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ABSTRACT

Plants, being sessile in nature, are constantly exposed to various environmental stresses, such as solar UV
radiations, soil salinity, drought and desiccation, rehydration, low and high temperatures and other vast
array of air and soil borne chemicals, industrial waste products, metals and metalloids. These agents, either
directly or indirectly via the induction of oxidative stress and overproduction of reactive oxygen species
(ROS), frequently perturb the chemical or physical structures of DNA and induce both cytotoxic or
genotoxic stresses. Such condition, in turn, leads to genome instability and thus eventually severely
affecting plant health and crop yield. With the growing industrialization process and non-judicious use of
chemical fertilizers, the heavy metal mediated chemical toxicity has become one of the major
environmental threats for the plants around the globe. The heavy metal ions cause damage to the
structural, enzymatic and non-enzymatic components of plant cell, often resulting in loss of cell viability,
thus negatively impacting plant growth and development. Plants have also evolved with an extensive and
highly efficient mechanism to respond and adapt under such heavy metal toxicity mediated stress
conditions. In addition to morpho-anatomical, hormonal and biochemical responses, at the molecular
level, plants respond to heavy metal stress induced oxidative and genotoxic damage via the rapid change
in the expression of the responsive genes at the transcriptional level. Various families of transcription
factors play crucial role in triggering such responses. Apart from transcriptional response, epigenetic
modifications have also been found to be essential for maintenance of plant genome stability under
genotoxic stress. This review represents a comprehensive survey of recent advances in our understanding
of plant responses to heavy metal mediated toxicity in general with particular emphasis on the
transcriptional and epigenetic responses and highlights the importance of understanding the potential
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targets in the associated pathways for improved stress tolerance in crops.

Introduction

Environmental chemical toxicity and genome instability in
plants under heavy metal stress

Plants, being sessile in nature, are constantly exposed to
myriads of environmental stresses which include both abiotic
and biotic factors. UV light, infrared, cosmic and other extra-
terrestrial radiations of variable wavelengths, high salinity,
drought, flooding, chilling injury, nutrient imbalances, air and
soil borne pollutants, exposure to bacterial and fungal patho-
gens and metabolic byproducts of endogenous processes repre-
sent some of the frequent stress factors for plants. In addition,
high intensity solar radiation, continuous exposure to artificial
light, high decible sound, emissions from the vehicles in busy
roads and highways also negatively affect plant growth. These
abiotic and biotic factors frequently induce oxidative and geno-
toxic stress and eventually result in the formation of various
forms of lesions in DNA double helix. Unrepaied damages in
the DNA stand in turn leads to genome instability and there-
fore, affecting plant health and productivity. Various abiotic
stresses have both general and specific effects on plant growth
and development. For example, photosynthetic declination,
osmotic stress etc. compromises plant processes, interfere with

nutrient availability and thus limit plant growth as frequently
found in case of drought stress." Apart from the direct effect on
plant growth, low and freezing temperatures have also been
shown to induce osmotic stress.” Plant exposure to drought,
salinity and low temperature frequently generates osmotic, oxi-
dative and finally genotoxic stress.

During the past couple of years, increased anthropogenic
activities, rapid industrialization and modern agricultural
practices have contributed to increased contamination of
heavy metal elements in the environment and represent one
of the major stresses experienced by the plants particularly
in the developing countries. The heavy metals play essential
role in each stage of the life cycle in plant. However, unbal-
anced doses may induce both cytotoxic and genotoxic
effects and thus genome instability in plants. Soil, contami-
nated with heavy metals like cadmium and lead, generates
one of the important stress conditions for the plants. Sev-
eral studies have demonstrated heavy metal stress mediated
plant growth inhibition, particularly pronounced during
seed germination and at the early stages of seedling
growth.>® The heavy metal ions compete with the essential
nutrient cations for binding and absorption in the root sur-
face. After entering into plant cell, the heavy metals exert
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their cytotoxic and genotoxic effects because of the disrup-
tion of protein structure and function as the heavy metals
directly attack the thiol groups of proteins and thus causing
the conformation change in protein structure. In addition,
the heavy metal induced ROS production causes oxidative
damage of the cellular macromolecules and photosynthetic
apparatus. These effects are eventually reflected at the phys-
iological and biochemical levels with decreased membrane
stability and photosynthetic yield, compromised pigment
production, hormonal and nutrient imbalance, inhibition of
DNA replication, gene expression and cell division.”
Depending on the concentration, metal type and develop-
mental stages, heavy metal uptake generates variety of stress
responses in plant cell. In response to this, plants have
developed sophisticated modulating mechanisms to adapt
and survive under heavy metal stress mediated chemical
toxicity. However, under extreme conditions, heavy metal
toxicity may severely affect plant health, eventually resulting
in cell death.®” A coordinated and complex interlinked net-
work facilitate plant cell with multiple metal-detoxifying
mechanisms and repair of metal toxicity mediated damage
in the genome to survive under heavy metal contaminated
environments.'*"?

The 53 d-block elements have been categorized and recog-
nized as ‘heavy metals’ on the basis of their density (>5 g/cm”).
Plant cells require only 19 elements, including C, O, H, Mg, S,
N, Cd, P, K (macroelements) and Cu, Zn, Mn, Fe, Mo, B, Ni,
Co, Cl, and Br (microelements) for their fundamental meta-
bolic functioning. These macro and microelemts are essential
for seveal physiological and biochemical processes in plants,
such as chlorophyll biosynthesis, photosynthesis, nucleic acid
metabolism, protein modification, intracompartmental redox
reactions, carbohydrate metabolism and nitrogen fixation.
Interestingly, although some heavy metal elements are used as
microelements, other heavy metal elements, such as Al, Cd, Cr,
Pb, Hg generate toxic effects for plants, such as low biomass
production, chlorosis, reduced photosynthesis, altered water
balance and nutrient assimilation. These factors eventually
cause plant growth inhibition, senescence and finally yield
loss.” The roots are the first organ which first encounters the
heavy metals and multiple studies have revealed root growth
inhibition in plants following exposure to heavy metals. These
effects are produced due to inhibition of mitotic activity in root
meristem'* as reported with Cr (VI), which delays the progres-
sion through cell cycle, thus inhibits cell cycle.15 Similarly,
Cd*" ions suppress the expression of S-phase specific cyclin-
dependent protein kinases (CDK), thereby delaying the pro-
gression through the S-phase of the cell cycle. Furthermore, the
heavy metal mediated disruption of auxin transport in roots
appears to be another important cause of root growth
inhibition.'

