Impact of heavy metal stress on plants and the role of various defense elements
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Abstract

Heavy metal (HMs) pollution is currently one of the serious issues for the environment and agriculture as it
has a direct impact on the production yield. This situation has gained a rapid momentum in the present era
due to the population pressure, industrialization, and various anthropogenic activities which in turn lead to
oxidative stress in plants and thus disturbs the redox homeostasis and ultimately affects the crop yield.
However, plants possess a different regulatory system that work in a synergetic manner to combat stress and
thus adapt themselves in such contaminated soils. These act as sinks to neutralize the toxic effects of these
heavy metals by chelation, sequestration, and intensification of enzyme system. Excessive stress induces a
cascade, MAPK (mitogen-activated protein kinase) pathway and biosynthesis of metal detoxifying ligands.
The understanding of detoxification mechanism of metal ions through MAPK cascade and biosynthesis of
metal-detoxifying ligands is an interesting way for searching insights and outlook in the field of plant
biotechnology. Here, we discuss the impact of heavy metals on plants and the role of different regulatory
elements that play a prominent role in metal detoxification.
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Introduction

billion mouths would indeed be a huge challenge
because of degradation of soil quality due to

The ever increasing population of the
world is projected to reach 10.9 billion by 2050

and would lead to food crises in near future.
Presently, agriculture sector is confronted with
immense challenges to provide adequate food
supply while maintaining high productivity and
quality standards. Current population of India is
approximately 1.27 billion, thus feeding 1.27
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various factors viz., mal-agricultural practices,
anthropogenic activities, and natural calamities
that in turn affect the agro-industry. These mal-
practices disturb the soil microflora by
incorporating toxic heavy metals which causes
shunted growth and ultimately affects the crop
yield. Heavy metal toxicity is indeed a great threat
to agriculture sector as it leads to oxidative stress
in plants and cause deleterious effects resulting in
the decline of production yield. From chemical
point of view, metals with atomic density greater
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than 5 g/cm3 or more, greater than water and an
atomic number 20 are categorized as heavy metals
(Hawkes, 1997). But, biologists occasionally use
this term for a wide range of metalloids and metals
that are lethal to plants like molybdenum (Mo),
zinc (Zn), magnesium (Mg), manganese (Mn), iron
(Fe), aluminium (Al), lead (Pb), mercury (Hg), and
copper (Cu) etc. However, many of these heavy
metals such as cobalt (Co), sodium (Na), Fe, Zn,
and Mg at lower concentrations are considered as
micronutrients  indispensable  for  various
physiological processes in plants (metallo-proteins
and ion-dependent enzymes which include
peroxidase, nitrate reductase, superoxide
dismutase, cytochrome catalase, ascorbate
oxidase etc) (Hansch and Mendel, 2009). But, at
higher concentrations these metal ions can
become inimical to plants by blocking enzyme
action either by binding with functional groups,
expelling or replacing with crucial components, or
causing membrane disruption. Generation of
reactive oxygen species (ROS) such as superoxide
radical (0O;"), hydrogen peroxide (H.0,), and
hydroxyl radical (OH®") within distinct organelles is
the foremost response when plants are
confronted with heavy metal toxicity (La Rocca et
al., 2009; Das and Roychoudhury, 2014). Excessive
ROS production disturbs the chemical equilibrium
in plants and thus causes various oxidative
damages like degradation of polyunsaturated fatty
acids, leakage of ions, DNA damage, and apoptosis
(Pirzadah et al., 2018). ROS were previously
considered as lethal molecules whose
concentration should be maintained for the
proper functioning of the cell. But, this perception
has been changed as they are essential signalling
molecules and are also being involved in various
developmental processes such as lignin
biosynthesis (Schutzendubel and Polle, 2002).
Nature has engineered the plants to combat
distinct biotic and abiotic stresses and thus acts as
sinks for obnoxious chemicals. Plants act as green
livers to neutralize the toxicity of the heavy metals
either inside the plant matrix or in the
rhizosphere. The detoxification of heavy metals by
plants involves a co-ordinated approach at the
physiological, biochemical, or genomic level
(Dalcorso et al., 2010). Generally, counteraction to
heavy metal toxicity can be either accomplished
by “evasion” when plants are capable to hamper

metal uptake or by ‘tolerance’ when plants sustain
under huge metal concentration. The process of
evasion involves the chelation or precipitation of
metals in the rhizosphere and thus preventing its
entry and translocation to the above ground part.
In later situation, heavy metals are intra-cellularly
chelated by oozing out organic acids or other
metal-binding  ligands (phytochelatins and
metallothioneins) (Seth et al.,, 2012). The metal
binding ligands such as MTs and PCs help the plant
to absorb HM ions and sequester them inside
vacuoles. Signaling cascades that involves
perception and transmission of signals to the
nucleus and regulate defense metabolites/genes
is an important pathway to combat HM stress.
The various receptors well documented in
plants in response to HM stress include flagellin
sensitive 2 (FLS2), receptor like protein kinases
(RLKs), and EF-Tu receptor (EFR) (Jalmi and Sinha,
2015). Plants possess distinct signaling pathways
such as hormone signaling, calcium signaling, and
MAPK signaling that gets stimulated in response to
abiotic stress (HM stress) and plays a leading role
in plant-HM interactions (Vitti et al.,, 2013;
Steinhorst and Kudla, 2014; Chen et al., 2014).
Among the three distinct pathways, MAPK-
pathway is more predominant to provide
tolerance against abiotic as well as biotic stress
(Hamel et al., 2006; Sinha et al., 2011). It has been
reported that plant growth under HM stress
results in the formation of signaling molecules and
stress-induced proteins/metabolites which cause
chelation and sequestration of toxic HM
(Mendoza-Cozatl et al., 2011). Besides, the
transportation of HMs via xylem/phloem requires
metal transporters localized inside parenchyma
cells (xylem) and companion cells (phloem). The
prominent metal transporters viz., HM transport
ATPase, Zn-Fe permease (ZIP), cation diffusion
facilitator (CDF), ATP-binding cassette (ABC), etc
(Singh et al., 2015). Despite metal transporters
and chelating ligands, vacuole sequestration
capacity is another important factor in metal
allocation and is regulated in response to changing
environment (Peng and Gong, 2014). The fate of
the toxicity of HMs is determined by the regulation
of vacuole sequestration capacity and thus it is
very important to unravel its mechanism and
impact transport and sequestration. This ability of
plants to extract toxic metals has nowadays been



exploited to rejuvenate the soil health
contaminated with various obnoxious HMs
through phytoremediation process. Besides, the
ores of economically important metals can be
extracted by means of phytomining. In this review,
we will emphasize on the impact and
detoxification mechanisms of HMs and role of
different metal chelators.

Heavy metals and their lethal effects in plants

Heavy metal pollution is currently a great
threat to agricultural sector as it directly affects
the production vyield by interrupting the crop
physiology. Generally, plants exhibit numerous
symptoms in response to heavy metal stress which
include shunted growth and root ultra structure
(Sharma and Dubey, 2007; Pirzadah et al., 2018),
leaf necrosis, chlorosis, turgor loss, decrease in
photosynthetic activity, reduction in germination
rate and percentage, apoptosis, and finally death
of the plant (Dalcorso et al., 2010; Wang et al.,
2018). Besides, the toxicity of metal ions also
disturbs the homeostasis in plants such as water
uptake, transpiration, nutrient metabolism
(Poschenrieder and Barcelo, 2004) and also
interferes with gated ion channels (Demidchik,
2018).

