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Abstract  Heavy metal/metalloid (HM) contamination issues are becoming pro-
gressively more widespread worldwide, which are witnessed in various locations 
like foundries, mining industries, smelters, vehicular emissions, coal burning power 
plants, and agricultural sectors. Heavy metal/metalloid occurs naturally in the 
Earth’s crust, but man-made sources and various industrial activities have led to 
severe environmental contamination globally. In the present era, accumulation of 
HMs in agricultural land is of prime concern as it possesses negative consequences 
on safety of food and its marketability, productivity, and health of soil organisms. 
Plants cultivated in HM-contaminated sites reveal reduced photosynthesis, mineral 
nutrients, biomass production, vegetative growth, altered metabolic activities, and 
higher accumulation of metal(s). Heavy metal/metalloid toxicity causes a redox 
imbalance and induces the enhancement in the generation of reactive oxygen spe-
cies (ROS). However, when ROS reach above threshold level, an imbalance in intra-
cellular content of it incurs, thus resulting in oxidative condition. Plants respond to 
such intensified concentration of HM in the natural environment by invigorating 
various defense responses such as sequestration of HM into vacuoles, metal chela-
tion, control over uptake of metals ions through their carriers, and amplification of 
enzymatic and non-enzymatic antioxidative defense mechanisms. These responses 
inferred by flora are the outcomes of complex signaling cascades functioning in the 
plant cells so as to mediate the extracellular stimuli into an intracellular response. 
This section of the book reveals outlook associated with HM phytotoxicity ranging 
from metal uptake and its transportation, distribution, homeostasis, toxicity at cel-
lular level, and signaling pathway. Our main intent is to highlight predominantly on 
the mechanisms of HM-instigated oxidative stress-related responses of plants and to 
unreveal signal transduction mechanism(s) under HM stress.

Keywords  Environmental pollution · Metal/metalloid transporters · Phytotoxicity · 
Reactive oxygen species · Sequestration