The physico-chemical nature of plasma membranes has
been shown to play important role in regulating the entry
of heavy metal ions. Heavy metal tolerant properties have
been shown to be associated with lower level of membrane
depolarization with the rapid membrane voltage change as
found in Arabidopsis halleri and A. arenosa.'” In view of
this, heavy metal stress mediated reduction in photosyn-
thetic and respiration rates may be linked to the changes in

the ultrastructure of membrane in chloroplast and mito-
chondria. Previous studies have revealed decreased activity
of PS (II) and quantum yield along with compromised chlo-
rophyll content and intracellular CO, in various plant spe-
cies under heavy metal stress.'®'? The heavy metal ions
interfere with light reaction and cause significant decline in
CO, assimilation via either inhibition of RUBP carboxylase
activity or by affecting the structural stability of RUBP
carboxylase through interaction with the thiol groups. For
example, Cu, which inhibits both carboxylase and oxygenase
activities of RUBISCO, causes decreased RUBP carboxylase
activity via interaction with the cysteine residues essential
for the enzyme activity, finally leading to decreased quan-
tum yield of PS (II), photosynthetic rate and CO, assimila-
tion.* Apart from the photosynthetic machinery, heavy
metals also affect the nitrogen metabolism process in plants.
In general, heavy metals inhibit the activity of key enzymes
involved in nitrate and ammonia metabolism and assimila-
tion, such as nitrate reductase, nitrite reductase, glutamine
synthetase, glutamine oxoglutarate aminotransferase and
glutamine dehydrogenase, respectively.”’ Plants under Cd
stress frequently suffer from primary nitrogen assimilation
process because of inhibition in nitrogen uptake and trans-
port along with decreased activities of nitrate reductase and
glutamine synthetase.

Plant cells respond to heavy metal mediated toxicity through
complicated interlinked mechanisms which are functional at
various levels and include both short-term and long-term pro-
cesses. The short-term or immediate responses include the
rapid changes in the transcriptional rates of hundreds or even
thousands of responsive genes with the concomitant changes at
the physiological and metabolic levels. The long-term
responses, on the other hand, are associated with the genetic
modifications and epigenetic changes.”> Regulation of gene
expression, which functions as an integral part of plant stress
response, generally involves both universal and unique changes
of transcript levels of the stress responsive genes.>> Therefore, it
seems logical to expect that depending on the situation, plant
respond to heavy metal toxicity, which induces both oxidative
and genotoxic effects, through the coordination and integration
of various components of stress perception and signaling net-
works with possible cross talks at various steps.

Sources of heavy metals and plant response to heavy
metal stress

The heavy metal elements in general are not rapidly metabo-
lized and found to gradually accumulate in biological system.
Such heavy metal components eventually mount up in ecologi-
cal food chain through uptake via the primary producers, the
plants and then at the consumer level through consumption. In
plants, with their intrinsic sessile nature, the roots are primarily
the contact and binding sites for the metal ions. In aquatic sys-
tems, almost whole plant body gets exposed to polluted water.
In addition, metal ions may also be directly absorbed by the
leaves due to particle deposition on leaf surfaces.”* Variety of
sources may contribute to the accumulation of heavy metal ele-
ments in the environment. Some of the major sources may
include natural, agricultural, industrial, domestic effluents and



atmospheric sources. In nature, the heavy metals originate
within the earth’s crust and become available in the soil during
the course of weathering process. The geologic plant materials
have been shown to contain an elevated concentrations of Cr,
Mn, Co, Ni, Cu, Zn, Cd, Sn, Hg and Pb, respectively.>>*® The
igneous rocks, including the olivine, augite and hornblende
generally contribute considerable amounts of Mn, Co, Ni, Cu,
and Zn to soil. Among the sedimentary rocks, shale crust has
been shown to possess considerably higher concentrations of
Cr, Mn, Co, Ni, Cu, Zn, Cd, Sn, Hg, and Pb. In addition, sand-
stone and limestone have also been considered as important
source of diverse heavy metal elements. Along with toxic and
other harmful gases, volcanic eruptions and forest fires also
emit high levels of heavy metal elements, which eventually
accumulate in the soil. The major sources of heavy metal ele-
ments in the agricultural soil mainly include the inorganic and
organic fertilizers, sewage sludge, contaminated irrigation
water, pesticides and fungicides. In the industrial and adjoining
regions, heavy metals enter into the environment in particulate
and vapour forms due to processing of metals at high tempera-
ture, such as smelting and casting. The vapour forms of heavy
metals, including As, Cd, Cu, Pb, Sn and Zn combine with
water in the atmosphere, forming aerosols and subsequently
dispersed by wind (dry deposition) or precipitated with rainfall
(wet deposition), further contaminating the soil and water bod-
ies. Mining, erosion of mine wastes, corrosion of metals and
leaching of heavy metals may also contaminate soil and
groundwater system. Moreover, other industrial sources, such
as processing of plastics, textiles, microelectronics, wood pres-
ervation and paper processing may contribute heavy metal ele-
ments to soil. The domestic effluents are also regularly
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contributing an elevated level of heavy metal elements and
other chemical components in the rivers and lakes*’ (Fig. 1).

Abiotic stresses are the prominent causes, reducing an aver-
age of more than 50% loss of crop yield worldwide for most
crops.””*" Being sessile in nature, plants cannot escape from
the exposure to heavy metals elements, which stimulate wide
range of physiological and metabolic responses. After entering
into the plant cell through specific transporters, the heavy metal
elements generally bind to the functional sites of the fundamen-
tal biomolecules, including structural and functional proteins
and membrane lipids, leading to change in their structural con-
formation. This, in turn, disrupts cellular structural integrity,
interferes with the production of essential metabolites, creating
osmotic imbalance and finally normal functioning of the cell.*
The heavy metal elements also cause damage to the nucleic
acids either via direct binding and cleavage or indirectly
through oxidative stress and generation of reactive oxygen spe-
cies (ROS).*?* Some of the common effects of heavy metal
toxicity in plants include decreased rate of seed germination,
reduced seedling growth, leaf chlorosis, insufficient photosyn-
thesis, loss of turgour, necrosis and early senescence.*®

Heavy metal stress activates various signaling cascades in
plants

Similar to other stress responses, plants respond to heavy metal
toxicity via the typical signaling pathways, which include -
sensing of external stress signal, followed by transmission of
signal to the downstream components and activation of appro-
priate measures to neutralize the harmful effects of heavy metal
mediated stress. This leads to regulation of cellular function at
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Figure 1. Diagrammatic representation showing the various sources of heavy metals and plant responses to heavy metal stress mediated toxicity. The initial stress
response includes inhibition of seed germination and seedling growth. As part of initial defence plants utilize various morphological barriers and detoxification of heavy
metals via metal ion binding and chelations. At the physiological and biochemical levels, the stress response is subsequetly reflected with decreased photosynthetic and
respiration rates because of the changes in the ultrastructure of membrane in chloroplast and mitochondria, compromised pigment production, hormonal and nutrient
imbalance, inhibition of DNA replication, gene expression and cell division, finally resulting in plant growth inhibition.
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the physiological, biochemical, and molecular levels. As part of
early stress response, monitoring the induction of oxidative
stress, transcriptional and proteomic pattern and accumulation
of stress responsive secondary metabolites like flavonoids pro-
vide meaningful information on heavy metal toxicity associated
stress response in plants.'>*”** Plant response to heavy metal
stress involves a complicated signal transduction network that
is activated immediately after sensing the existence of heavy
metal element in the extracellular environment, followed by
stimulation of several signaling networks, such as the Ca-cal-
modulin pathway, phytohormonal response, ROS mediated sig-
naling, and also the mitogen-activated protein kinase (MAPK)
mediated phosphorylation cascade (Fig. 2).

