic material (1).
There are few studies on Hg's genotoxicity and the cellular and
molecular mechanisms underlying this metal's toxicity are
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Fig. 6. Plant response to cadmium and mercury stress.
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mostly unknown. Because of their easily malleable outer electron
shells, Hg ions tend to establish covalent connections within cells.
Depending on environmental factors such as ionic strength, the
presence of competing ions and base makeup, DNA contains a
variety of potentially reactive sites for Hg bonding (57). The effects
of Hg's forms on plants are dependent on the concentration and
length of exposure, with the most pronounced effects in the S-
phase, when it can cause damage and severe clastogenicity. Low
dosages of Hg have been shown to cause c-mitosis, sister
chromatid swaps, chromosomal abnormalities and spindle
modifications in plants (57). Several N and O atoms can be found in
ribose/ribophosphate groups and purine/pyrimidine bases, which
could be possible Hg binding sites. The ligation of Hg to
nucleobases can result in nucleobase impairment; this
phenomenon has been linked to Hg's mutagenic potential. Hg can
affect the amino acid sequences of proteins that are to be
produced in this way. Despite all of this, many elements of Hg's
genotoxicity remain unexplained, including the mechanism, target
and degree ofits effects on plants (57).

Heavy metals have been proven to have direct and/or
indirect effects on DNA and chromosomal synthesis and
duplication. In plant cells, metal genotoxicants can also cause
chromosomal abnormalities. The metal species and
contamination dosage can have a big impact on the genotoxic
effects. Polyploidy, C-Karyokinesis, chromosomal fragmentation,
chromosome fusion, micronuclei production and nuclear
breakdown are all symptoms of Cd and Hg exposure in beans
and onions (Allium cepa). Cd has also been linked to cell death in
tobacco (Nicotiana tabacum) due to the formation of superoxide
anions (0%) from mitochondria and membrane peroxidation. Cd
has been shown to have genotoxic and cytotoxic effects and high
amounts of Cd can cause oxidative stress in plants by inducing
lipid peroxidation (42). Furthermore, genotoxicants in some
plants can disrupt the sequence of DNA processing activities
such as replication, methylation and the repair mechanism,
resulting in mutations (42). In a dose-dependent way, mercuric
ions appear to establish covalent connections with DNA, causing
sister chromatid exchange, lower mitotic index and increased
frequency of chromosomal abnormalities (60).

Effect on enzymes

Heavy metals have been found to inhibit enzymes involved in the
photosynthetic carbon reduction cycle, as well as all three
phases of the Calvin cycle (carboxylation, reduction and
regeneration), particularly the carboxylation phase, in plants
(40). Cd toxicity affects cell membranes and inactivates enzymes,
potentially by interacting with proteins belonging to the SH-
group, which reflects the inhibitory effects of Pb*, Cd*, Zn** and
Cu* on chloroplast enzyme activity (40). Catalase activity is
lowered at increasing metal concentrations, while SOD activity is
unaltered. Cd interferes with antioxidant enzymes in a negative
way (40). Following Cd treatment, there was a considerable
increase in SOD, APX and GR activity, as well as a decrease in CAT.
Increased SOD activity and inhibition of CAT and POD resulted in
a high level of H.0,, which is most likely the main cause of
oxidative stress in plants caused by Cd regimens. The activities of
NAD(P)H oxidase, on the other hand, were considerably
stimulated in response to Cd exposure (42). Plants have a highly
effective antioxidative defense mechanism that includes a
variety of enzymatic (such as superoxide dismutase, catalase and
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guaiacol peroxidase) and non-enzymatic elements that scavenge
ROS and mitigate their harmful effects. Previous research has
shown, however, that Cd inhibits plant antioxidant ability,
resulting in reduced plant development (63).

Membrane lipid peroxidation

Excessive levels of heavy metals cause changes in membrane
fatty acid composition and membrane injury can occur when the
peroxidation of membrane lipid rises due to highly hazardous
free radicals. Peroxidation of lipids in both the plasma
membrane and the chloroplast membrane has been
documented as a result of a large quantity of metal ions (42).
Increased lipid peroxidation also changes membrane properties
including fluidity and permeability, as well as modulating the
activities of membrane-bound ATPases. Lipid peroxidation
products have been found to have a negative impact on plasma
membrane activities, culminating in cell death. The application
of various amounts of multiple heavy metal stress (such as Cd*
and Hg*) accelerated the lipid peroxidation of Bruguiera
gymnorrhiza plants (42). Lipid peroxidation is a highly damaging
process that damages DNA while also changing the structure and
function of the cellular membrane. Endogenous lesions are
caused by lipid peroxidation, which causes the creation of
exocyclic DNA base adducts. Lipid peroxidation produces a
complex array of nucleophiles capable of interacting with DNA,
resulting in the creation of mutagenic adducts (64).