14.1  �Introduction

Plants, during their vegetative life cycle, encounter various biotic and abiotic 
stresses. Abiotic stresses include drought, temperature (both low and high), salinity, 
lack of essential nutrients, air pollution, heavy metals (HMs), etc. Heavy metals are 
recognized as most dangerous pollutants as it possess high toxicity to both flora and 
fauna and due to its considerable buildup into the environments as a consequence 
of natural and man-made processes (Yadav 2010; Wang et  al. 2014). Among 90 
naturally occurring elements, 53 of them are designated as HMs, based on their 
specific density. Thus, metals having density less than 5 g cm−3 and those having 
density exceeding 5 g cm−3 are termed as light metals and HMs, respectively (Xalxo 
and Keshavkant 2018). On the basis of HM solubility, 17 of them are probably 
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available to all living beings under physiological conditions and are vital for living 
cells/organisms and different ecosystems (Schutzendubel and Polle 2002). Various 
metals, like cobalt-Co, copper-Cu, iron-Fe, molybdenum-Mo, manganese-Mn, 
nickel-Ni, and zinc-Zn are essential micronutrients, hence are mandatory for the 
plant’s normal growth and development. These elements which act as essential 
micronutrients participate in redox response, electron transport, and other vital 
functions of plants. However, other elements, for instance, arsenic-As, cadmium-
Cd, chromium-Cr, lead-Pb, mercury-Hg, etc., are potentially lethal for plants, hence 
reducing their growth and development (Nazar et al. 2012). The accumulation of 
various HMs and metalloids in soils and waters leads to severe problem globally, as 
these HMs and metalloids cannot be wrecked down readily either chemically or 
biologically into nontoxic forms, therefore persisting in various ecosystems for sev-
eral years (Xalxo and Keshavkant 2018). Environmental contamination with HMs 
has exceeded beyond the acceptable limit these days and is injurious to all living 
organisms (Tak et  al. 2013). As declared by the Comprehensive Environmental 
Response Compensation and Liability Act (CERCLA), USA, the highest permis-
sible concentrations of some of the HMs in water are 0.002, 0.015, 0.01, 0.01, 0.05, 
and 0.05 mg L−1 for Hg, Pb, Ar, Cr, Cd, and Ag respectively (Chaturvedi et  al. 
2015). The soil standards, as customized by the Indian standards for HMs, are 
Cd = 3–6, Cu = 135–270, Ni = 75–150, Pb = 250–500, and Zn = 300–600 mg kg−1 
(Nagajyoti et al. 2010). It is acknowledged that metals at a low concentration might 
have advantageous consequences that are referred as hormesis (Zengin and 
Munzuroglu 2006). However, all HMs have the capability to display detrimental 
consequences at higher level and are proficient to enter into the food web 
(Chandrakar et al. 2017). The toxic effect of each metal depends on various factors 
such as its availability to flora and fauna, type of metal, its oxidation state, pH, 
concentration of metal, the path and the time of exposure, and so on (Mani and 
Kumar 2014). United States Environmental Protection Agency (UEPA) has listed 
all these HMs as chief contaminants. The ramifications due to HMs in soil are very 
complex, and consequences caused by these rely upon various chemical processes. 
Among various processes, adsorption-desorption and complexation-dissociation 
reactions normally influence metal activity in soil, while oxidation-reduction pro-
cess alters the valencies of metal (Swartjes et al. 2007). Excessive concentrations of 
HMs in plants cause alterations at physiological, biochemical, and molecular levels 
(Chandrakar et al. 2017; Xalxo and Keshavkant 2018). Heavy metal-induced altera-
tions include decline in the rate of photosynthesis, transpiration, respiration, nitro-
gen metabolism, and mineral nutrition along with alterations in redox status, 
concentration of signal molecules, enzymatic and non-enzymatic antioxidants 
activity, membrane permeability, phytochelatin (PC) content, protein, phenolics 
content, etc., consequently leading to plant death (Tripathi et al. 2007; Hayat et al. 
2012; Qadir et al. 2014; Kumar et al. 2015; Chandrakar et al. 2017; Xalxo et al. 
2017). Phytotoxic consequences of HMs on various plant species were revealed in 
depth by various researchers (Malecka et  al. 2001, 2008, 2009; Rucinska and 
Gwozdz 2005; Krzelowska et  al. 2010; Pawlak-Sprada et  al. 2011; Chandrakar 
et  al. 2016; Rucinska-Sobkowiak 2016; Drzewiecka et  al. 2018; Xalxo and 
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Keshavkant 2019). This chapter reviews general aspects of HM/metalloid toxicity 
ranging from metal uptake from soil, their transportation from ground to above 
aerial parts, and homeostasis to cellular stress responses. The prime objective of 
this section is to highlight principally on the mechanisms of HM-instigated oxida-
tive injury-associated responses and to show the working of various signal trans-
duction pathways under HM/metalloid toxicity. This particular subject area needs 
intense exploration to provide vital information to understand cellular responses 
against HM toxicity.

14.2  �Sources of Heavy Metal Pollution in the Environments

There are various sources of HM release in the environments such as natural and 
anthropogenic routes. Naturally occurring HMs are available in insoluble forms like 
precipitated or complex forms that are not easily accessible by plants for uptake. 
Natural processes that cause overaccumulation of HMs in the environments include 
comets, erosion, volcanic eruptions, and mineral weathering. Various agricultural 
and horticultural sources include livestock manures, sewage sludge, inorganic fertil-
izers, and agricultural chemicals like fungicides, pesticides, etc. Inorganic fertiliz-
ers, fungicides, and phosphate fertilizers contain variable concentrations of HMs, 
like Pb, As, Cd, Cr, Ni, Zn, etc., depending on their sources. Heavy metals that are 
originated from man-made sources are soluble and are present in mobile reactive 
forms and are readily available to plants. Various anthropogenic sources comprise 
of battery manufacture, alloy manufacture, atmospheric deposition, manufacturing 
of explosive, inappropriate piling of solid wastes from industries, tanning of leather 
preservatives in dyes and woods, etc. (Dixit et al. 2015). The geochemical cycle of 
HM leads to overaccumulation of it in the environment, which may perhaps cause 
lethal effects to both flora and fauna, when present above permitted levels (D’amore 
et al. 2005). The pathways through which HMs generally enter into the natural eco-
systems include crumbling of parent materials, amendments in the geochemical 
cycle by anthropogenic activities, shifting of excavation to different localities, and 
release of elevated amount of metal waste by manufacturing companies. Mining and 
processing of ores are chief sources of HM contamination in the ecosystems, and 
the revival of ecosystems from HM contamination caused by various activities may 
possibly take several decades.