Ca*" signaling is intrinsically associated with several abiotic
stress conditions, such as high salinity, high and low tempera-
ture, osmotic and oxidative stress, anoxia and mechanical
changes.”*' Excess heavy metals have been shown to modify
the stability of Ca®*-channels, thus increasing calcium flux into
the cell. The intracellular free calcium acts as common second
messenger in the signaling of heavy metal mediated abiotic
stress responses, thus regulating the expressions downstream
genes involved in heavy metal transport, metabolism, and toler-
ance. Previous studies have extensively investigated the involve-
ment of Ca’" in yeast cells (Saccharomyces cerevisiae) following
exposure to elevated levels of various heavy metal elements,
such as Mn**, Co’*, Ni**, Cu**, Zn*" Cd**, and Hg’",
respectively. Interestingly, yeast cells showed differential
response to various heavy metal elements tested. A prominant
rise in the cytosolic Ca®* was observed in response to exposure
to Cd*", while the response was less for Cu** and almost unde-
tectable for Mn>", Co**, Ni**, Zn**, and Hg*". The rise in the

cytosolic Ca®" in response to Cd** has been shown to be due
to transportation of external Ca®* through the Cchlp/Midlp
channel.*” Based on the dose and the ability for the generation
of hydroxyl radicals, the heavy metals regulate calcium in roots.

The impact of heavy metals, particularly Cd on the activa-
tion of MAP kinase cascades, generation of reactive oxygen spe-
cies (ROS) and nitric oxide (NO) in diverse plant species have
been extensively reviewed in previous work.”> Cadmium has
received special importance because of its size similarity with
Ca and therefore, appears to interfere with Ca**-mediated pro-
cesses. Cd has been shown to affect plant cell in various ways,
such as depolarization of root epidermal plasma membrane,
thus impairing Ca®* influx and returding root growth.** In
Arabidopsis, exposure to excess level of Cd inhibits root hair
growth, disrupting Ca®" influx and eventually the terminal
cytosolic Ca*" gradient essential for growth.*> However, the
effects of extracellular trasport of transition heavy metal elemts,
such as Cu and Pb on plasma membrane bound Ca*" channels
and the cytosolic free Ca*" mediated signaling cascades are
rather elusive. Electrophysiological studies involving Arabidop-
sis root epidermal plasma membrane have demonstrated role
of Cu in the activation of Ca*" channels via oxidative stress
mediated ROS production.*

Variations in the level of phytohormones and the hormonal
balance are also crucial for initiating the signaling cascades in
response to heavy metal stress and may include the crosstalks
of phytohomone signaling with other cascades operating in
plants, such as ROS and NO signaling*”** and the MAP kinase
signaling pathway. Earlier studies have demonstrated
importance of exogenous application of phytohormones in pro-
viding improved protection against heavy metal mediated
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Figure 2. Induction of various signaling cascades and their interactions under heavy metal stress. Schematic diagram showing the heavy metal stress and subsequent oxi-
dative damage mediated activation of different interlinked signaling networks, including the calmodulin pathway, hormonal and MAP kinase signaling cascades for regu-
lation of expression the target stress responsive genes associated with plant response for heavy metal stress adaptation. EIN2 — ethylene-insensitive protein 2, ETR1 -
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toxicity.*>*® Enhanced ethylene biosynthesis following Cd
treatment has been observed in various plant species,
including Arabidopsis, mustard, pea and soybean.’">* Bio-
chemical and molecular approaches in onion and tomato
have indicated role of ethylene in the accumulation of
H,O, in response to Cd treatment.”> In all such cases,
heavy metal stress mediated ethylene production appears to
provide cellular protection through the activation of other
phytohormone synthesis like auxins and H,0, mediated
stimulation of antioxidant production for improved toler-
ance. GA and cytokinins have also been shown to play
important roles in plants for improved protection against
heavy metal stress.”>>* Several studies have shown increased
accumulation of stress related phytohormones like ABA,
ethylene, jasmonic acid and salicylic acid after exposure to
heavy metal stress. These phytohormones regulate the
expression of the responsive genes via the activation of
several transcription factors for improved stress response.
Cadmium (Cd) treatment clearly induces increased accumu-
lation of endogenous ABA levels in roots of various plant
species.”” In rice (Oryza sativa), gene expression studies
following arsenic stress have shown prominent expression
of OsNCED2 and OsNCED3, involved in ABA biosynthesis.
In addition, four other genes in ABA signaling cascades
have shown up-regulated expression.”® Together, these
observations have suggested that apart from ethylene, ABA
also plays a crucial role in the protection mechanisms
against heavy metal induced toxicity.””

The MAP kinase (MAPK) signaling cascades regulate plant
response to various stress conditions, including response to
heavy metal stress. In Medicago sativa (alfalfa), exposure of
seedlings to elevated levels of Cu and Cd ions has been found
to activate distinct cellular signaling cascades in roots, includ-
ing the activation of four MAPKs, such as SIMK, MMK2,
MMK3, and SAMK.”® In soybean, exposure of seedlings to Cd
during the early developmental stages induces ethylene bio-
synthesis, along with up-regulated expression of genes
involved in polyamine metabolism, NO generation, and
MAPK cascades,” indicating the integration of phytohor-
mone and MAPK signaling under heavy metal stress. In rice
root cells, free cytosolic Ca®* accumulates following exposure
Cu, which also activates NADPH oxidases and CIPK activity,
eventually resulting in the stimulation of MAP kinase
activity.®® In Arabidopsis, physiological concentrations of
Cu and Cd, along with ROS accumulation, induce MPK3 and
MPK6 transcripts in time-dependent manner,’’ suggesting
cross talk between redox signaling and MAPK cascades under
heavy metal induced toxicity. In rice, specific expression of
OsMKK4/OSMPK3 MAPK was detected following exposure
to 50 uM arsenite.®* In japonica rice cultivar, a novel MAPK,
OsMSRMK?2 has been shown to be activated in response to
excess levels of Cd, Cu and Hg.%’ In Brassica juncea, specific
involvement of MAP kinase mediated signaling cascade has
been demonstrated following exposure to As (II1).** Heavy
metal stress mediated activation of MAP kinase signaling has
also been reported in maize.®” Together, these observations
have indicated activation and involvement of complicated
and coordinated network, which includes and integrates vari-
ous signaling pathways, such as the phytohormone, calcium
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and MAP kinase cascades in plants in response to heavy metal
mediated toxicity.

Heavy metal uptake, transport through root cell plasma
membrane, root to shoot translocation and sequestration

Heavy metal uptake requires suitable transport system for their
entry into plants. Higher plants have developed remarkably
efficient systems for the uptake of inorganic nutrients and
heavy metal ions from the soil and shown to be modulated by
root exudates and the rhizospheric microorganisms. It is sug-
gested that no specific transporters exist for the toxic heavy
metals, such as Cd and Pb, since these elements do not have
any direct biological function. For instance, As, which behaves
as chemical analogue of phosphate, enters into plant cell via the
phosphate transporters.® The root cell membrane in Pteris vit-
tata has been shown to contain high density of phosphate/arse-
nate transporters.”” However, various concentrations of heavy
metals are known to be absorbed from the soil by some hyper-
accumulators of heavy metals.®® Several factors like soil pH,
availability of water and presence of other organic compounds
in the rhizosphere critically affect heavy metal uptake by the
hyperaccumulating plant species. Earlier studies have demon-
strated important role of soil pH for dissolution of heavy metals
and promoting growth of heavy metal accumulating plant spe-
cies by affecting the proton secretion by the roots for further
acidification of the rhizosphere.®” Several line of evidences have
also indicated that the organic substances released from the rhi-
zosphere of hyperaccumulating plants facilitate in dissolving
the heavy metals by complex formation and thus enhancing
absorption by roots.”