Lead (Pb) is not considered as an essential
element and plants does not possess lead uptake
channels. However, this toxic element gets
entrapped by organic acids (carboxylic group of
mucilage uronic acid) on root surfaces (Sharma
and Dubey, 2005). But how lead gets incorporated
into the root cells is still unknown. Pb in
association with other salts (sulphate and
phosphate) gets precipitated and thus possesses
low solubility and availability to plants. As per
several reports, maximum concentration of lead
gets accumulated inside root cells, thus it creates
a primary obstruction for the Pb translocation to
the above-ground parts of the plant (Blaylock and
Huang, 2000), acting like an innate barrier.
Accumulation of Pb in plants has several lethal
effects on their physiology and biochemical
parameters (growth, morphology, and
photosynthesis). The enzymes get inactivated
under high Pb concentration by binding with their
sulfhydryl (-SH) groups. However, the tolerance of
plants to Pb concentration varies depending upon
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the species and the nature of mechanism. Some
plants are prone to Pb concentration while some
others are tolerant and have the capability to
accumulate high Pb concentration and are
considered as hyperaccumulators. Buckwheat has
tremendous potential to tolerate and accumulate
high Pb concentration in its leaves without
showing any significant damage (Horbowicz et al.,
2013). On dry weight basis buckwheat
accumulates approximately about 1000 mg/Kg of
Pb in its shoots and therefore, it is regarded as an
excellent hyperaccumulator (Pirzadah et al,,
2014). Reports also revealed that buckwheat
accumulates high Pb concentration in various
parts of the plant such as in leaves (8000 mg/Kg),
stem (2000 mg/Kg), and roots (3300 mg/Kg) on dry
weight basis without showing any lethal damage
(Tamura et al., 2005). In another study, Pb was
involved in inhibiting the elongation of stem and
root and expansion of leaf as observed in Allium
species  (Gruenhage and Jager  1985),
Raphanussativus and barley (Juwarkar and
Shende, 1986) but the intensity of elongation
depends on various parameters such as
concentration gradient, ionic composition as well
as pH of the medium (Pourrut et al., 2011).
Aluminium (Al) which constitutes about
7% of the earth’s crusts is ranked the third most
abundant element after oxygen and silicon. Major
portion of the Al occurs as oxides and alumino-
silicates which are harmless compounds;
however, when soil becomes acidic due to
anthropogenic activities, Al gets solubilized into
the lethal form (AI**). The toxicity of Al inhibits
plant growth and thus affects the agricultural yield
(Smirnov et al., 2014). Al not only causes shunted
growth and development of plants but also
inhibits root and shoot elongation thus declines
the biomass production. The immediate adverse
effects of Al-toxicity is root inhibition and
elongation by destroying the root apex (Zheng,
2010). It therefore interferes with water and
mineral uptake. Moreover, Al is also involved in
halting the action of proton pumps on endosomes
which in turn traps transferrin-bound iron inside
these vesicles and acts as a barrier in stimulation
of ferritin synthesis. In addition to this, Al also
causes an oxidative stress even though it is not a
redox metal (Liu et al., 2008). Besides, Al possesses
the capacity to form electrostatic bonds
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preferably with oxygen donor ligands (viz.
phosphates), cell wall pectin, and outer surface of
the plasma membrane (Yamamoto et al., 2001).
Some reports also revealed that binding of Al to
bio-membranes results in rigidification (Jones et
al., 2006) which in turn facilitates the radicle chain
reaction by iron ions and thus boosts the
peroxidation of lipid as is reported in various
species like barley (Guo et al., 2004), triticale (Liu
et al., 2008), wheat (Hossain et al., 2005), and
green gram (Panda et al., 2003). Higher Al
concentration also leads to calcium and
magnesium deficiency (Jones et al., 1998). The
level of Al toxicity varies from species to species;
some plants are very prone to Al-induced stress
even at micro-molar (uM) concentration while
some species exhibits high resistance. Among
various plant species, buckwheat, tea, mangroves,
and certain other grass species have the ability to
develop symplastic tolerance mechanism and thus
accumulate higher Al concentration in the above-
ground parts. Buckwheat has the large tendency
to accumulate approximately about 1500 mg/Kg
Al-concentration mainly in the form of Al-oxalates
in the leaves without any lethal effect (Ma et al.,
1997; Zhang et al., 1998).

Mercury (Hg), another most toxic HM, has
devastating effect on the agricultural production.
It generally occurs in different forms such as
mercury sulphide (HgS), Hg*, Hg® and methyl-
mercury (CHsHg"), but the predominant form of Hg
in the agricultural land is ionic form i.e., Hg?'
(Pirzadah et al., 2018). Hg possesses the unique
property to remain in solid phase by binding onto
the clay particles, sulphides, or other organic
matter. This toxic metal has the tendency to get
accumulated in various plant parts especially
higher plant species (Israr et al., 2006), where it
has deleterious effects on the plant cells and
tissues. For instance, closure of stomata and
blockade of water flow in plants gets binding with
water channel proteins (Zhang and Tyerman,
1999). Besides, Hg toxicity also hampers the
mitochondrial activity which is usually considered
as a power house of the cell and induces the
oxidative stress which in turn leads to the
generation of ROS, thus enhances the lipid
peroxidation and ultimately disrupts the integrity
of bio-membrane (Cargnelutti et al., 2006;
Pirzadah et al., 2018).

Signal perception in response to HM stress

HMs interacts with metabolic pathways
and generates signals which are recognized by the
cell. To date, less information is available
regarding signaling networks in plants that involve
the primary recognition (i.e, via receptors). Metal
ions are perceived by receptors (viz. plasma
membrane proteins) that are involved in metal
acquisition like reductase and transporters.
Besides, other receptors also come into play due
to physio-chemical changes in cellular structures
upon exposure to metal stress. Once the metal is
recognized by sensors present in the cells, it is
further taken over by the elements of the signal
transduction pathways viz., calcium fluxes. One of
the prominent secondary signaling molecules is
calcium (Xiong and Zhu, 2002). Nielsen et al.
(2003) reported that different concentrations of
copper (Cu) treatment of Fucusserratus (brown
algae) resulted in the inhibition or induction of
cytoplasmic calcium fluxes which in turn, initiated
calcium dependent protein kinases and thus
conjugated this universal inorganic signal to
specific protein phosphorylation cascades like
MAP kinase activities (Yeh et al., 2007). The other
inorganic signal involves the proton that enables
fast concentration shifts (not as fast as calcium)
and these proton fluxes resulted in so-called “pH-
signatures” in cytoplasm (Roos et al., 1998) and
thus generated instinct micro-areas in order to
increase metal solubility. Santi and Schmidt (2009)
reported that lack of Fe causes a proton outflow
directed by a P-type proton ATPase (AHA7) thus
acidifying the rhizosphere that produces a pH-shift
in the near neutral cytoplasm.

Mechanism of action of toxic metals in plant cells

Plants have developed various ways to
detoxify HMs toxicity when accumulated at huge
concentration levels. Usually, these heavy metals
are categorized into two types which include
redox active (Co, Cr, Cr, Cu, Fe) and redox inactive
(Mn, Pb, Cd, Hg As, Ni, etc). The redox active heavy
metals play a direct role in generating ROS through
various chemical reactions like Fenton and Haber-
Weiss reactions (Schutzendubel and Polle, 2002;
Cuypers et al.,, 2016). The second category of
heavy metals plays an indirect role to induce
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Fig. I. Overview of heavy metal stress and its detoxification mechanism in plant cell; ADP: adenosine dinucleotide phosphate;
AsA: ascorbic acid; ATP: adenosine triphosphate phosphate; CAT: catalase; Cys: cysteine; y-ECS: y-glutamylcysteine synthetase;
ETCJ : electron transport chain damage; Glu: glutamine; Gly: glycine; GR: glutathione reductase; GS: glutathione synthetase;
GSH: glutathione (reduced); GSSG: glutathione (oxidized); H: hydrogen molecule; HMs: heavy metals; H,0,: hydrogen peroxide;
MAPK: mitogen-activated protein kinase; MAPKK MAPK: kinase; MAPKKK: MAPK kinase kinase; MDHA: monodehydroascorbate;
iP: inorganic phosphate; O,: oxygen molecule; O,*: superoxide radicals; PCs: phytochelatins; PCS: phytochelatins; PDP: phytol
diphosphate; POD: peroxidases; PUFA: polyunsaturated fatty acids; ROS: reactive oxygen species; SOD: superoxide dismutase

oxidative stress like interference with enzyme
defense system, disruption of the electron
transport chain, and lipid peroxidation initiation
due to enhanced lipoxygenase activity. Moreover,
heavy metals also possess the capability to bind
firmly with atoms such as nitrogen, sulphur, and
oxygen that is associated with free enthalpy of the
formation of the product of the HM and ligand and
reduces their solubility. Besides, these HMs also
inactivate the enzymes by binding their thiol-
group, for instance, binding of heavy metals like
cadmium (Cd) to sulfhydryl group of structural
enzymes and proteins either results in misfolding
and arrest of enzyme action or impede with redox
enzymatic regulation (Hossain et al., 2012; Gill,
2014). Most of the enzymes need cofactors which
are regarded as helper molecules to aid in

biological activity. These cofactors may be either
of inorganic (Mg*, Ca%*, Cu?, Fe?) or organic
(biotin, FAD, NAD) origin and replacement of any
cofactor halts the enzyme action. For instance,
displacement of magnesium (Mg?*) in ribulose-
1,5-bisphosphate-carboxylase / oxygenase
(RuBisCO) by Co?*, Zn%, and Ni?* thus halts the
activity of enzymes (Sharma and Dubey, 2005; Gill,
2014). Moreover, these HMs are also responsible
for disruption of bio-membranes by enhancing the
lipid peroxidation, oxidation of thiol-group of
proteins, and blockage of basic membrane
proteins (H*-ATPase) (Meharg, 1993; Hossain et
al., 2012). Furthermore, these toxic heavy metals
also lead to the initiation, production, and
accumulation of most lethal compounds like
methyl glyoxal-a cytotoxic chemical due to
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disruption of glyoxalase system that finally elicits
oxidative stress by diminishing the glutathione
content (Hossain and Fujita, 2010; Hossain and
Hasanuzzaman, 2011).