14.3  �Heavy Metal/Metalloid Transporters

In plants, the transportation of HM ions from ground to upper aerial parts is regu-
lated by specific transporters and metal pumps; also these transporters and metal 
pumps maintain the metal homeostasis within the cells (Pilon et al. 2009). These 
transporters are the members of diverse metal transporter families and are usually 
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made up of membrane proteins that transfer metal ions to epidermal cells from the 
mesophyll or transfer metal ions from the roots to aboveground parts. At subcellular 
level, these transporter proteins regulate the uptake and transfer of metal ions across 
the plasma membranes, across vacuoles through tonoplasts, and other various endo-
membrane organelles (Maestri et al. 2010). Overexpression of these transporter pro-
teins increases tolerance against HM and does not show injurious effect on 
homeostasis at physiological condition (Curie et al. 2000; Verret et al. 2004). Few 
important HM transporters include HM ATPases (HMAs): CPx-type ATPases, ABC 
(ATP-binding casette) transporters, NRAMP (natural resistance associated macro-
phage proteins), CDF (cation diffusion facilitator family), and ZIP (ZRT-IRT-like 
protein) family. The process through which these HM transporters operate com-
prises of a sequence of signaling events, for instance, chain reaction that includes 
addition of phosphate group, hormones, mitogen-activated protein kinases (MAPK), 
and calcium-calmodulin systems. These signaling events finally lead to balancing of 
mineral nutrients within the plant cell that is vital for plant survival under unfavor-
able circumstances.

14.3.1  �Heavy Metal ATPases (HMAs): CPx-Type ATPases

The function of HM transporters protein is to transport the metal ions across various 
cellular compartments, cytoplasm, and vascular tissues especially xylem. This par-
ticular HM transporter belongs to a varied class of superfamily that is found in all 
three kingdoms. The function of CPx-type ATPases is to propel an array of cations 
across the membranes. CPx-type ATPases include various ATPases, like H+-
ATPases, Na+/K+-ATPases, and Ca2+-ATPases of fungi and plants, animals, and sev-
eral other organisms, respectively (Axelsen and Palmgren 2001). Heavy metal/
metalloid ATPases are made up of eight transmembrane domains, where the large-
sized cytoplasmic loop is sandwiched amid transmembrane 6 and 7 (Mills et  al. 
2003). The P-type ATPase transporters have been divided into five chief families, 
i.e., type I, type II, type III, type IV, and type V. Based on their transport specificity, 
these major families (type I–V) are again categorized into two or more subfamilies 
(Axelsen and Palmgren 2001). Among various subfamilies, P1B subfamily is 
assigned for transportation of HMs in plants. Solioz and Vulpe (1996) revealed that 
P1B possess conserved intramembranous cysteine-prolinecysteine/histidine/serine 
sequences and hence are reported as the CPx-ATPases. Overexpression of AtHMA4 
gene has been shown to ameliorate growth and development of roots in Arabidopsis 
thaliana even in the presence of various noxious levels of Zn, Cd, and Co (Verret 
et al. 2004). Mills et al. (2005) revealed that AtHMA4 deficit mutant plant leads to 
augmented sensitivity toward Zn and Cd toxicity, which confirmed the earlier find-
ings. Later, Hanikenne et  al. (2008) found that the AhHMA4 (homologue of 
AtHMA4) from the hyperaccumulating species Arabidopsis halleri bestowed toler-
ance against HMs like Zn and Cd. AhHMA4 is also engaged in translocation of Zn 
from root-to-shoot, its hyperaccumulation, and maintains Zn-Fe homeostasis. 
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Parameswaran et al. (2007) performed proteomic analysis of microsomal fractions 
and found another homologue of AtHMA4, generally expressed in epidermal leaf 
cells of Noccaea caerulescens (Schneider et al. 2013). In an experiment using trans-
genic approach, OsHMA3 gene, localized in tonoplast that principally encodes a 
P1B-ATPase transporter, was identified in hyperaccumulating Oryza sativa L. that 
manages transport of Cd from ground part to above shoot portion (Miyadate et al. 
2011). Upon Zn and Cd exposure, overexpression of HMA4 and HMA3 gene 
showed tolerance in Arabidopsis thaliana against these stresses. Moreover, overex-
pression of HMA5 was seen in roots and other plant parts of Arabidopsis thaliana 
upon exposure of Cu (Xu et al. 2010).