Plant cell possesses various families of plasma membrane
based transporters, which play key role in metal uptake and
homeostasis. Different heavy metal ions are generally co-
transported along with other soil nutrients across the
plasma membrane in the roots and show wide range of sub-
strate specificity. Detail information on the mechanisms
developed in plants for the acquisition of essential transi-
tion heavy metal micronutrients is still limited. However,
several genes, which encode potential heavy metal trans-
porters, have recently been identified in plants. Earlier stud-
ies in Arabidopsis and some other metal hyperaccumulator
plants have indicated important role of Pip-type heavy
metal ATPases (HMAs) in the translocation of specific
heavy metal ions in plants. Based on their metal-substrate
specificity, the HMA transporters have been categorized
into two subgroups, such as the copper/silver (Cu/Ag)
group and the zinc/cobalt/cadmium/lead (Zn/Co/Cd/Pb)
group. Rice genome encodes for nine HMA genes. Among
these, OsHMAI-OsHMA3 are the members of Zn/Co/Cd/Pb
subgroup, while OsHMA2 has also been shown to play
important role in root to shoot translocation of Zn and Cd
and transport of Zn and Cd to developing seeds.”'

The metal transporters on the plasma membrane and
tonoplast play important role in the regulation of physiolog-
ical concentrations of heavy metals and probably involved
in heavy metal induced stress response in plant cell. Com-
parative studies on heavy metal hyperaccumulating plants
species, such as Arabidopsis halleri, Thlapsi caerulescens and
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other non-hyperaccumulating species have revealed role of
ZIP family proteins (Zinc and iron regulated transporter
proteins) as membrane based transporters of heavy metal
ions. ZIP6 and ZIP9 in A. halleri and ZTNI1 and ZTN2 in
T. caerulescens are the important members of ZIP family
transporters involved in heavy metal uptake, regulating
preferential transport of Zn over Cd with decreased Cd
uptake under higher concentration of Zn.”” The ZIP family
of transporters represent one of the major classes of heavy
metal transporter and have been identified in various plant
species. In Arabidopsis thaliana, IRT1 represents one of first
characterized heavy metal transporter, mainly expressed in
root cells and involved in the transport of transport Cd*™,
Fe*™, Mn®", Ni** and Zn®*, respectively.”> The NRAMP
metal transporters are known to transport various heavy
metal ions, such as such as Cd*", Ni**, Co’*, Cu**, Mn’™,
Zn>", and Fe’" across the plasma membranes.”*”> The cop-
per transporters (CTR) family initially identified in yeast
and mammalian and then in plants, plays key role in trans-
porting Cu®* across the membrane.”® In plants, the CTR-
like transporters constitute the COPT family with six mem-
bers.”” In Arabidopsis, the tonoplast based copper trans-
porter COPT5 plays important role as Cu exporter. COPT5
has been shown to regulate plant response under Cu defi-
cient conditions in vitro.”

After the uptake via the transporters in root cells, the heavy
metal ions are subsequently loaded onto the xylem elements
and transported to the shoots in the form of complexes along
with various metal ion chelators. Variety of transporter pro-
teins has been shown to operate for the heavy metal ion trans-
port from root to shoot. The HMAs (Heavy metal associated),
one of the P-type ATPases, functions as efflux pumps for
removal of heavy metal ions from the cell. However, HMAs
also act as internal transporters for loading Cd and Zn metals
into the xylem elements from the adjoining regions. In Arabi-
dopsis thaliana, AtHMA4 encodes for the plasma membrane
based P-type ATPase for transporting divalent metal ions
essential for maintaining homeostasis of Zn*" ions and also
plays key role in detoxification of Cd, which otherwise disrupts
cytosolic free Ca**.””

Plants employ various strategies to alleviate the harmful
effects of heavy metal ion mediated cytotoxicity. One such
approach involves transporting the heavy metal ions out of the
cell or sequestering into the intracellular compartments
through various membrane transporters. The ABC transporters
represent one of the predominant families of transporters
involved in transporting the heavy metals into the vacuole. In
Arabidopsis, AAMRP1 and AtMRP2 are two important mem-
bers of the ABC family and shown to be involved in the trans-
port of phytochelatin-Cd complexes into the vacuole. Function
of ABC transporters has also been implicated in metal ion
efflux from the plasma membrane.**®! In Arabidopsis, AtPDRS,
another member of ABC family transporter, has been shown to
confer tolerance to heavy metal by functioning as an efficient
efflux pump of Cd in the plasma membrane of root hairs and
epidermal cells.** The role of plasma membrane localized ZIP
(ZRT, IRT-like protein) family transporters have been impli-
cated in Cd detoxification in Arabidopsis and shown to be acti-
vated under Zn-limiting conditions.**> The HMAs, member

of the P-type metal ATPase are involved in the efflux of metal
ions from the cytoplasm. In Arabidopsis, AtHMA3 functions as
Zn/Cd transporter and has been shown to be involved in main-
taining Cd and Zn homeostasis and detoxification of various
other heavy metals via sequestration into the vacuole.””*>%
The natural resistance-associated macrophage proteins
(NRAMPs) represent another family of metal transporter. In
Arabidopsis, AANRAMP3 and AtNRAMP4 participate in the
mobilization of vacuolar iron and Cd.***’

Protection against heavy metal stress - chelation of heavy
metal ions

Plant cells have evolved with array of mechanisms to avoid and
tolerate the harmful effects of heavy metal mediated toxicity.
Some morphological structures, such as thick epidermal cuticle
layer, leaf surface trichomes, lignification of cell walls and
mycorrhizal associations serve as the initial layer of defence
against heavy metal stress.”® Trichomes play important role as
the immediate storage site of heavy metals for the subsequent
detoxification process.”’ The trichomes are also known to
release various secondary metabolites to mitigate the harmful
effects of heavy metals,”” however, after sensing the existence of
heavy metals in the intracellular environments, plant cells acti-
vate various interlinked biochemical pathways, leading to the
biosynthesis and accumulation of diverse classes of metabolites
for neutralizing the heavy metal induced toxicity. These com-
pounds generally include low-molecular weight proteins, the
metallochaperones or chelators (spermine, spermidine, putres-
cine, nicotianamine, glutathione, phytochelatins, other organic
acids etc), metallothioneins, phenylpropanoid compounds (fla-
vonoids, anthocyanins), amino acids (proline, histidine etc),
stress responsive phytohormones and even heat shock
proteins.”>”*

The heavy metal ions which are not utilized for meta-
bolic processes may accumulate at elevated level inside
plant cells and usually induce cytotoxic effects, depending
on the plant species, growth stage and the level of heavy
metal ion tolerance level.”> Plant cells respond to the condi-
tions of elevated concentrations of heavy metal ions via
activation of production of chelating compounds for remov-
ing excess heavy metals from the cytosol and their subse-
quent sequestration in specific sub-cellular compartments.
Various classes of small molecules, cytosolic low-molecular
weight proteins, organic acids, and derivatives of phosphate
are involved in metal chelation inside plant cells.