Cross-talk among ROS signaling and MAPK
cascades under HMs stress

A wide range of changes occurs in plants
at the cellular and genomic level when exposed to
HM toxicity and these include dynamic changes in
gene expression and biosynthesis of some low
molecular weight proteins. Mitogen-activated
protein kinase (MAPK) is one the main signaling
modules that is involved in transmitting
information from sensors to cellular responses
and is considered as an evolutionary conserved
signaling mechanism in eukaryotes (MAPK Group,
2002). Generation of ROS in response to HM stress
in plants and its function to stimulate MAPK
pathway is well studied. Different authors have
reported well characterized MAPK cascades
(MEKK1-MKK4/5-MPK3/6 and  MEKK1-MKK2-
MPK4/6) that play an important role in down-
regulation of ROS and are operated under both
biotic and abiotic stress signaling (Asai et al., 2002;
Jalmi and Sinha, 2015). Besides, there exists a
positive feedback regulation among MAPK
cascades and ROS generation viz., ROS activated
cascade of OXI1-MPK6 (Asai et al., 2008). Under
stress conditions, MAPK cascades acts as
converging points in the signaling pathways
(Nakagami et al., 2005). Generally, MAPK cascades
engage the stimulus-triggered activation of MAPK
kinase kinase (MAPKKK) which further undergoes
phosphorylation reactions. Plants generate a huge
number of MAPK components as reported by
MAPK group in 2002 when subjected to HM (Cd,
Cu, As) stress (Smeets et al., 2013). For example,
in Medicago sativa four different MAPKs gets
activated in response to Cd and Cu stress.
Differential kinetics of MAPK activation revealed
that Cu?* induces the MAPKs viz., SIMK, MMK2,
MMK3, and SAMK rapidly whereas Cd?* induces
delayed MAPK activation (Jonak et al., 2004;
Dubey, 2011). Stimulation of MAPK3 and MAPK6
via accretion of ROS in Arabidopsis has been
demonstrated by Liu et al. (2010) and these
cascades end up by phosphorylation of

transcription factors interacting with gene
promoters and thus inducing gene expressions
(Fig. 1).
Role of aquaporins under heavy metal (HM)
stress

Aquaporins (AQPs) are considered as
transmembrane proteins (26-34kDa) belonging to
the major intrinsic protein (MIP) super family that
play an essential role in regulating the water
dynamics in plants. Besides, these are also
responsible to conduct non-polar solutes viz. CO2,
glycerol, and boron, through biological
membranes (Tao et al., 2014; Hu et al., 2015).
Reports revealed that about 75-95% of water is
mediated by AQPs (Henzler et al., 2004; Ye et al.,
2005). In case of plant species, usually these AQPs
are categorized into four major groups depending
upon the sequence homology of amino acids as
well as localization of subcellular protein
(Johanson et al., 2001). These involve nodulin 26-
like intrinsic proteins (NIPs) (Weaver et al., 1991);
plasma membrane intrinsic proteins (PIPs)
(Kammerloher et al., 1994), tonoplast intrinsic
proteins (TIPs) (Karlsson et al., 2000), and small
basic intrinsic proteins (SIPs) (Chaumont et al.,
2001). Recently, three more subfamilies have
been reported that include GlpF-like intrinsic
proteins (GIPs), the hybrid intrinsic proteins (HIPs),
and uncategorized members designated X intrinsic
proteins (XIPs) in the nonvascular moss
Physcomitrella patens (Danielson and Johanson,
2008). However, XIPs have been reported in other
organisms viz., fungi, protozoa, and a few
terrestrial plant species (Populus trichocarpa,
Nicotiana tabacum, Solanum lycopersicon, and
Solanum tuberosum)

(Lopez et al., 2012). Regulation of AQPs is
controlled by numerous abiotic factors like pH,
temperature, humidity, and heavy metals (Levin et
al., 2009). To date, little information is available
regarding the consequences of HMs on water
dynamics in plants. Gunse et al. (1997) reported
the impact of aluminum (Al**) ions on the water
permeability in maize roots. Similarly, Henzler et
al. (2004) reported restriction of AQPs by mercuric
(Hg?*) salts. Beaudette et al. (2007) revealed that
AQPs expression gets up-regulated in Pisum
sativum when subjected to mercury stress,
probably to compensate for the blocked AQPs. It



Table 1

Heavy metal stress and plants’ defense mechanisms

An update on metallothionein genes and their function

Genes Species Function Reference
AtPCS1/CePCS1 Tobacco As tolerance and accumulation Gielen et al., (2017)
CdPCS1 Tobacco Accumulation of As and Cd Das et al., (2017)
SpMTI Sedum plumbizincicola Elevated SpMTL transcript level might contribute to the Penget al. (2017)
trait of Cd hyperaccumulation and hypertolerance
NnPCS1 Arabidopsis Accumulation of Cd De Araujo et al., (2017)
TaPCS1 Poplar Accumulation of Pb and Zn Gong et al., (2017)
PtPCS1 Poplar Zn accumulation Chen et al., (2017)
TaPCS1 Rice Cd hypersensitivity Mayerova et al., (2017)
TcPCS1 Tobacco Accumulation of Cd Zou et al., (2017)
CAT1 and CAT2 Arabidopsis Low level of H,0, and enhanced stress tolerance Gonzalez-Guerrero et al.,
(2016)
DHAR/GR/GST Tobacco Enhanced metal tolerance overexpression due to redox Quintela-Sabaris etal.,
homeostasis of ascorbate and glutathione pool (2017)
GST Tobacco Enhanced Cd tolerance vis-a-vis no Cd accumulation, high  Zanella et al., (2016)
activity of antioxidant enzymes
Sulfite oxidase  Tobacco High tolerance against S as a result of efficient H,0, Sharma etal., (2016)
(S0) scavenging by CAT
AtPCS1 Arabidopsis Cd tolerance and accumulation Soda et al., (2016)
TaMT3 Tamarix androssowii Cd resistance in transgenic tobacco Zhou et al., 2014;
Ashraf et al., 2017
BcMT1 Brassica campestris Enhanced tolerance to Cd and Cu and increased Cu Luetal. (2015)

MT2-like protein
PiMT1

SaMT2
ScMT2-1-3
KcMT2

PsMTa

OsMT1

PcMT3
ThmMT3
BgMT2
ccmtl
FeMT3
AmMT2
AtMT4a
GhMT3a

OsMT2b

MT1
BjMT2

MT3
AtMT3
tymt
PdtMT1a
PdtMT2a
AtMT

Solanum lycopersicum
Prosopis juliflora
Sedum alfredii
Saccharum spp.
Kandelia candel
Pisum sativum

Oryza sativa

Porteresia coarctata
Tamarix hispida
Bruguiera gymnorrhiza
Cajanus cajan
Fagopyrum esculentum
Avicennia marina
Arabidopsis thaliana
Gossypium hirsutum

0. sativa

Populus alba L
Brassica juncea

Thlaspi caerulescens

A. thanliana

Typha latifolia

Populus  trichocarpasx
deltoide

A. thanliana

concentration in the shoots; decreased Production of Cd-
and Cu-induced ROS, thereby protecting plants from
oxidative damage

Hg-induced

Enhance Cd stress

Enhance Cd and Zn tolerance

Enhances tolerance to Cd/ Cu/PEG and NaCl
Enhances tolerance to Zn/Cu/Pb and Cd

Cu homeostasis in Populus alba, A.thaliana
Cd tolerance

Cd/Cu/Zn induced

Enhances Cd/Zn/Cu/NaCl tolerance in transgenic yeast
Enhance Cd/Zn/Pb and Cu tolerance

Enhances Cu andCd tolerance in A. thaliana

Enhances drought and oxidative tolerance in buckwheat
Enhances Zn, Cd, Cu, Pb tolerance in transgenic A. marina
Enhances Cu/Zn tolerance in A. thaliana

Enhance tolerance against high salinity, drought, low
temperature, heavy metals, effective ROS scavenger in
transgenic tobacco

Plays roles in root development and zygotic embryo
germination of rice

Zn induced

Enhances Cu and Cd tolerance in E. coli and A. thaliana

Cu homeostasis function in T.caerulescens

Enhances resistance to Cd in Vicia faba guard cells
Enhances Cu and Cd tolerance in A. thaliana

Zn induce expression in root Enhances Cd tolerance in yeast
and Zn induced expression in root, leaves and stem

Tissue specific expression and induction during senescence
and in response to Cu

Nagata, 2014
Ushaetal., 2014

Zhang et al., 2014

Guo et al., 2013

Huang et al., 2012
Turchi et al., 2012
Yang and Chu, 2011; Soda
et al., 2016

Usha et al., 2011

Yang et al., 2011
Huang et al., 2012
Sekhar et al., 2011
Samardzic et al., 2010
Huang and Wang, 2010
Rodriguez et al., 2010
Xue et al., 2009

Yuan et al., 2008

Castiglione et al., 2007
An et al., 2006;

Soda et al., 2016
Roosens et al., 2004
Lee et al., 2004

Zhang et al., 2004
Kohler et al., 2004

Guo et al., 2003
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has been reported that AQPs gene
expression was down-regulated by about 50% in
root and leaf cells of Mesembryanthemum
crystallinum (ice plants) when subjected to copper
(Cu) stress (25-50 uM after 24h) (Kholodova et al.,
2011). The results revealed that leaf expression of
the Mc TIP2; 2 genes, which encode tonoplast AQP
was suppressed more than two fold, when
subjected to long term heavy metal stress;
however, the magnitude of stress depends upon
the type of metal and the degree of its toxicity
(Przedpelska-Wasowicz and Wierzbicka, 2011).
AQPs such as TIPs, PIPs, SIPs, and NIP exhibit
significant down-regulation when subjected to
cadmium (Cd) toxicity, because the down-
regulation of AQP genes due to HM stress makes
unavailability of AQPs that in turn halt the
transport of water and solutes across the
membranes (Hirotaka et al., 2010). Recently, AQP
gene cDNA BjPIP1 was isolated from Brassica
juncea that encodes 286-residue proteins. BjPIP1
aquaporin gene shows up-regulation in response
to heavy metals (HM), drought, and salt stress.
When BjPIP1 gene was introduced into the
tobacco by Agrobacterium mediated
transformation, the transgenic tobacco exhibited
least water loss and declined transpiration rate
and stomatal conductance as compared to non-
transgenic species. Besides, overexpression of
BjPIP1 gene enhances Cd resistance thus
suggesting that BjPIP1 gene is involved in
enhancing HM tolerance by maintaining water
dynamics in transgenic tobacco (Zhang et al.,
2008). Savage and Stroud (2007) reported that Hg
has been extensively studied to provide evidences
regarding the involvement of AQPs in water
transport especially in plant cells. Hg results in
conformational changes in plasma membrane
AQPs by binding with sulphydryl groups; thus it
hampers the water channels that results in
declining their hydraulic conductivity (Barone et
al.,, 1997; Tyerman et al.,, 1999). It has been
revealed that some HMs inhibit the AQP action
more strongly than others; this is because of the
differences in their atomic structure as well as
chemical properties.