14.3.2  �ATP-Binding Cassette Transporters (ABC Transporters)

The ABC transporters are exceptionally massive and varied family of membranous 
proteins present in organisms of all the three monarchy. ATP-binding cassette trans-
porters are engaged in a wide array of transport functions (Theodoulou 2000; 
Martinoia et al. 2002). These are distinguished by the presence of couple of funda-
mental structural organizations in two copies, i.e., (1) an extremely hydrophobic 
transmembrane domain, each one of them consisting four or six transmembrane 
spans, and (2) a marginal (cytosolic) ATP-binding domain or nucleoside binding 
fold (Theodoulou 2000). Majority of these proteins serve to propel HM across the 
membrane and transfer a broad variety of substrates comprising of sugars, ions, 
lipids, pigments, peptides, antibiotics, and xenobiotics and are also engaged in vac-
uolar deposition of non-essential HMs within the cells. Till date, couple of sub-
classes of ABC transporters has been recognized in plants; these are (1) multidrug 
resistance-associated proteins (MRPs) and (2) the multidrug resistance proteins 
(MDRs). Bovet et al. (2003) revealed that gene expression of four MRPs was upreg-
ulated in roots of Arabidopsis thaliana upon application of Cd; however expression 
of AtMRP3 gene was comparatively more prominent. Furthermore, AtMRP3 was 
also stimulated upon Cu exposure, but under Zn toxicity, there was slight induction 
of AtMRP3. During transcriptome-based screening, Bovet et al. (2005) observed 
that ABC trasporters, like AtPDR8, AtABCG36, and PEN3, localized in plasma 
membranes, were highly upregulated under Cd toxicity in Arabidopsis thaliana. 
Further studies showed that similar ABC transporters were also upregulated upon 
Pb toxicity. The Arabidopsis plants overexpressing PDR8 were more resistant to Cd 
and Pb toxicity, while RNAi and T-DNA mutant plants were sensitive to these (Kim 
et al. 2007). A novel ABC transporter IDI7, which is regulated by Fe, has been rec-
ognized in the tonoplast of Hordeum vulgare L. roots (Yamaguchi et al. 2002). This 
IDI7 has characteristics similar to ABC transporter and is stimulated under Fe defi-
cit conditions.
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14.3.3  �Natural Resistance-Associated Macrophage Proteins 
(Nramps)

The Nramps are annotated as an extremely conserved family of membrane proteins. 
These proteins are engaged in metal ion transport in living organisms including 
flora and fauna. In plants, this group of protein family was initially recognized in 
Oryza sativa L. where three Nramps, i.e., OsNramp-1, OsNramp-2, and OsNramp-3, 
were revealed (Belouchi et al. 1995, 1997). Alike, various genes are discovered in a 
variety of plants such as Arabidopsis thaliana in which six Nramps were distin-
guished (Maeser et al. 2001). The plant Nramps seems to group into two subfami-
lies, which include first group AtNramps 1 and 6 and second group Nramps 2 to 5 
(Maeser et al. 2001). In plants, Nramps are conserved and possess 12 transmem-
brane domains having transport motif’ sandwiched between transmembrane-8 and 
transmembrane-9 (Curie et al. 2000). In Arabidopsis thaliana roots, gene expres-
sion of AtNramps1, 3, and 4 was overexpressed under Fe deficit conditions (Thomine 
et al. 2000), whereas AtNramp3 was associated with uptake of Fe and Cd (Thomine 
et al. 2000). AtNramp3 gene was upregulated under Fe deficiency and was expressed 
in the xylem and phloem, localized into the vacuolar membranes, and functions in 
mobilizing metal pools from the vacuoles (Thomine et al. 2003). In Solanum lyco-
persicum, LeNramp1 was exclusively expressed under Fe deficit condition in roots, 
situated in the vascular parenchyma (Bereczky et  al. 2003). Interestingly, it was 
noted that Nramp transcript level in Hordeum vulgare L. was downregulated under 
Cd toxicity and sufficient supply of nitrogen (N), though Nramp transcript level was 
notably upregulated by Cd but under N deficiency (Finkemeier et  al. 2003). 
Consequently, above findings demonstrate that Nramp carry out various physiologi-
cal functions, and few of the Nramps are concerned with Fe and Cd uptake and 
homeostasis.