Phytochelatins (PCs) are thiol-rich low molecular weight
peptides, produced from by the activity of phytochelatin
synthase from glutathione (GSH) and represent one of the
extensively characterized heavy metal chelators in plants.”
PCs are family of metal-binding peptides with high affinity
of binding to heavy metal to initiate the pathway for metal
homeostasis and detoxification. Besides plants, PCs have
been identified and characterized in diverse groups of
organisms, such as fungi and several species of animals.””
PCs are synthesized in the cytosol and then transported as
high molecular weight metal-phytochelatin complexes
to the vacuole via the ATP-binding cassette (ABC) trans-
porter or Mg ATP-dependent carrier.*”® The synthesis and



accumulation of PCs have been shown to be strongly acti-
vated under Cd** ion mediated stress as found in different
plant species and accumulate initially in roots, as shown in
sunflower, exposed to higher concentrations of Cd.”” How-
ever, in Brassica juncea, prolonged exposure to Cd has
shown to cause about 3-fold higher accumulation of PCs in
leaves than roots.'” Phytochelatins and enzymatic antioxi-
dant activity have been suggested to function in additive
fashion to safe guard plants under heavy metal stress, lead-
ing to improved resistance. Genes encoding phytochelatin
synthase have been isolated and characterized from several
plant species, including Arabidopsis, wheat (Triticum aesti-
vum), rice (Oryza sativa) and Brassica juncea, respec-
tively.'°>'%% Overexpression of garlic arsenic-phytochelatin
synthase 1 (AsPCSI) and yeast cadmium factor 1 (YCFI) in
Arabidopsis has shown to improve tolerance to Cd and As.
In addition, expression of phytochelatin genes has been
shown to cause enhanced resistance to various heavy metals
in transgenic Arabidopsis and tobacco plants.'*>'%*

The metallothioneins (MTs) represent another important
family of small, low molecular weight, cysteine rich poly-
peptides, involved in the detoxification of wide range of
metal ions like Cu, Zn, Cd, and As in diverse forms of life,
including prokaryotes, invertebrates, fungi, mammals and
plants.'>'% However, MTs in plant differ considerably
from those found in mammals and fungi. In plants, MTs
play crucial role in mitigating the harmful effects of heavy
metals by maintaining homeostasis of intracellular metal
ions, through cellular sequestration and transport. In addi-
tion, MTs have also been shown to actively participate in
maintaining redox level by scavenging ROS'"'°® and repair
of plasma membrane.'” Based on the arrangement of cyste-
ine residues, four different types of MTs have been identi-
fied in plants. The four sub groups of MTs have been
suggested to possess distinct but overlapping functions for
detoxification of heavy metal induced cytotoxicity. Previous
studies have indicated role of MT isoforms 1, 2 (1a, 2a, and
2b) and 3 in chelation of Cu*" ions in Arabidopsis, while in
rice (Oryza sativa), OsMTla (type 1 metallothionein) has
been shown to play crucial role in zinc homeostasis in
roots."'? In soybean (Glycine max), role of MT1, MT2, and
MTS3 have been implicated in the detoxification of Cd, while
MT4 has been shown to be associated in homoeostasis and
detoxification of Zn**. '

Organic acids and amino acids have also been shown to
bind heavy metals with considerable proficiency. Along
with several other functions in the cell, organic acids, such
as malate, citrate, and oxalate may confer metal tolerance
via transporting metals through the xylem and sequestrating
ions in the vacuole. Amino acids and their derivatives are
also capable of chelating metals for conferring resistance to
plants for toxic levels of metal ions. Histidine has been con-
sidered as the most important free amino acid in heavy
metal metabolism.” Several reports have also indicated role
of proline in increasing resistance to heavy metal stress in
plants. Heavy metal stress has been shown to induce accu-
mulation of proline indirectly as part of plant response to
water stress. Heavy metal mediated ROS generation has
been suggested to be scavenged by proline mainly through
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detoxification of hydroxyl radicals and quenching of singlet
oxygen species.'"’

Heavy metal mediated chemical toxicity generates
oxidative and genotoxic stress

In modern era, the heavy metals represent one of the
important categories of environmental pollutants particu-
larly in the industrial and adjoining areas in the developing
countries. Chemical toxicity in agricultural fields occurs
mainly due to excessive use of chemical fertilizers, such as
pesticides, insecticides and fungicides, leading to contamina-
tion of soil, ground water and associated water sources with
various heavy metals like cadmium (Cd), copper (Cu), lead
(Pb), chromium (Cr) and mercury (Hg). The heavy metals,
in excessive doses induce both oxidative and genotoxic
stress response, leading to cytotoxicity and damage to dif-
ferent cellular components, including proteins, membranes,
and nucleic acids, therefore, generating typical abiotic stress
response in plants. Extreme heavy metal toxicity frequently
disrupts the preliminary protection strategies and the cellu-
lar redox system, causes enhanced production of reactive
oxygen species (ROS) via oxidative stress.’>''* Plant cells
have developed two very essential antioxidant defence
mechanisms. One such component involves the activation
of antioxidant enzymes, such as superoxide dismutase
(SOD), catalase, (CAT), ascorbate peroxidase (APX) and
glutathione reductase (GR) for the direct inactivation of the
reactive radicals. The other mechanism includes the accu-
mulation of non-enzymatic antioxidant compounds like
phenylpropanoids (flavonoids, tannins, and lignin) carote-
noids, ascorbate (AsA), glutathione (GSH), alkaloids and
proline for the detoxification of heavy metal induced ROS
and subsequent removal of free radicals by scavenging to
neutralize the heavy metal mediated toxicity'®'">""”
(Fig. 3). In barley (Hordeum vulgare), exposure of the seed-
lings to various heavy metals has shown to enhance lipid
peroxidation with the concomitant decrease in dry biomass
of the seedlings."'®'"” The inorganic arsenic, which occurs
in nature and produced due to anthropogenic activities, is
highly toxic for plants and has been shown to be reduced
into As (III) by glutathione (GSH) after uptake. The As
(III) form directly reacts with the thiol-groups of the pro-
teins, resulting in cellular cytotoxicity. Arsenic induced oxi-
dative stress has shown to enhance considerable level of
low molecular weight thiols (LMWTs) in plants, such as
cysteine, glutathione, y-glutamylcysteine and phytochelatins
which eventually detoxify the effects via binding to As
(IID)."**"' In wvitro studies in Vicia faba have shown
enhanced activities of SOD and CAT in both roots and
leaves following arsenate mediated oxidative stress.'*
Among the various heavy metals, Cd has been considered
as one of the major factor for the induction of oxidative
stress via ROS generation and impairment of non-enzymatic
antioxidant defence.'”” Cd-mediated oxidative stress has
been shown to frequently disrupt the biomembrane func-
tioning in plants through membrane lipid peroxidation.'**
Chromium mediated oxidative stress also involves mem-
brane lipid peroxidation in plants, damaging cell membrane,
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ultrastructure of chloroplasts, photosynthetic pigments and
eventually disrupts antioxidant metabolism, resulting in
severe growth retardation in plants.'*” Lead (Pb), which
accumulates in soil because of mining and smelting activi-
ties, has been shown to induce oxidative stress via ROS
generation.''®