Role of metallothioneins (MT)

MTs are metal binding low molecular
weight cysteine rich proteins that are generally
synthesized during mRNA translation (Kagi, 1991).
These metalloproteins have got immense
potential to sequester numerous HMs such as Cd,
Pb, Hg, Cu, Zn etc. by binding via thiol group (-SH)
of cysteine residues; thus, it is involved in the
homeostasis and detoxification of heavy metal
toxicity (Pirzadah et al., 2014; Tripathi et al., 2015).
The structure of MT revealed that it possesses two
metal binding domains which are assembled from
cysteine clusters. These include a-domain (N-
terminal) which bears three binding sites for
divalent ion and B-domain (C-terminal) which has
the capability to bind with four divalent ions of
heavy metals. In plants, the genes encoding these
metalloproteins are influenced by stress
conditions viz., HMs, cold stress, drought stress
etc. (Berta et al., 2009; Jia et al., 2012). These MTs
are usually regarded as major transition metal ion
binding proteins in cells because they mainly form
the complex compounds with Cu and Zn (essential
metals) but bear less capacity to bind with Cd, Hg,
Pb etc. Besides, some researchers also reported
that these metallo-proteins also act as a shielding
agent to protect plants from oxidative stress by
removing free radicles (Jia et al., 2012). Nowadays,
researchers are very interested in determining the
ROS scavenging activity of these MT besides
developing databases containing gene sequences
of MT that act as a repository to generate HM
resistant plants (Leszczyszyn et al., 2013).
However, the transaction between metal binding
and ROS scavenging is still unknown. It has been
reported that during scavenging of ROS, metal
ions would be released when free radicles get
bound to cysteine residues of these
metalloproteins. A few authors suggested that the
released metals might be involved in signaling
cascade. Various MT-types have been reported
from plants like rice, oil palm, hybrid poplar,
buckwheat, and lichens. Moreover, many cDNA
encoding MT-genes have been isolated (Backor
and Loppi, 2009) (Table 1). It has been reported
that buckwheat cDNA clone (PBM290) which
encodes MT-like proteins was isolated from cDNA
library and the reduced amino acid sequence
revealed its maximal homology with MT3-like
protein isolated from Arabidopsis thaliana. Upon
expression analysis it is found that buckwheat
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MT3 mRNAs seem to be present in tissues of root
and leaf during development of seed under
normal circumstances and its expression is greatly
altered by HM stress (Pirzadah et al., 2014).

Role of transcription factors (TFs)

Hyperaccumulating plant species contain
several metal TFs that are involved in various
regulatory pathways to detoxify HMs and some
have been already identified in various plant
species that impart HM tolerance and these TFs
belong to different families viz., WRKY, basic
leucine zipper (bzip), ethylene-responsive factor
(ERF), and Myeloblastosis protein (Myb) (Fusco et
al., 2005; Van De Mortel et al., 2008). Van De
Mortel et al. (2006) reported that under Zn-
sufficient conditions, 131 TFs showed 5-times
more expression in T. caerulescens compared to A.
thaliana. Similarly, Ban et al. (2011) reported that
Cd and Cu cause either up-regulation or down-
regulation of dehydration responsive element-
binding protein (DREB). Another important metal
transporter known as NRAMP (natural resistance
associated macrophage protein) is found in fungi,
bacteria, animals, and plants, which is responsible
to transport a wide variety of metal ions viz.,Cd?,
Zn%**, Cu?, Ni*, Co?*, Fe?, and Mn?*across
membranes (Nevo and Nelson, 2006). In case of

plants the type of transporter is usually expressed
in roots and shoots and is engaged in
transportation of metal ions through plasma
membrane and tonoplast (Schmidtet al., 2007). It
has been reported that NRAMPs in Arabidopsis
thaliana play a significant role in transporting iron
(Fe) and Cadmium (Cd); however, NRAMP1
exhibits Fe transport specificity and homeostasis
(Thomine et al.,, 2000). Other transporters
involved in sequestration of HMs include ATP-
binding cassette (ABC) transporters, cation
diffusion facilitator (CDF) transporters, heavy
metal ATPases (HMA) transporters etc. These are
actually intracellular transporters that are
involved in carrying out the transport of
xenobiotics and toxic heavy metals into the
vacuole. Multidrug resistance-associated proteins
(MRP) and pleiotropic drug resistance (PDR)
transporters are two sub-families involved in
sequestration of chelated heavy metals (Lee et al.,
2005). In case of plants, vacuoles are considered
as dominant sites for accumulation and storage of
phytochelatins-Cadmium  (PC-Cd) complexes.
Usually cytosol is the major site where these
complexes are generated and are then
translocated by means of ABC-transporters
(Yazaki, 2006). HMT1 is the first vacuolar
transporter present in the tonoplast and is
responsible to transport PC-Cd complexes inside
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the wvacuole in a magnesium-adenosine
triphosphate-dependent ~ (Mg-ATP) manner
(Yazaki, 2006). Salt and Rauser (1995) reported
similar homolog protein (HMT1) in oat roots.
Magnesium proton exchanger (MHX) and (Cation
exchangers) CAX-transporters are the members of
calcium-calmodulin  (CaCA) families and are
responsible for metal homeostasis. MHX was first
identified in vacuolar vesicles of rubber tree
(Hevea brasiliensis) and is magnesium (Mg?*) and
zinc (Zn?**)/ H' antiport dominantly expressed in
xylem-associated cells. However, overexpression
of these transporters enhances sensitivity to Mg
and Zn although the titer of the metals in shoots is
unchanged (Shaul et al., 1999). Besides, CAX family
are considered as Ca%*/H* antiports and help to
recoghize Cd**-ions, thus they are involved in Cd-
sequestration inside the vacuoles (Salt and
Wagner, 1993). AtCAX2 and AtCAX4 are two CAX
proteins reported in A. thaliana and possess an
essential role in accumulation of Cd inside the
vacuoles. Korenkov et al. (2007) reported that
overexpression of AtCAX2 and AtCAX4 leads the
accumulation of large concentration of Cd inside
the vacuoles. Moreover, AtCAX4 is usually
expressed in primordia and the root tip and it is
induced by nickel (Ni) and manganese (Mn) (Fig.
).

Conclusion and further perspective

HMs contamination is increasing at an
alarming rate due to numerous anthropogenic
activities which in turn affects plant health and
thus declines the production yield. Even though
several species possess the capacity to hyper-
accumulate these HMs and resist the oxidative
stress, some others are prone to HM stress.
Generally, plants have the innate ability to
detoxify HMs by means of several ways like
exclusion, chelation, and sequestration.
Nowadays, research must be focused on different
signaling pathways induced by HMs as they can
utilize common signal elements that can also be
elicited by other environmental stresses to better
understand the metal homeostasis. In future,
multiple stress factors will be investigated as it
happens in real environmental conditions. An
interdisciplinary approach is necessary to unravel
the molecular mechanisms involved in HM-stress.

Besides, it provides a concrete understanding in
the metalloproteome synergistic action. In
addition to above, plant-metal interaction is also
indispensible for numerous purposes such as;

(1) Prognosis health hazards caused by
metal bioaccumulation in crops failing visible
manifestations of phytotoxicity.

(2) Bio-fortification i.e., designing plants in
such a way that they can accumulate metals
indispensable for human health.

(3) Rejuvenation of soil health
(phytoremediation) and excavation of rare metals
through green route (phytomining).

References

Asai, S., K, Ohta and H. Yoshioka.2008. 'MAPK
signaling regulates nitric oxide and NADPH
oxidase  dependent oxidative  bursts
in Nicotiana benthamiana'. Plant Cell 20:
1390-1406.

Asai, T., G. Tena., J. Plotnikova., M.R. Willmann.,
W. L. Chiu., L. Gomez-Gomez., T. Boller.,
F.M. Ausubel and J. Sheen. 2002.'MAP
kinase signaling cascade in Arabidopsis
innate immunity'. Nature,415: 977-983.

Ashraf, M.A., I. Hussain., R. Rasheed., M. Igbal
and M. Riaz.2017. 'Advances in microbe-
assisted reclamation of heavy metal
contaminated soils over the last decade: a
review'. J Environ Manag, 198: 132-143.