14.3.4  �Cation Diffusion Facilitator (CDF) Family

Cation diffusion facilitator transporter gene was originally differentiated in 
Arabidopsis and was named as ZAT. Upregulation of this gene in genetically modi-
fied plants results in resistance against Zn stress (van der Zaal et al. 1999). It was 
anticipated that ZAT gene is engaged in the vesicular/vacuolar sequestration of Zn 
and therefore is concerned with Zn homeostasis and tolerance. A ZAT gene, ZTP1, 
has been recognized in Thlaspi caerulescens and was seen to be upregulated prin-
cipally in the leaf tissue, followed by root tissue (Assunceaao et al. 2001). Degree 
of expression was higher in plants grown on calamine (which are enriched in Zn, 
Cd, and Pb) soil as compared with non-metalliferous soil. Majority of plants 
expressing these genes were found to be the Zn-tolerant, signifying the role of 
ZTP1/ZAT-like transporters in intracellular sequestration and tolerance against Zn 
stress (van der Zaal et al. 1999; Assunceaao et al. 2001). Persans et al. (2001) have 
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distinguished CDF transporter (TgMTP1) which is accountable for metal ion accu-
mulation within the shoot vacuoles in Thlaspi goesingense. Another CDF trans-
porter, ShMTP1, has also been recognized in the Stylosanthes hamata (tropical 
legume) that can be grown in acid or high Mn2+ containing soils (Delhaize et al. 
2003). The ShMTP1 provide tolerance against Mn2+ toxicity by sequestrating metal 
ions and functions antiporter of proton/Mn2+ in yeast and Arabidopsis thaliana 
(Delhaize et al. 2003). An experiment conducted in Arabidopsis thaliana revealed 
the presence of eight genes showing homology with the members of CDF family 
(Maeser et al. 2001).

14.3.5  �The ZIP Family

The ZIP proteins are basically affianced in the uptake of Fe and Zn and their accu-
mulations (Guerinot 2000). Nevertheless, they may possibly be engaged in response 
against Cd toxicity (Xu et  al. 2012) and Ni tolerance (Nishida et  al. 2011). 
Approximately, 85 ZIP family members are recognized from various prokaryotes 
and eukaryotes organisms, out of which 15 of them belongs to Arabidopsis (Maeser 
et al. 2001). This protein contains eight transmembrane domains, where the extra-
cellular region contains the amino- and carboxyl-terminal ends (Guerinot 2000). 
Regarding single member of this family, Arabidopsis consists of three iron-regulated 
transporter (IRT) genes that regulate the upward movement of metal ions in plants 
from soil. The upregulation of several of IRT genes like IRT1, IRT2, and IRT3 was 
stimulated by increased concentration of Zn, revealing their functions in regulating 
Zn-Fe homeostasis in Arabidopsis thaliana. It is interesting to note that upregul-
taion of IRT genes does not explicitly lead to HM tolerance. For instance, IRT1 
overexpression in Arabidopsis thaliana led to over accumulation of Fe, Mn, Co, and 
Zn that caused negative effects to plant (Barberon et al. 2011). Interestingly, IRT3 
overexpression in Arabidopsis thaliana has diverse consequences on accumulation 
of Fe and Zn; Zn accrual increases in the shoot, whereas Fe accretion increases in 
the roots of transgenic lines (Lin et al. 2009).