ROS are traditionally known to be produced as by-products
of endogenous metabolic processes and involved in the induc-
tion of oxidative damages in living cells. However, recent stud-
ies have implicated dual functions of ROS in plants. Apart
from their harmful effects, ROS have been shown to play key
role as signaling molecule to regulate various fundamental pro-
cesses such as cell growth and differentiation, programmed cell
death, responses to abiotic and biotic stress and induction of
systemic signaling. In addition, cell death under oxidative stress
has now been considered as the outcome of ROS mediated acti-
vation of signaling pathway resulting in cell death.'** However,
excessive production of ROS and the subsequent disruption of
cellular redox environment have been found as the predomi-
nant cause of heavy metal induced oxidative stress response in
plants.’** Oxidative damage and differential antioxidant
responses have been observed in spinach (Spinacea oleracea)
following exposure to various heavy metal ions.”” Elevated level
of Cu cause damage to macromolecules and disrupts metabolic
pathways via ROS generation.'”” Excess concentration of Hg*"
causes membrane lipid peroxidation and disruption of mito-
chondrial functioning and finally cellular metabolism in plants
through oxidative stress mediated ROS generation.'**'* In rice
(Oryza sativa) shoots, Ni** has been shown to affect the struc-
tural integrity of membrane lipids and H(+4)-ATPase activity
of the plasma membrane."”*® In wheat, excess level of Ni*"
results in enhanced accumulation of malonaldehyde (MDA)

Heavy metal
sources like

131 which then affects biomembrane function and ion

132

content,
balance in the cytoplasm.

Several lines of evidences have established a strong correla-
tion between heavy metal induced oxidative stress and genotox-
icity via the ROS mediated DNA damage and genome
instability (Fig. 3). The reactive oxygen species (ROS), gener-
ated in plant cells after exposure to abiotic stress like heavy
metals or as by-products of endogenous metabolic processes,
cause oxidative damage to most macromolecules, including lip-
ids, proteins, and nucleic acids. Therefore, oxidative stress
induced by ROS acts as an important causative agent of DNA
damage, mutagenesis and genome instability, resulting in dete-
rioration plant growth and development with loss of crop pro-
ductivity. ROS induce various forms of DNA damages among
which 7, 8-dihydro-8-oxoguanine (8-oxo-G) is the predomi-
nant one. Because of its prevalence and high mutagenic poten-
tial, 8-0x0-G is recognized as one of the most abundant
mutagenic oxidative DNA lesions.'*> Oxidative damages in the
DNA, including 8-oxo-G and 1,2-dihydro-2-oxoadenine (2-
OH-A) are repaired via base excision repair (BER) pathway.
However, prolonged replication stress due to inefficient BER
activity induces the formation of additional potentially very
harmful DNA lesions such as DNA single stand breaks (SSBs)
and double strand breaks (DSBs)."** Unrepaired SSBs and
DSBs often results in structural abnormalities in chromosomes
and thus severely affect plant growth and development during
the early stages of germination due to inhibition of DNA repli-
cation and transcription, resulting in loss of cell viability and
germination efficiency.

Seed germination under heavy metal stress often associated
with oxidative stress and ROS generation, resulting in the accu-
mulation of various forms of DNA damage, such as oxidative
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Figure 3. Oxidative and genotoxic stress in plants in response to heavy metal mediated toxicity. Heavy metal induced oxidative and genotoxic stress response in plants
for maintaing the intracellular balance in redox system and genome stability to mitigate the harmful affects of heavy metal mediated oxidative and genotoxic damages.
Plant cells activate the antioxidant enzymes and non-enzymatic anti-oxidants like phenylpropanoids for the inactivation and detoxification of heavy metal induced reac-
tive oxygen species to minimixe the oxidative damages of cellular components. The heavy metal induced ROS also causes oxidative damage of bases in the DNA double
helix and disrupts the phyco-chemical structure of the DNA, thus influences genome instability, leading the activation of DNA damage response, signaling and repair pro-
cesses. Role of SOG1 (Suppressor of gamma response1), an unique NAC domain transcription factor in plants, has been shown in coupling the oxidative stress with the
genotoxic stress mediated responses via another essential signaling component BRCA1 (breast cancer susceptibility 1) for the activation of various downstream responses,
such as DNA damage repair, transcriptional response, cell cycle checkpoint functions and programmed cell death. An interesting switch from cell division to endoredupli-
cation under stress has been indicated as part of stress adaptation mechanism in plant genome.



damage of adenine or guanine, single and double strand breaks
and chromosome aberrations in the genome of seed embryo,
thus establishing a link between DNA damage and reduced ger-
mination potential of seeds under heavy metal stress.'*>"*
Consistent with this observation, freshly harvested unaged Ara-
bidopsis seeds have been found to display transcriptional up-
regulation of DNA damage responsive genes during the earliest
stages of germination, coincident with DNA repair synthesis."*’
Together, these observations have indicated the importance of
DNA damage repair function for maintaining the genome
integrity of in seed embryo during imbibition and before the
initiation of cell division to reduce growth inhibition and muta-
genesis during the subsequent stages of seedling development
in presence of heavy metals.

Assessment of the heavy metal contamination in the environ-
ment by utilizing some indicator plants has become very effective
parameter in environmental biogeochemistry. Biochemical and
molecular studies on heavy metal mediated genotoxicity involving
Nettle (Urtica dioica) have revealed heavy metal induced nuclear
DNA damage as found in the RAPD profiles of heavy metal
exposed plants.'*' The commonly identified heavy metals, such
Hg and Pb, which are mainly released in the environment through
anthropogenic activities, very effectively generate highly toxic oxy-
gen species, such as superoxide radical (O,”), hydroxyl radical
(OHe™) and hydrogen peroxide (H,0,).1*? Apart from the direct
effect of such oxygen species on membrane lipids and proteins,
such as site-specific amino acid modifications and fragmentation
of peptide chains, the oxygen species frequently induce damage to
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the genome via base degradation, generation of single and double
strand breaks and induction of DN A-protein cross links.”>'** The
damages in the DNA have been shown to directly influence
the structural integrity of the chromosomes."””'** Hg and Pb
have been shown to induce both clastogenic and mutagenic effects
in plant genome. The various forms of DNA lesions generated via
the heavy metal induced ROS activity disrupts DNA replication
and transcription and thus affecting genome stability,'*” leading to
different physiological effects, including reduced protein synthesis,
damage of cell membrane and photosynthetic proteins, which
eventually adversely affect plant growth and development.