Backor, M. and S. Loppi. 2009. 'Interactions of
lichens with heavy metals'. Biol Plant 53:
214-222.

Ban, Q.Y., G.F. Liuand Y. C. Wang. 2011.' A DREB
gene from Limonium bicolor mediates
molecular and physiological responses to
copper stress in transgenic tobacco'. J Plant
Physiol, 168: 449-458.

Barone, L.M., C. Shih and B.P. Wasserman.1997.
'Mercury-induced conformational changes
and identification of conserved surface loops
in plasma membrane aquaporin’s from
higher plants'. J Biol Chem, 272 (49): 30672
30677.

Beaudette, P.C., M. Chlup., J. Yee and R.J. Emery.
2007. 'Relationships of root conductivity and



agquaporin gene expression in Pisum sativum:
diurnal patterns and the response to HgCl,
and ABA'. J Exp Bot 58: 1291-1300.

Berta, M., A. Giovannelli.,, E. Potenza., M.L.
Traversi and M.L. Racchi. 2009. 'Type 3
metallothioneins respond to water deficit in
leaf and in the cambial zone of white poplar
(Populus alba)'. J Plant Physiol. 166: 521-530.

Blaylock, M.J. and J.W. Huang. 2000.
'Phytoextraction of metals in
Phytoremediation of Toxic Metals: Using
Plants to clean up the environment'. In:
Raskin I, Ensley BD(ed) JohnWiley & Sons,
New York, NY, USA, pp 53-71

Cargnelutti, D., L.A. Tabaldi., R. M. Spanevello.,
G. O. Jucoski., V. Battisti., M. Redin., C.E.B.
Linares., V.L. Dressler., M.M. Flores., F. T.
Nicoloso., V. M. Morsch and M.R.C.
Schetinger. 2006. 'Mercury toxicity induces
oxidative stress in growing cucumber
seedlings'. Chemosphere 65: 999-1006.

Castiglione, S., C. Franchin., T. Fossati., G.
Lingua., P. Torrigiani and S. Biondi. 2007.
'High zinc concentrations reduce rooting
capacity and alter metallothionein gene
expression in white poplar (Populus alba L.
cv. Villafranca)'. Chemoshpere. 67: 1117-
1126.

Chaumont, F., F. Barrieu., E. Wojcik., M. J.
Chrispeels and R. Jung. 2001. 'Aquaporins
constitute a large and highly divergent
protein family in maize'. Am Soc Plant
Physiol. 125: 1206-1215.

Chen, Y.A., W.C. Chi., N.N. Trinh., L.Y. Huang.,
Y.C. Chen., K.T. Cheng., T.L. Huang, C.Y. Lin
and H.J. Huang. 2014.'Transcriptome
profiling and physiological studies reveal a
major role for aromatic amino acids in
mercury stress tolerance in rice
seedlings'. PLoS ONE 9: €95163.

Chen, Y., S. Wang., Z. Nan., J. Ma and F. Zang.
2017. 'Effect of fluoride and cadmium stress
on the uptake and translocation of fluoride
and cadmium and other mineral nutrition
elements in radish in single element or
contaminated sierozem'.  Environ  Exp
Bot.134: 54-61.

Cuypers, A., S. Hendrix., R. Amaral dos Reis., S.
De Smet S., J. Deckers., H. Gielen., M.
Jozefczak, C. Loix., H. Vercampt., J.

Heavy metal stress and plants’ defense mechanisms

Vangronsveld and E. Keunen. 2016.
'Hydrogen Peroxide, Signaling in Disguise

during Metal Phytotoxicity'. Front Plant
Sci 7:470.

Dalcorso, G., S. Farinati and A. Furini.
2010.'Regulatory networks of cadmium

stress in plants. Plant Signal Behav. 5(6):
663—-667.

Danielson, J.A.H. and U. lJohanson. 2008.
'Unexpected complexity of the aquaporin
gene family in the moss Physcomitrella
patens'. BMC Plant Biol 8: 45.

Das, K., M. Chiranjib., N. Ghosh., S. Banerjee and
N. Dey. 2014. 'Effects of exogenous
spermidine on cell wall composition and
carbohydrate metabolism of Marsilea plants
under cadmium stress'. J Plant Physiol Pathol.
2:3.

Das, K., and A. Roychoudhury.2014. 'Reactive
oxygen species (ROS) and response of
antioxidants as ROS-scavengers during
environmental stress in plants'. Front Environ
Sci. 2:53.

de Araujo, R.P., A.A.F. de Almeida., L.S. Pereira.,
P.A. Mangabeira., J.0. Souza., C.P. Pirovani.,
D. Ahnert and V.C. Baligar. 2017.
'Photosynthetic, antioxidative, molecular and
ultrastructural responses of young cacao
plants to Cd toxicity in the soil'. Ecotoxicol
Environ Saf. 144: 148-157.

Demidchik, V. 2018. 'ROS-Activated lon Channels
in  Plants: Biophysical Characteristics,
Physiological Functions and Molecular
Nature. Int J Mol Sci 19(4): 1263-1281.

Dubey, R.S. 2011.'Metal toxicity, oxidative stress
and antioxidative defense system in plants In:
Gupta SD (ed)Reactive Oxygen Species and
Antioxidants in Higher Plants'. CRC Press,
Boca Raton, Fla, USA, pp 177-203.

Fusco, N., L. Micheletto., G. Dal Corso., L.
Borgato and A. Furini. 2005.'ldentification of
cadmium-regulated genes by cDNA-AFLP in
the heavy metal accumulator Brassica juncea
L'. J Exp Bot. 421 (56): 3017—3027.

Gielen, H., J. Vangronsveld and A. Cuypers. 2017.
'Cd-induced Cu deficiency responses in
Arabidopsis thaliana: are phytochelatins
involved?' Plant Cell Environ,40: 390-400.

Gill, M. 2014. 'Heavy metal stress in plants: a
review'. Int J AdvRes 2 (6): 1043-1055.

2893



2894

Iranian Journal of Plant Physiology, Vol (9), No (4)

Gong,B., W. Nie., Y. Yan., Z. Gao and Q. Shi.

2017. 'Unravelling cadmium toxicity and
nitric oxide induced tolerance in Cucumis
sativus: insight into regulatory mechanisms
using proteomics'. J Hazard Mater ,336: 202—
213.

Gonzalez-Guerrero M., V. Escudero., A. Saéz and

M. Tejada-Jiménez. 2016. 'Transition metal
transport in plants and associated
endosymbionts: arbuscular mycorrhizal fungi
and rhizobia'. Front Plant Sci 7: 1088.

Gruenhage, L., and Jager, l.1.J. 1985. 'Effect of

heavy metals on growth and heavy metals
content of Allium Porrum and Pisum
sativum'. Angew Bot 59: 11-28.

Gunse, B., C. Poschenrieder and J. Barcelo. 1997.

'Water transport properties of roots and root
cortical cells in proton- and Al stressed maize
varieties'. Plant Physiol 113: 595-602.

Guo, J,, L. Xu, Y. Su, H. Wang, S. Gao, J. Xu and Y.

Que. 2013. 'ScMT2-1-3, a Metallothionein
Gene of Sugarcane, Plays an Important Role
in the Regulation of Heavy Metal
Tolerance/Accumulation'. BioMed Res Int.
904769: 1-12.

Guo, T.R., G.P. Zhang., M. X. Zhou., F.B. Wu and

J.K. Chen. 2004. 'Effects of aluminum and
cadmium toxicity on growth and antioxidant
enzyme activities of two barley genotypes
with different Al resistance'. Plant and Soil
258:241-248.

Guo, W.J., W. Bundithya and P.B. Goldsbrough.

2003. 'Characterization of the Arabidopsis
metallothionein gene family: tissue-specific
expression and induction during senescence
and in response to copper'. New Phytol.159:
369-381.

Hamel, L.P., M.C. Nicole, S. Sritubtim, M.J.

Morency, M. Ellis, J. Ehlting, N. Beaudoin , B.
Barbazuk, D. Klessig,J. Lee, G. Martin, J.
Mundy, Y. Ohashi, D. Scheel, ). Sheen ,T.
Xing, S. Zhang, A. Seguin and B.E. Ellis.
2006. 'Ancient signals: comparative
genomics of plant MAPK and MAPKK gene
families'. Trends Plant Sci 11: 192—-198.

Hansch, R. and R.R. Mendel. 2009. 'Physiological

functions of mineral micronutrients (Cu, Zn,
Mn, Fe, Ni, Mo, B, Cl)'. Curr Opin Plant Biol
,12: 259-66.

Hawkes, J.S. 1997. 'What is a Heavy metal'. J
Chem Edu, 74: 1369-1374.

Henzler, T., Q. Ye and E. Steudle. 2004. 'Oxidative
of water channels (aquaporins) in Chara by
hydroxyl radicals'. Plant Cell Environ, 27:
1184-1195.

Hirotaka, Y., F. Hiroyuki., A. Tomohito., O. Akio.,
N. Tsukasa., M. Koji and N. Satomi. 2010.
'Gene expression analysis in cadmium
stressed roots of a low cadmium-
accumulating solanaceous plant Solanum
torvum’. J Exp Bot, 61(2): 423-437.