14.4  �Potential Threats of Heavy Metals/Metalloids

14.4.1  �Morphological Amendments

Presence of HM in agricultural soil and groundwater higher than the permissible 
level causes perturbations in the metabolism of plant cells resulting in various mor-
phological modifications like wilting, curling, leaf necrosis, reductions in leaf 
number and area thus diminished photosynthesis rate and biomass accumulation, 
dissipation of mineral contents, reduced elongation rate, stunt growth, and reduced 

R. Xalxo et al.



401

yield (Chandrakar et al. 2017; Xalxo and Keshavkant 2018). Mostofa and Fujita 
(2013) demonstrated that exposure of Oryza sativa L. seedlings to Cu caused 
severe oxidative stress which appeared in terms of chlorosis (loss of normal green 
coloration of leaves), necrosis (death of cell or tissues), and leaf rolling. Upon 
individual and combined application of Cu and/or Cd, there was a noteworthy 
decline in diameter of root, its breadth, and width of leaf midrib in Sorghum bicolor 
(Kasim 2006). Plants when exposed to lethal dose of Cd showed visible symptoms 
of injury like chlorosis, reductions in growth and development, and root tip brown-
ing which ultimately led to cell death (Guo et al. 2008). Other symptoms of Cd 
toxicity include noteworthy decrease in the length and diameter of the internodes, 
leaf area, and thickness. Heavy metals have greater affinity for sulfhydryl groups 
of enzymes, and binding of HM ions with these groups causes distortion of mem-
branes; therefore loss of turgor and rigidity are accountable for plant wilting under 
HM stress conditions. The presence of HMs in the soil restricts the water uptake 
and essential minerals, thus creating dehydration inside the cells, ultimately lead-
ing to leaf curling (Panda et al. 2009). Insufficiency of vital nutrients in plants also 
causes additional symptoms of HM toxicity, i.e., necrosis, which predominately 
affects the green leaves under which leaves turn brown or black in color. Farnese 
et al. (2017) reported that accumulation of As results in necrosis of outer margins 
of leaf, indicator of cell demise in particular area, which finally leads to death of 
the leaf. After performing root bioassay of Brassica napus L. seedlings, which was 
exposed to As, Farooq et al. (2017) affirmed that decrease in root length resulted in 
lethal effect of the stresses on cell elongation. Pandey and Sharma (2002) and 
Rahman et  al. (2005) also reported necrosis and chlorosis in Brassica oleracea 
L. and Hordeum vulgare L., respectively, under Ni toxicity. Steiner et al. (2012) 
while working on Jatropha curcas plants found visible symptoms of Al toxicity 
like presence of minute necrotic spots and chlorosis on the margins of juvenile 
leaves and in the margins and center of adult leaves, respectively. Recently, study 
conducted by Ardisana et al. (2018) revealed chlorosis and necrosis in Solanum 
lycopersicum under Pb stress, indicating altered mineral nutrient absorption and 
rate of photosynthesis.

14.4.2  �Physiological Effects

14.4.2.1  �Growth and Productivity

Root Plasmolysis

Heavy metals being a non-essential constituent and extremely fatal to flora signifi-
cantly affect growth and crop production. From the soil, HMs are taken up and then 
transported by various transporters localized in the plasma membranes of roots 
(Ovecka and Takac 2014). When plants are exposed to HM toxicity, usually, roots 
are the foremost organ that encounters HMs, where metal ions result in discoloration 
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and plasmolysis after entering into the cells (Shaibur and Kawai 2011). As plas-
molysis is an active process and well-known characteristic feature of viable cells, it 
is used as a marker to observe the cell viability under various environmental stresses 
(Lang et al. 2014). Plants when exposed to HM toxicity show augmented lignifica-
tions in root cells and microtubule dissolution, which later results into rapid ampli-
fication in cell width, thus increasing diameter of root (Lou et al. 2015). Aluminium 
toxicity inhibits extension of the main axis and lateral root because of constrained 
cell division, and as a result root system appeared under developed and fragile, and 
apices were inflamed and injured (Panda et al. 2009).