Genotoxicity assays

Several studies have been conducted in recent years using
cytological (chromosome aberrations and micronuclei formation
assay), molecular (comet assay) and others to assess genotoxicity
in plants following exposure to various heavy metals, such as Hg
and Cd (60). For the testing of genotoxins, plant-based tests have
been recognized reliable bioassays.

The effects on micronuclei formation and cell division
frequency by micronucleus test

If cells are actively dividing following exposure to genotoxicants,
micronuclei develop, which are visible in non-dividing cells. A
drop in the Mitotic Index (MI) compared to the control indicates
toxicity and reduces the number of micronuclei. However, if cells
are not actively split, the absence or decrease of MN frequencies
could lead to erroneous interpretations or conclusions about the
safety of the tested chemical. Indeed, a hazardous chemical
could have a faster influence on MN development than a
genotoxic one. The absence of harmful effects was indicated by a
comparison of the M for all treatments, which were all higher
than the unexposed control (65). In plant root cells, Cd was
discovered to reduce the MI and to cause chromosomal
abnormalities and the development of micronuclei (MN) (66) .

Sister Chromatid Exchange (SCE) test

DNA segregation between two sister chromatids of a replicating
chromosome, occurs during DNA replication. The hypothesis
that sister chromatid exchanges are initiated when daughter
strands of a duplicated DNA cluster recombine with the parental
strands of a partially replicated cluster was proposed as a model
for the generation of sister chromatid exchanges. After exposure
to genotoxic/mutagenic chemicals, the frequency of SCEs per
chromosome set rises. Plants with a modest number of
chromosomes and a large size, such as Vicia faba and Allium
cepa, are used for SCE testing (17).
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Comet assay

The comet assay determines the genotoxicity of heavy metals. It
is the most widely used in vivo test for determining the
mutagenicity/genotoxicity of genotoxic substances. In this
approach, detergents and salts are used to lyse cells, releasing
their genetic material, which is then electrophoresed (1). DNA
fragments travel toward the anode using electrophoresis,
generating a classic "comet tail." In comparison to the DNA
remaining in the head, the amount of DNA in the tail represents
DNA strand breakage (17). Cells with more DSBs migrate more
quickly to the anode and produce more bands. It can detect a
wide range of primary DNA lesions that are difficult to detect with
other tests and it only takes a few cells to do so. It can also be
used to detect low amounts of DNA damage in a wide range of
cells or tissues (1).

Conclusion

Plant cells produce ROS in response to direct or indirect chemical
exposure, causing oxidative stress. Heavy metals such as Cd and
Hg are capable of inducing oxidative stress which leads to over-
production of ROS. It has been found that at high concentrations,
heavy metals have more negative impacts on plants than at low
concentrations. ROS can stimulate genotoxicity in plants by
inducing DNA damage, resulting in a range of cytotoxicity and
genotoxicity end points. Genotoxic substances cause DNA
damage, which can either be repaired or result in DNA changes.
Chromosome aberrations occur when a DNA double strand
break is not repaired or is repaired incorrectly. Without
telomeres, broken chromosome ends become "sticky" and may
fuse with other broken chromosome ends. Acentric fragments,
dicentric bridges in mitotic cells of the first cell cycle after
mutagenic therapy, or micronuclei in the interphase cell of the
next cell cycle are the result of these chromosomal
rearrangements. The frequency and kind of chromosome
abnormalities in mitotic cells, as well as the frequency of
micronuclei in interphase cells, cell division irregularities,
chromosomal aberrations, sister chromatid exchange, are the
most extensively used plant-based genotoxicity assays for
detecting persistent DNA-damage. Genome instability is caused
by genotoxic damage, which has a negative impact on plant
growth and vyield. Plants respond to induced oxidative and
genotoxic damage by activating transcription factors, which
causes a fast shift in the expression of the responsive genes at the
transcriptional level. Seed germination, root elongation and
biomass, as well as physiological and biochemical endpoints
such as antioxidant enzymes, cell structure and hormones, are
currently the focus of heavy metal toxicity studies in plants.
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