Horbowicz, M., H. Debski, W. Wiczkowski., D.
Szawara-Nowak., D. Koczkodaj., J. Mitrus
and H. Sytykiewicz. 2013. 'The impact of
short term exposure to Pb and Cd on
flavonoid composition and seedling growth
of common buckwheat cultivars'. Pol J
Environ Stud, 22(6): 1723-1730.

Hossain, M.A. and M. Fujita. 2010.'Evidence for
a role of exogenous glycinebetaine and
proline in antioxidant defense and
methylglyoxal detoxification systems in
mung bean seedlings under salt stress'.
Physiol Mol. Biol. Plants,16 (1): 19-29.

Hossain, M.A., M. Hasanuzzaman and M. Fujita.
2011.'Coordinate induction of antioxidant
defense and glyoxalase system by exogenous
proline and glycine betaine is correlated with
salt tolerance in mung bean'. Front Agric
China. 5 (1): 1-14.

Hossain, M.A., A.K.M.Z. Hossain, T. Kihara, H.
Koyama and T. Hara. 2005. 'Aluminum-
induced lipid peroxidation and lignin
deposition are associated with an increase in
H,0, generation in wheat seedlings'. Soil Sci
Plant Nutr. 51: 223-230.

Hossain, M.A., J. Piyatida, J. A. Teixeira da Silva
and M. Fujita. 2012. 'Molecular mechanism
of heavy metal toxicity and tolerance in
plants: Central role of glutathione in
detoxification of reactive oxygen species and
methylglyoxal and in heavy metal chelation.
Journal of Botany, vol. 2012, Article ID
872875, 37 pages, 2012.
https://doi.org/10.1155/2012/872875.

Hu, W, X. Hou, C. Huang, Y. Yan, W. Tie, Z. Ding,
Y. Wei, J. Liu, H. Miao, Z. Lu, M. Li, B. Xu, and
Z. Jin. 2015. 'Genome-Wide Identification
and Expression Analyses of Aquaporin Gene



Family during Development and Abiotic
Stress in Banana'. Int J Mol Sci. 16: 19728-
19751.

Huang, G.Y. and Y.S. Wang. 2010. 'Expression
and characterization analysis of type 2
metallothionein from grey mangrove species
(Avicennia marina) in response to metal
stress'. Aquat Toxicol, 99: 86—92.

Huang, G.Y, Y.S. Wang, G.G. Ying and A.C. Dang.
2012. 'Analysis of type 2 metallothionein
gene from mangrove species (Kandelia
candel)'. Trees ,26: 1537-1544.

Israr, M. and S.V. Sahi. 2006.'Antioxidative
responses to mercury in the cell cultures of
Sesbania  drummondii'.  Plant  Physiol
Biochem. 44 (10): 590-595.

Jalmi, S.K. and A.K. Sinha. 2015. 'ROS mediated
MAPK signaling in abiotic and biotic stress-
striking similarities and differences'. Front
Plant Sci. 6:769.

Jia, D.U,, YJ. Li and L.I. Cheng-Hao. 2012.
'Advances in metallotionein studies in forest
trees'. POJ, 5(1): 46-51.

Johanson, U., M. Karlsson, I. Johansson, S.
Gustavsson, S. Sjovall, L. Fraysse, A.R. Weig
and P. Kjellbom. 2001. 'The complete set of
genes encoding major intrinsic proteins in
Arabidopsis provides a framework for a new
nomenclature for major intrinsic proteins in
plants'. Plant Physiol.126: 1358-1369.

Jonak, C., H. Nakagami and H. Hirt. 2004. 'Heavy
metal stress. Activation of distinct mitogen-
activated protein kinase pathways by copper
and cadmium'. Plant Physiol. 136: 3276—
3283.

Jones, D.L., E.B. Blancaflor, L.V. Kochian and S.
Gilroy. 2006. 'Spatial coordination of
aluminum uptake, production of reactive
oxygen species, callose production and wall
rigidification in maize roots'. Plant Cell
Environ. 29: 1309-1318.

Jones, D.L., S. Gilroy, P.B. Larsen, S.H. Howell
and L.V. Kochian.1998. 'Effect of aluminum
on cytoplasmic Ca?* homeostasis in root hairs
of Arabidopsis thaliana'. Planta, 206: 378-
387.

Juwarkar, A.S. and G.B. Shende. 1986.
'Interaction of Cd-Pb effect on growth vyield
and content of Cd, Pb in barley'. Ind J Environ
Heal 28: 235-243.

Heavy metal stress and plants’ defense mechanisms

Kagi, J.H.R. 1991. 'Overview of metallothioneins.
Methods Enzymol.205: 613—-626.

Kammerloher, W., U. Fischer, G.P. Piechotta and
A.R. Schaffner. 1994.' Water channels in the
plant plasma membrane cloned by immuno-
selection from an expression system'. Plant J.
6: 187-199.

Karlsson, M., I. Johansson, M. Bush, M.C.
McCann, C. Maurel and C. Larsson. 2000. 'An
abundant TIP expressed in mature highly
vacuolated cells'. Plant J. 21: 83-90.

Kholodova, V., K. Volkov, A. Adbeyeva and V.
Kuznetsov. 2011. 'Water status in
Mesembryanthemum  crystallinum  under
heavy metal stress'. Environ. Exp. Bot. 71:
382-389.

Kohler, A., D. Blaudez, M. Chalot, and F. Martin.
2004. 'Cloning and expression of multiple
metallothioneins from hybrid poplar'. New
Phytol ,164: 83—-93.

Korenkov, V., S. H. Park, N.H. Cheng, C.
Sreevidya, J. Lachmansingh, J. Morris, K.
Hirschi and G.J. Wagner.2007. 'Enhanced
Cd** selective root-tonoplast-transport in
tobaccos expressing Arabidopsis cation
exchangers'. Planta, 225: 403—-411.

La Rocca, N., C. Andreoli, G.M. Giacometti, N.
Rascio ans I. Moro. 2009. 'Responses of the
Antarctic microalga Koliella  antartica
(Trebouxiophyceae, Chlorophyta) to
cadmium contamination'. Photosynthetica,
47,471-479.

Lee, J., D. Shim, W.Y. Song, I. Hwang and Y. Lee.
2004. 'Arabidopsis metallothioneins 2a and 3
enhance resistance to cadmium when
expressed in Vicia faba guard cells'. Plant Mol
Biol,54: 805—-815.

Lee, M., K. Lee, J. Lee, E.W. Noh and Y. Lee. 2005.
'AtPDR12 contributes to lead resistance in
Arabidopsis'. Plant Physiol. 138: 827—-836.

Leszczyszyn, O.l., H.T. Imam and C.A. Blindauer.
2013. 'Diversity and distribution of plant
metallothioneins: A review of structure,
properties and functions'. Metallomics, 5(9):
1146-1169.

Levin, M., N. Resnick, Y. Rosianskey, I. Kolotilin,
S. Wininger, J. H. Lemcoff, S. Cohen, G. Galili,
H. Koltai and Y. Kapulnik.2009.
'"Transcriptional profiling of Arabidopsis
thaliana plants response to low relative

2895



2896

Lionetto,

Ma,

Iranian Journal of Plant Physiology, Vol (9), No (4)

humidity suggests a shoot-root
communication'. Plant Sci.177: 450-459.
M.G, R. Caricato, A. Calisi, M.E.
Giordano, E. Erroi and T. Schettino.2016.
'‘Biomonitoring of water and soil quality: a
case study of ecotoxicological methodology
application to the assessment of reclaimed
agro-industrial wastewaters used for
irrigation'. Rend Fis Acc Lincei,27:105-112.

Liu, D., X. Wang, Z. Chen, H. Xu and Y. Wang.

2010. 'Influence of mercury on chlorophyll
content in winter wheat and mercury
bioaccumulation'. Plant Soil Environ. 56: 139—-
143.

Liu, Q., J.L. Yang, L.S. He, Y.Y. Li and S.J. Zheng.

2008. 'Effect of aluminum on cell wall, plasma
membrane, antioxidants and root elongation
in triticale'. Biologia Plantarum 52: 87-92.

Lopez, D., G. Bronner, N. Brunel, D. Auguin, S.

Bourgerie, F. Brignolas, S. Carpin, C.
Tournaire-Roux, C. Maurel and B. Fumanal.
2012. 'Insights into Populus XIP aquaporins:
Evolutionary expansion, protein
functionality, and environmental regulation'.
J Exp Bot. 63: 2217-2230.

Ly, Y., X. Deng, L. Quan, Y. Xia and Z. Shen. 2015.

'Metallothioneins BcMT1 and BcMT2 from
Brassica campestris enhance tolerance to
cadmium and copper and decrease
production of reactive oxygen species in
Arabidopsis thaliana'. Plant Soil, 367: 507—
519.

J.F., S.J. Zheng, S. Hiradate and H.
Matsumoto. 1997. 'Detoxifying aluminum
with buckwheat'. Nature, 390: 569-570.

MAPK Group. 2002. 'Mitogen-activated protein

kinase cascades in plants: a new
nomenclature'. Trends Plant Sci. 7: 301-308.

Mayerova, M., S, Petrovd, M. Madaras, J.

Lipavsky and T. Simon. 2017. 'Non enhanced
phytoextraction of cadmium, zinc, and lead
by high yielding crops'. Environ Sci Pollut Res.
24:14706-14716.