Biomass

Plants when exposed to HM toxicity have popularly been reported to cause a note-
worthy diminution in the biomass. This possibly may be because of the fact that 
root tissues are the foremost organ that comes in contact with HMs inside the soil 
(Chandrakar et  al. 2018). As HMs have high affinity for sulfhydryl groups of 
numerous proteins and enzymes that are located in the radicular membranes, it 
causes interruption in root functions and cellular death (Shaibur and Kawai 2011). 
The reductions in rate of germination, root elongation, and biomass accumulation 
are consequences of HM contamination (Schutzendubel et  al. 2001). Various 
researchers revealed that the prime influences of HM toxicity are the inhibition in 
rate of germination, biomass accumulation, root extension, and normal growth 
(Munzuroglu and Geckil 2002; Suzuki 2005; Chandrakar et al. 2016; Xalxo and 
Keshavkant 2019). In plants, reduction in germination rate and growth responses 
may result because of negative consequences of HMs on cellular functioning where 
maximum accessible energy is used for the production of stress linked vital com-
pounds like phytochelatins (PCs), antioxidants, etc. Distinguished scientists have 
reported rigorous decrease in biomass production, which eventually cause decrease 
in crop productivity under HM toxicity (Ahmad et al. 2011; Asgher et al. 2014; 
Chandrakar et al. 2017; Xalxo and Keshavkant 2018). Most probable reason shown 
for reduction in biomass accumulation was increased permeability of cell mem-
brane, thereby unavoidably increasing leakage of cellular constituents/fundamental 
nutrients which were primary components for the generation of energy and plant 
development (Farooq et al. 2015). Additionally, under HM stress, the water loss is 
increased, while water uptake is reduced by the roots which also results in dimin-
ished biomass accumulation (Gomes et al. 2013; Sidhu et al. 2018). Hence, it is 
obvious that when plants are exposed to HMs beyond their permissible limits, they 
negatively affect plant growth and development (Chandrakar et al. 2016; Xalxo and 
Keshavkant 2018).
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Cell Division, Elongation, and Expansion

Plants when exposed to HM lead to inhibited cell division in the root meristematic 
zone, thus resulting in diminished growth. Reduction in mitotic activity thus 
decreased the rate of cellular division in the root apical meristem consequently 
leading to inhibited expansion and elongation of the novel cells (Suzuki 2005; 
Farooq et al. 2015). Heavy metal toxicity also reduces root cellular turgor leading 
to inhibition in cell enlargement. Exposure to HMs adversely influences the cell 
division machinery that is responsible for the cell cycle regulation in plants. 
Heavy metals also suppress the formation of proteins like cyclins and Cdk that are 
involved in cell cycle check points (Sharma et al. 2012). Inhibition of the enzyme 
activity involved in DNA repair system may be the outcome of binding of HMs to 
thiol groups which are accountable for DNA damage (Patra et  al. 2004). 
Chromosomal aberrations with lower mitotic index, altered cell divisions (mitotic 
and meiotic), disruption of nuclear and plasma membranes, distortion in thyla-
koid structure, augmentation in amount of nucleoli, starch granules and plasto-
globuli, severe plasmolysis, deficiency/absence of chromatin materials, and 
amplification in vacuoles count and size are few of the ultra-morphological altera-
tions revealed in various plant parts under various HM toxicities (Patra et al. 2004; 
Aravind and Prasad 2005).