The heavy metals, such as Cd, Hg and Pb have been shown
to exert strong genotoxic effects. The mercuric ions appears to
form covalent bonds with DNA and shown to induce sister
chromatid exchange,'**'*” decreased mitotic index and
increased frequency of chromosomal aberrations in dose
dependent manner.'*® Several studies have been carried out in
recent years using cytological (chromosome aberrations and
micronuclei formation assay), molecular (comet assay) and
molecular genetic approaches (RAPD, AP-PCR, AFLP, SSR
etc) for the assessment of genotoxicity in plants following expo-
sure to various heavy metals, such as mercury, lead, copper,
manganese and cadmium.'**'**"*° Chickpea (Cicer arietinum)
plants cultivated in soil polluted with various heavy metals like
Cd, Pb, Cr and Zn have shown significant reduction in germi-
nation rate with compromised radicle length. Along with mor-
pho-anatomical defects, the seedlings showed increased level
of chromosomal abnormalities, including, bridges, laggards,
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Figure 4. Transcriptional and epigenetic responses in plants under heavy metal stress. Schematic diagram showing the activation of transcriptional and epigenetic mech-
anisms in plants under heavy metal stress. The transcriptional mechanism involves participation of various transcription factors, which regulate the expression of the stress
responsive genes involved in various signaling network. The epigenetic modifications under heavy metal stress mainly involve methylation of DNA and histone modifica-
tions, thus eventually regulating the chromatin structure and gene expression. In general, hypomethylation of DNA leads to transcriptional activation, while hypermethy-
lation has opposite effects. Histone modification via methylation and acetylation also plays crucial role in the regulation of gene expression under heavy metal stress.
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stickiness, and chromosome fragmentation.15 ' In Vicia faba,
along with ROS mediated oxidative damage of membrane lip-
ids, an elevated level of Cd accumulation has been shown to
induce significant percentage of DNA double strand breaks and
genome instability.">*

Transcriptional response of heavy metal toxicity in plants

Several transcription factors, belonging to diverse families, play
pivotal role in modulating plant response to heavy metal
induced stress through positive and negative regulations of the
stress responsive genes. Since heavy metal mediated toxicity is
known to induce immediate and short-term response, tran-
scriptional regulation of plant response under heavy metal
stress acts as an essential and integral part of stress signaling
network.'>® Transcriptional response under Cd stress has been
investigated in detail in various plant species'>*"*® and indi-
cated the involvement of array of transcription factors.”"'>* ¢
The MYB and WRKY family transcription factors have been
shown to be activated in plants under heavy metal stress.'s" '%*
In Arabidopsis, the MYB4 transcription factor, one of the mem-
bers of R2R3 family of MYB protein, showed strong induction
following exposure to Cd and Zn, while other members, includ-
ing MYB43, MYB48 and MYB124 were found to be specifically
induced in roots in response to Cd stress."*>'®* In addition,
role of MYB72 and bHLH100, a member of the helix-loop-helix
transcription factor family, have been implicated in heavy metal
homeostasis, specifically under Cd stress.'®>'®” Again, in Arabi-
dopsis, WRKY17, the WRKY-binding protein, MYB39, MYB45,
MYB63, MYB93 and MYB94 play important role in regulating
transcriptional response under heavy metal stress. Such
response has been shown to be often rapid and transient. Early
expression of WRKY and MYB family transcription factors has
been shown to regulate the expression of the downstream tar-
gets involved in protection against heavy metal mediated
toxicity."*®'® In Alpine Penny-cress (Thlaspi caerulescens),
MYB28 and WRKY53 showed strong induction after cd-stress.
The members of transcription factor families like WRKY, basic
leucine Zipper (bZIP), bHLH, MYB and ethylene-responsive
factor (ERF) play key role in regulating the specific response of
plants under Cd stress via modulating the expression of specific
responsive genes.'’”'”" However, the Cd-stress related tran-
scriptional response share the same signaling pathways associ-
ated other abiotic stresses, such as salinity, drought and
dehydration and low temperature, suggesting the functional
overlap of Cd-responsive transcription factors and involvement
in complex, interlinked abiotic stress responsive network.'”> Cd
stress has been shown to regulate the expression of ethylene
response factor 1 and 2 (ERF1, ERF2), belonging to the ethyl-
ene-responsive element-binding protein (EREBP) family/APE-
TALA2 (AP2). ERFland ERF2 generally binds to DRE
(dehydration responsive elements) and also to several patho-
genesis-related promoters.'® The dehydration responsive ele-
ment binding protein 2A (DREB2A), after being induced by
Cd stress, binds specifically to the DRE motif of Rd29A (desic-
cation responsive), resulting in Cd stress mediated expression
of Rd29A protein.'”? TGA3 protein has also been shown to
play important role in regulation of gene expression under Cd
stress. In Brassica juncea, BjCdR15, an orthologue of TGA3,

has been shown to be induced immediately after brief exposure
to Cd and modulate the expression of various metal transporter
genes involved in long distance root-to-shoot Cd transport.
Transgenic Arabidopsis thaliana and tobacco plants, overex-
pressing BjCdR15, showed improved resistance against Cd
stress.'”* OBF5, a member of the bZIP group of transcription
factors, participates in regulating the expression of glutathione
S-transferase under Cd stress.'®® In Arabidopsis, the members
of the bHLH family of transcription factors, such as
AtbHLH38, AtbHLH39, AtbHLH100, and AtbHLH101 have
been shown to be induced in roots and leaves under Fe defi-
ciency.'”>"”7 In addition, the metal responsive transcription
factors regulate the expression of metallothioneins through
binding the metal calmodulin regulatory elements (MREs) in
promoter regions of the MT genes.”® Recent studies in Arabi-
dopsis have indicated role of AtbHLH38 or AtbHLH39 in pro-
moting the expression of various transporters, such as iron
regulated transporter 2 (IRT2), HMA3 and MTP3 for main-
taining homoeostasis of Fe ions under Cd stress."”' However,
detail information on the transcriptional regulation of plant
response to heavy metal stress is still limited and additional
research is essential to shed more light on this field to accumu-
late more information on transcriptional response in plants
under some commonly encountered heavy metals like As, Cd,
Pb and Hg in the developing countries.

Epigenetic regulation and changes in chromatic structure
under heavy metal stress

Epigenetics modifications also play very essential role in modu-
lating gene expression in plants under various stress conditions.
Several epigenetic mechanisms, such as DNA methylation, his-
tone modifications, and microRNA (miRNA) expression influ-
ence to regulate genome function under stress conditions.'”’
Various processes have been shown to be regulated by DNA
methylation pattern, such as chromatin structure and remodel-
ling activities, chromosome stability and transcription'®>'®!
(Fig. 4). DNA methylation associated epigenetic modifications
and stress tolerance in plants has been reviewed in detail in pre-
vious work.'®* Several lines of evidences have revealed that after
exposure to stress, the entire plant population may acquire cer-
tain level of tolerance through the adaptive processes which are
mainly governed by epigenetic modifications."*>""*> The prog-
eny of the stressed plant population has been shown to exhibit
improved stress tolerance through the processes of transgenera-
tional adaptation'®® and display changes in DNA methylation
pattern and genome stability,'®”'*® governed by the regulatory
small RNA molecules which play key role as trans-acting epige-
netic signals for the reversible and sequence specific modifica-
tions of gene expression at the transcription level."*” Following
exposure to stress, the small RNA molecule may regulate differ-
ential DNA methylation patterns (hypo- and hypermethyla-
tion) in various regions of the genome of stressed tissues. In
hemp and clover, exposure of heavy metals induces hypome-
thylation at several genomic loci.'”® A more recent study has
shown that transgenerational changes in homologous recombi-
nation frequency in the progeny population may lead to
improved tolerance to heavy metal stress than the parental
population."®® A genome wide study of DNA methylation