Meharg, A.A. 1993.'The role of plasmalemma in

metal tolerance in angiosperm'. Physiologia
Plantarum. 88 (1): 191-198.

Mendoza-Cézatl, D.G., T.O. Jobe, F. Hauser, and

J. L. Schroeder. 2011.'Long-distance
transport, vacuolar sequestration, tolerance,
and transcriptional responses induced by

cadmium and arsenic'. Curr Opin Plant
Biol. 14: 554-562.

Nagata, T. 2014.'Expression analysis of new
Metallothionein2-like protein under mercury
stress in tomato seedling'. Plant Root, 8: 72-
81.

Nakagami, H., A. Pitzschke and H. Hirt. 2005.
'Emerging MAP kinase pathways in plant
stress signaling'. Trends Plant Sci. 10: 339-
346.

Nevo, Y. and N, Nelson. 2006. 'The NRAMP family
of metal-ion transporters'. Biochimica et
Biophysica Acta 1763: 609-620.

Nielsen, H.D., M.T. Brown and C. Brownlee.
2003.' Cellular responses of developing Fucus
serratus embryos exposed to elevated
concentrations of Cu?*. Plant Cell Environ. 26:
1737-1747.

Panda, S.K., L.B. Singha and M.H. Khan. 2003.

'Does aluminium  phytotoxicity induce
oxidative stress in green gram (Vigna
radiata)?' Bulgarian Journal of Plant

Physiology, 29: 77-86.

Peng, J.S, G. Ding, S. Meng, H.Y. Yi and J.M.
Gong. 2017. 'Enhanced metal tolerance
correlates with heterotypic variation in
SPMTL, a metallothionein-like protein from
the hyperaccumulator Sedum
plumbizincicola'. Plant Cell Environ, 40(8):
1368-1378.

Peng, J.S. and J.M. Gong. 2014.'Vacuolar
sequestration capacity and long-distance
metal transport in plants'. Front Plant
Sci.5:19.

Pirzadah, T.B., B. Malik, 1. Tahir, M. Kumar, A.
Varma and R.U. Rehman. 2014.
'Phytoremediation: An Eco-Friendly Green
Technology for Pollution Prevention, Control
and Remediation'. In: Hakeem KR, Sabir M,
Ozturk M, Mermut AH (ed), Soil Remediation
and plants: Prospects and Challenges,
Elsevier publications, USA, pp, 107-122.

Pirzadah, T.B., B. Malik, I. Tahir, Q.M. Irfan and
R.U. Rehman. 2018. 'Characterization of
mercury-induced stress biomarkers in
Fagopyrum tataricum plants'. Int J
Phytoremediation, 20 (3): 225-236.

Poschenrieder and J. Barcelo. 2004.'Water
relations in heavy metal stressed plants'. In:
Prasad MNV (ed), Heavy Metal Stress in



Plants3™ eds Springer, Berlin, Germany, pp
249-270.

Pourrut, B., M. Shahid, C. Dumat, P. Winterton
and E. Pinelli. 2011. 'Lead Uptake, Toxicity,
and Detoxification in Plants'. Rev Environ
Contam Toxicol 213: 113-136.

Przedpelska-Wasowicz, E.M. and E. Wierzbicka.
2011. 'Gating of aquaporins by heavy metals
in  Allium cepa L. epidermal cells'.
Protoplasma, 248: 663—671.

Quintela-Sabaris, C., L. Marchand, P.S. Kidd, W.
Friesl-Hanl, M. Puschenreiter, J. Kumpiene
, L Miiller, S. Neu, J. Janssen, J.
Vangronsveld, I. Dimitriou, G. Siebielec, R.
Gatazka, V. Bert, R. Herzig, A.B. Cundy, N.
Oustriere, A. Kolbas, W. Galland, and M.
Mench. 2017. 'Assessing phytotoxicity of
trace element-contaminated soils
phytomanaged with gentle remediation
options at ten European field trials'. Sci Total
Environ.599: 1388-1398.

Rodriguez -Llorente, I.D., P. Pérez-Palacios, B.
Doukkali, M.A. Caviedes and E. Pajuelo.
2010. 'Expression of the seed-specific
metallothionein mt4a in plant vegetative
tissues increases Cu and Zn tolerance'. Plant
Sci.178: 327-332.

Roos, W., S. Evers, M. Hieke, M. Tschope and B.
Schumann. 1998.'Shifts of intracellular pH
distribution as a part of the signal mechanism
leading to the elicitation of
benzophenanthridine alkaloids - Phytoalexin
biosynthesis in cultured cells of Eschscholtzia
californica’. Plant Physiol. 118: 349-364.

Roosens, N.H., C. Bernard, R. Leplae and N.
Verbruggen. 2004. 'Evidence for copper
homeostasis function of metallothionein
(MT3) in the hyperaccumulator Thlaspi
caerulescens.' FEBS Lett. 577: 9-16.

Salt, D.E. and W.E. Rauser. 1995. 'MgATP-
dependent transport of phytochelatins
across the tonoplast of oat roots'. Plant
Physiol.107: 1293-1301.

Salt, D.E. and G.J. Wagner. 1993. 'Cadmium
transport across tonoplast of vesicles from
oat roots. Evidence for a Cd**/H* antiport
activity'. J Biol Chem. 268: 12297-12302.

Samardzic, J.T., D.B. Nikloic, G.S. Timotijevic,
Z.S. Jovanovic, M.D. Milisavljevic and V.R.
Maksimaic. 2010. 'Tissue expression analysis

Heavy metal stress and plants’ defense mechanisms

of FeMT3, a drought and oxidative stress
related metallothionein  gene  from
buckwheat (Fagopyrum esculentum)'. J Plant
Physiol. 167: 1407-1411.

Santi, S. and W. Schmidt. 2009. 'Dissecting iron
deficiency-induced proton extrusion in
Arabidopsis roots'. New Phytol. 183: 1072—-
1084.

Savage, D.F. and R.M. Stroud. 2007. 'Structural
basis of aquaporin inhibition by mercury'. J
Mol Biol. 368 (3): 607-617.

Schmidt, U.G., A. Endler, S. Schelbert, A.
Brunner, M. Schnell, H.E. Neuhaus, D.
Marty-Mazars, F. Marty, S. Baginsky and E.
Martinoia. 2007.'Novel Tonoplast
Transporters |dentified Using a Proteomic
Approach with Vacuoles Isolated from
Cauliflower Buds'. Plant Physiol. 145(1): 216—
229.

Schutzendubel, A. and A. Polle. 2002.'Plant
responses to abiotic stresses: heavy metal-
induced oxidative stress and protection by
mycorrhization'. J Exp Bot. 372 (53): 1351-
1365.

Sekhar, K., B. Priyanka, V.D. Reddy and K.V. Rao.
2011. 'Metallothionein 1 (CcMT1) of
pigeonpea (Cajanus cajan, L.) confers
enhanced tolerance to copper and cadmium
in Escherichia coli and Arabidopsis thaliana'.
Environ Exp Bot.72: 131-139.

Seth, C.S., T. Remans, E. Keunen, M.
Jozefczak, H. Gielen, K. Opdenakker, N.
Weyens, J. Vangronsveld and A. Cuypers.
2012.'Phytoextraction of toxic metals: a
central role for glutathione'. Plant Cell
Environ.35 (2): 334-346.

Sharma, P. and R.S. Dubey. 2005. 'Lead toxicity in
plants'. Braz J Plant Physiol. 17 (1): 35-52.
Sharma, P. and R.S. Dubey. 2007.'Involvement of
oxidative stress and role of antioxidative
defense system in growing rice seedlings
exposed to toxic concentrations of
aluminum’. Plant Cell Reports. 26 (11): 2027—-

2038.

Sharma, S.S., K.J. Dietz and T. Mimura. 2016.
'Vacuolar compartmentalization as
indispensable component of heavy metal
detoxification in plants'. Plant Cell Environ
39:1112-1126.

2897



2898 Iranian Journal of Plant Physiology, Vol (9), No (4)

Shaul, 0., D.W. Hilgemann, J.J. de-Almeida-
Engler, M. Van Montagu, D. Inzé and G.
Galili. 1999. 'Cloning and characterization of
a novel Mg*/H* exchanger'. EMBO J. 18:
3973-3980.

Singh, P., T.K. Mohanta and A.K. Sinha.
2015. 'Unraveling the intricate nexus of
molecular mechanisms governing rice root
development: OsMPK3/6 and auxin—
cytokinin interplay'. PLoS ONE 10: e0123620.

Sinha, A.K., M. Jaggi, B. Raghuram and N. Tuteja.
2011." Mitogen-activated protein  kinase
signaling in plants under abiotic stress'. Plant
Signal Behav, 6: 196-203.

Smeets, K., K. Opdenakker, T. Remans, C.
Forzani, H. Hirt, J. Vangronsveld and A.
Cuypers. 2013. 'The role of the kinase OXI1 in
cadmium- and copper-induced molecular
responses in Arabidopsis thaliana'. Plant Cell
Environ. 36: 1228-1238.

Smirnov, O.E., A.M. Kosyan, O.l. Kosyk and N.Y.
Taran. 2014. 'Buckwheat stomatal traits
under aluminum toxicity.' Modern
Phytomorphology, 6: 15-18.

Soda, N., A. Sharan, B.K. Gupta, S.L. Singla-
Pareek, and A. Pareek. 2016. 'Evidence for
nuclear interaction of a cytoskeleton protein
(OsIFL) with metallothionein and its role in
salinity stress tolerance'. Sci Rep. 6:34762.

Steinhorst, L. and J. Kudla. 2014. 'Signaling in
cells and organisms—calcium holds the
line'. Curr Opin Plant Biol. 22: 14-21.

Tamura, H., M. Honda, T. Sato and H. Kamachi.
2005. 'Pb hyperaccumulation and tolerance
in  common  buckwheat (Fagopyrum
esculentum Moench)'. J Plant Res. 118: 355—
359.

Tao, P., X. Zhong, B. Li, W. Wang, Z. Yue, J. Lei,
W. Guo and X. Huang. 2014 'Genome-wide
identification and characterization of
aquaporin genes (AQPs) in Chinese cabbage
(Brassica rapa ssp. pekinensis)'. Mol Genet
Genom, 289:1131-1145.

Thomine, S., R. Wang, J.M. Ward, N.M. Crawford
and J.l. Schroeder. 2000. 'Cadmium and iron
transport by members of a plant metal
transporter family in Arabidopsis with
homology to Nramp genes'. Proc Natl Acad
Sci. USA 97: 4991-4996.

Tripathi, D.K., V.P. Singh, S.M. Prasad, D.K.
Chauhan, N.K. Dubey and A.K. Rai. 2015.
'Silicon-mediated alleviation of Cr (VI) toxicity
in  wheat seedlings as evidenced by
chlorophyll  florescence, laser induced
breakdown spectroscopy and anatomical
changes'. Ecotoxicol Environ Saf. 113: 133—-
144,

Turchi, A., I. Tamantini, A.M. Camussi and M.L.
Racchi. 2012. 'Expression of a
metallothionein Al gene of Pisum sativum in
white poplar enhances tolerance and
accumulation of zinc and copper'. Plant Sci.
183: 50-56.

Tyerman, S.D., H.U. Bohnert ,C. Maurel, E.
Steudle and J.A. Smith. 1999. 'Plant
aquaporins:  their  molecular biology,
biophysics and significance for plant water
relations'. J Exp Bot. 50: 1055-1071.

Usha, B., V. Gayatri, G. Suja and P. Ajay.2014.
'Melllothioneins from a hyperaccumulating
plant Prosopis juliflora shows difference in
heavy metal accumulation in transgenic
tobacco'. Int J Agri Env Biotecnol. 7 (2): 241-
246.

Usha, B., N.S. Keeran, M. Harikrishnan, K.
Kavitha and A. Parida. 2011.
'Characterization of a type 3 metallothionein
isolated from Porteresia coarctata.' Biol
Plantarum, 55(1): 119-124.

Van De Mortel, J.E., H. Schat and P. D. Moerland.
2008.'Expression differences for genes
involved in lignin, glutathione and sulphate
metabolism in response to cadmium in
Arabidopsis thaliana and the related Zn/Cd-
hyperaccumulator Thlaspi caerulescens'.
Plant Cell Environ. 31 (3): 301-324.

van de Mortel, J.E., L.A. Villanueva, H. Schat, J.
Kwekkeboom, S. Coughlan, P.D. Moerland,
E.V.L. van Themaat, M. Koornneef and
M.G.M. Aarts. 2006. 'Large expression
differences in genes for iron and zinc
homeostasis, stress response, and lignin
biosynthesis distinguish roots of Arabidopsis
thaliana and the related metal
hyperaccumulator Thlaspi caerulescens'.
Plant Physiol. 142(3): 1127-1147.

Vitti, A., M. Nuzzaci, A. Scopa, G. Tataranni, T.
Remans, J. Vangronsveld and A. Sofo.
2013. 'Auxin and cytokinin metabolism and



root morphological modifications
in Arabidopsis thaliana seedlings infected
with Cucumber mosaic  virus (CMV) or
exposed to cadmium'. Int J Mol Sci. 14: 6889—
6902.

Wang, S., Y. Zhang, Q. Song, Z. Fang, Z. Chen,Y.
Zhang, L. Zhang, N. Niu, S. Ma, J. Wang, Y.
Yao, Z. Hu and G. Zhang. 2018.
'Mitochondrial Dysfunction Causes Oxidative
Stress and Tapetal Apoptosis in Chemical
Hybridization Reagent-Induced Male Sterility
in Wheat'. Front Plant Sci. 8:2217.

Weaver, C.D., B. Crombie, G. Stacey and D.M.
Roberts. 1991. 'Calcium-dependent
phosphorylation of symbiosome membrane
proteins from nitrogen-fixing soybean
nodules: Evidence for phosphorylation of
nodulin-26'. Am Soc Plant Physiol. 95: 222—-
227.

Xiong, L. and J.K. Zhu. 2002. 'Molecular and
genetic aspects of plant responses to osmotic
stress'. Plant Cell Environ, 25: 131-139.

Xue, T.T, X.Z. Li, W. Zhu, C.A. Wu, G.D. Yang, and
C.C. Zheng. 2009. 'Cotton metallothionein
GhMT3a, a reactive oxygen species
scavenger increased tolerance against abiotic
stress in transgenic tobacco and yeast'. J Exp
Bot. 60: 339-349.

Yamamoto, Y., Y. Kobayashi and H. Matsumoto.
2001. 'Lipid peroxidation is an early symptom
triggered by aluminum, but not the primary
cause of elongation inhibition in Pea roots'.
Plant Physiol. 125: 199-208.

Yang, J.L., Y.C. Wang, G.F. Liu, C.P. Yang and C.H.
Li. 2011.'Tamarix hispida metallothionein-
like ThMT3, a reactive oxygen species
scavenger, increases tolerance against Cd?",
Zn?*, Cu?*, and NaCl in transgenic yeast'. Mol
Biol Rep. 38: 1567-1574.

Yang, Z. and C. Chu. 2011. 'Towards
understanding plant response to heavy metal
stress'. In: Shanker A, Venkateswarlu B (ed).
Agricultural and Biological Sciences: Abiotic
Stress in  Plants - Mechanisms and
Adaptations, pp 59-78.

Yazaki, K. 2006. 'ABC transporters involved in the
transport of plant secondary metabolites'.
FEBS Letters, 580: 1183-1191.

Ye, Q., J. Muhr and E. Steudle. 2005. ‘A
cohesion/tension model for the gating of

Heavy metal stress and plants’ defense mechanisms

aquaporins allows estimation of water
channel pore volumes in Chara'. Plant Cell
Environ. 28: 525-535.

Yeh, C.M., P.S. Chien and H.J. Huang. 2007.
'Distinct signaling pathways for induction of
MAP kinase activities by cadmium and copper
in rice roots'. J Exp Bot. 58: 659—-671.

Yuan, J., D. Chen, Y. Ren, X. Zhang and J. Zhao.
2008. 'Characteristic and expression analysis
of a metallothionein gene, OsMT2b, down-
regulated by cytokinin suggests functions in
root development and seed embryo
germination of rice'. Plant Physiol. 146:
1637-1650.

Zanella, L., L. Fattorini, P. Brunetti, E. Roccotiello
and L. Cornara. 2016. 'Overexpression of
AtPCS1 in tobacco increases arsenic and
arsenic plus cadmium accumulation and
detoxification'. Planta, 243: 605-622.

Zhang, J., M. Zhang, S. Tian, L. Lu and M.J.L
Shohag . 2014. 'Metallothionein 2 (SaMT2)
from Sedum alfredii Hance Confers Increased
Cd Tolerance and Accumulation in Yeast and
Tobacco'. PLoS ONE 9(7): e102750.

Zhang, S.J, J.F. Ma and H. Matsumoto. 1998.
'High aluminum resistance in buckwheat: I. Al
induced specific secretion of oxalic acid from
root tip tips'. Plant Physiol. 117: 745-751.

Zhang, W.H. and S.D. Tyerman. 1999.'Inhibition
of water channels by HgCl; in intact wheat
root cells'. Plant Physiol. 120(3):849-857.

Zhang, Y., Z. Wang, T. Chai, Z. Wen and H. Zhang.
2008. 'Indian mustard aquaporin improves
drought and heavy metal resistance in
tobacco'. Mol Biotechnol 40 (3): 280-292.

Zhang, Y.W., N.F.Y. Tam and Y.S. Wong. 2004.
'Cloning and characterization of type 2
metallothionein-like gene from a wetland
plant, Typha latifolia’. Plant Sci 167: 869—-877.

Zheng, S.J. 2010.'Crop production on acidic soils:
overcoming aluminum toxicity and
phosphorus deficiency'. Anal Bot. 106: 183—
184.

Zhou, B., W. Yao, S. Wang, X. Wang and T. Jiang.
2014. 'The Metallothionein Gene, TaMT3,
from Tamarix androssowii Confers Cd?*
Tolerance in Tobacco'. Int J Mol Sci.15:
10398-10409.

Zou, J., G. Wang, J. Ji, J. Wang and H. Wu. 2017.
'"Transcriptional, physiological and cytological

2899



2900 Iranian Journal of Plant Physiology, Vol (9), No (4)

analysis validated the roles of some key
genes linked Cd stress in Salix matsudana
Koidz'. Environ Exp Bot. 134: 116-129.