pattern in maize roots in response to Pb stress have revealed
increased methylation in CpG islands. Further investigation
has identified 140 genes which showed altered DNA methyla-
tion pattern, including the stress-responsive transcription fac-
tor genes, such as AP2/ERF, bZIP, MYB, serine-threonine/
tyrosine-proteins and F-box proteins.'”" In rice, transgenera-
tional inheritance of altered DNA methylation pattern has
shown to confer enhanced tolerance to heavy metal stress in
the progeny population under heavy metal stress.'”> The com-
ponents of the DNA methylation machinery, including MET],
CMT3, DRM2, ROS1, NRPD1, and NRPE1 have been shown
to respond strongly under abiotic stress like heavy metal toxic-
ity through quick change in the transcription of the responsive
genes, leading to altered DNA methylation pattern at the
genome wide level or sequence specific manner, eventually cre-
ating enhanced stress tolerance in the progeny population.'*’
Heavy metal mediated abiotic stress compromises plant growth
and development due to inhibition of cell proliferation and
expansion.'”*'”> The progression through cell cycle is primarily
regulated by the cyclin dependent protein kinases.'”® Plethora
of studies has revealed importance of chromatin modification
in the regulation of expression of stress responsive genes in
plant genome. However, information is still inadequate regard-
ing the relationship between epigenetic modification and cell
cycle gene expression under heavy stress in plants.

As like other eukaryotes, plant genome is organized into
chromatin which is the functional template for variety of fun-
damental biological processes, like DNA replication, transcrip-
tion, repair, and recombination.’®” Chromatin structure is
crucial for stability of genome and is constituted by the associa-
tion of histone complexes with DNA to form nucleosomes.
Two major pathways regulate this step,'”” one of which is
dependent on histone gene repressor (HIRA) whereas the other
pathway requires chromatin assembly factor-1 (CAF-1), which
is tightly linked with DNA replication.'”® In Arabidopsis, the
CAF-1 chaperone, a heterotrimeric complex, comprising of
FASCIATA 1 (FAS1), FAS2, and MULTICOPY SUPPRESSOR
OF IRA1 (MSI1) subunits (Hennigetal.,2003), targets acetylated
histone H3/H4 onto nascent DNA strand, allowing de novo
assembly of nucleosomes."”” Various types of histone modifica-
tions have been identified, including acetylation, methylation,
phosphorylation, and ubiquitination'**?°® (Fig. 4). These his-
tone modifications affect gene expression by altering chromatin
structure and accessibility of transcription factors under vari-
ous abiotic stress conditions.”***°> Histone hyperacetylation is
generally associated with transcriptionally active chromatin,
while the deacetylated histone is always located on inactive
chromatin regions.”*>**” Recent studies revealed that the
changes of histone modification occur under abiotic stresses in
plants. Earlier studies have indicated increased level of demeth-
ylation in histone H3K4 after exposure to nickel, leading to var-
iation in chromatin structure and transgene silencing 2"
Nickel has also been shown to cause increased demethylation
of H3K9, thus increasing the ubiquitination histone H2A and
H2B. Investigations on growth and developmental pattern in
maize seedlings under heavy metal stress have revealed combi-
nation of hyperacetylation and hypoacetylation pattern of spe-
cific lysine residues on H3 and H4 histones tails in the
promoter regions of cell cycle regulatory genes plays crucial
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role in regulating the expression of specific cell cycle gene
expression under heavy metal stress, leading to expanded cell
cycle duration and growth inhibition.*""

Outlook and conclusion

Established facts and data have clearly shown that enhance-
ment in the agricultural practices for last couple of decades in
various parts of the world, along with the support from exten-
sive research, institutions and appropriate policies resulted in
significant increment in global food grain production from
about 850 million tons to 2350 million tons during the period
from 1960 to 2007.>'* In the developing countries, approxi-
mately 3.1 billion people mainly live the rural areas and among
them around 2.5 billion population are dependent on agricul-
ture for their livelihood. Based on the domestic products regu-
larly obtained from agriculture, this has shown to account for
approximately 30% to the overall economic growth.*"> Over
the past 40 years or so, although the global food production
rate has been consistent with the population growth, more than
a billion of population in the rural regions of the developing
countries still remain mostly undernourished.”'* Some recent
evaluations have recommended for about 70% increase in
global food crop production by 2050 for providing adequate
food to the growing global population with increasing incomes
and consumption. Along with this, the growing competition
for land, food, water, energy, labour and capital have also cre-
ated insecurity for food in various regions of the developing
countries of the world and an increasing magnitude of pressure
for improved crop production per unit area of land.*"

The change in global climate along with increased
anthropogenic activities and growing industrialization are
also continuously contributing for the unfavourable changes
in the environment, including soil, water and air in various
ways with several factors. Consistent with this, the heavy
metal stress mediated effects on plant growth and crop pro-
ductivity have become one of the major concerns for the
past couple of decades. Along with the pressure of increas-
ing population, the negative impact of environmental stress
on plant health offering constraints on global food crop
production. These facts are again intimately linked with the
increasing demand for development and improvement of
abiotic stress tolerance in crop plants. Exposure of plants to
various abiotic and biotic stresses adversely affects plant
health and imposes genome instability. Plants respond to
abiotic factors like heavy metal stress via immediate change
in expression of the stress responsive genes at the transcrip-
tional level. Apart from the transcriptional regulation, accu-
mulating level of evidences have also revealed key role of
chromatin structure alterations in the regulation of abiotic
stress responsive genes. The dynamic epigenetic changes,
which frequently occur in DNA and histone proteins in
response to abiotic stress and the epigenetic memory have
become important field of research for improvement of abi-
otic stress tolerance in plants. Earlier studies have shown
strong link between the changes in gene expression pattern
and chromatin modifications in plants in response to stress.
Epigenetic processes have been shown to provide crucial
adaptive mechanisms for transgenerational inheritance of
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stress responsive potentials.”’> The genetic engineering

approaches for development of heavy metal stress tolerance
in crop plants relies on the modulation of expression of
stress responsive genes which encode proteins involved in
stress signaling or response and synthesis of metabolites to
confer heavy metal stress tolerance. Genetic management of
heavy metal-responsive genes, in particular the transcription
factors, metabolites and additional proteins have shown
improvement in stress tolerance capacity. However, the
transfer of technology to field conditions to its full potential
needs further extensive research. However, interestingly,
several natural plant species have been identified as the nat-
ural accumulator of heavy metals as these plants display
better growth potential in soil containing elevated levels of
heavy metals than their close or distant relatives. In this
context, role of anti-oxidant components like glutathione,
phytochelatin, cysteine synthase and glyoxylate pathway
genes has been implicated in heavy metal stress tolerance.
Apart from transgenic approaches, these components have
provided important target for genetic manipulation of crop
plants in the context of heavy metal stress tolerance. Abiotic
stresses are undoubtedly complex in nature. However,
understanding the full potentiality of using biotechnological
approaches may provide important avenue for improved
crop production. The recent fast growing sophisticated tech-
nologies, such as chromosome engineering, transcriptome
profiling, targeted gene replacement using zinc-finger nucle-
ases and nanotechnology provide promising future prospect
for the development of designer crops with higher efficiency
of utilization of natural resources and improved productiv-
ity under stress conditions.
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