14.4.2.2  �Photosynthetic System

Chlorophyll Synthesis

Among various vital biological processes, photosynthesis is one of the most studied 
phenomena during different biotic and abiotic stresses. Different plant species vary 
in patterns of metal accretion which affects biosyntheses of pigments, necessary for 
photosynthesis (Shakya et  al. 2008; Vesely et  al. 2011; Xalxo and Keshavkant 
2018). Heavy metal may possibly associate with the photosynthetic machineries 
and may lead to a broad array of detrimental consequences together with photooxi-
dative damage. One of the major negative effects of HM stress is inhibition of pho-
tosynthesis because HM invariably affects the function of photosynthetic system by 
hampering the machinery of both light and dark reactions. It is revealed that plant 
exposed to HM slows down the photosynthetic rate, transpiration rate, stomatal con-
ductivity, plant growth and development, and ultimately loss in yield (Shakya et al. 
2008). Babu et al. (2010) reported that the negative consequences of metal ions on 
growth, activities of leaf enzymes, and photosynthesis along with activities of both 
photosystem, i.e., PS-I and PS-II, were found to be dose dependent and were further 
amplified with an increase in exposure time. Heavy metal ions also influence the 
electron transport system and modify the energy transfer at multiple sites. Isolated 
chloroplasts were examined to reveal any alteration on the electron transport system 
due to HM ions, and it was found that PS-II was more vulnerable to HM toxicity as 
compared to PS-I. The activity of PS-I can be diminished on higher concentration 
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of HM exposure (Ivanov et  al. 2006). Reduction in the concentration of various 
enzymes like ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) activity 
and/or its biosynthetic enzymes δ-aminolevulinic acid dehydratase and protochlo-
rophyllide reductase may be the reason for reduction in the chlorophyll content 
(Farooq et al. 2016). Gene expression analysis of δ-aminolevulinic acid dehydratase 
showed that transcript level of this gene was downregulated under various abiotic 
stresses (Agnihotri and Seth 2016). Heavy metals affect chlorophylls and also 
carotenoids in plants because phytotoxic outcome of HM appears to be linked with 
excess generation of ROS which stimulate the production of carotenoids (Ghnaya 
et al. 2009; Kumar et al. 2012). Carotenoids, a low molecular weight compound 
owing to their antioxidant property, function by quenching higher concentration of 
ROS (Gill and Tuteja 2010). Among various established mechanisms in plants, to 
avoid photooxidative damage, one of the fundamental photoprotective mechanisms 
is the liberation of excessive excitation energy (Janik et al. 2008). Various accessory 
pigments like zeaxanthin (Zx), antheraxanthin (Ax), and the de-epoxidized compo-
nents of xanthophyll cycle are engaged in the avoidance mechanism for dissipation 
of energy in PS-II (Toth et al. 2007). The Pinus sylvestris grown in areas contami-
nated with heavy metals such as Al, Pb, and Cu revealed reduction in the xantophyll 
content (Matysiak 2001). Janik et al. (2008) reported that reduction in the second 
step of violaxanthin de-epoxidation leads to accumulation and augmentation in the 
cis-isomers fraction of violaxanthin in leaves of Secale cereal upon Cd exposure 
(Janik et al. 2008). On the other hand, when Lemna minor plants were exposed to 
Cd stress, amplification in the level of all the pigments of xanthophyll cycle was 
observed as an antioxidative response (Appenroth et al. 1996). It is well acknowl-
edged that xanthophylls play important role in quenching of ROS-induced reac-
tions. Xanthophylls also avoid excess production of free radicals, thus limiting the 
oxidative damage caused by excess ROS. Both adaptation and survival of plants 
under HM toxicity depend on their competence to resist the oxidative injury via 
antioxidant systems.

Chloroplast Membrane

Inside the cell, apart from mitochondria, peroxisomes, and other organelles, chloro-
plasts are one of the chief sites for the formation of free radicals and are pretty 
susceptible to HM-induced injury. Predominantly, this free radical modifies the 
function of chloroplast membrane and elements of the photosynthetic electron 
transport chain, thereby damaging the light reaction of photosynthesis (Ventrella 
et al. 2011). Li et al. (2006) and Schneider et al. (2013) revealed that Pteris vittata 
and Leucaena leucocephala when exposed to As toxicity resulted in structural 
injury to the chloroplast internal membranes. Toxic level of Cr has also shown to 
damage chloroplast ultrastructure, thus disturbing the photosynthetic process 
(Peralta et al. 2001). Plants, when exposed to Cd stress, lead to amendment in mem-
brane function by inducing lipid peroxidation reaction and disturbances in chloro-
plast metabolism by reducing chlorophyll biosynthesis and decreasing the activities 
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of enzymes involved in CO2 fixation (Fodor et al. 1995). Degradation of chloro-
plasts and alteration in their internal membranes due to HMs has shown detrimental 
consequences on pace of photosynthesis which is responsible for decreased level of 
photosynthetic pigment and rate of carbon assimilation (Farnese et al. 2017). Plants 
when exposed to HM stress also lead to structural disorganization of chloroplast 
membranes and perturbations in functioning of integral photosynthetic activity, 
consequently leading to alterations (breakage and swelling) of thylakoid membranes 
and reduced synthesis of photosynthetic pigment. Reduction in pigment biosynthe-
sis may possibly be due to the absence of appropriate regulatory mechanism for its 
synthesis at lethal concentrations of HMs (Sharma et al. 2012; Chandrakar et al. 
2016). Heavy metal-induced over produced ROS-mediated lipid peroxidation reac-
tion may also be accountable for destruction of chloroplast membranes (Mascher 
et al. 2002; Chandrakar et al. 2017; Xalxo and Keshavkant 2018).

CO2 Fixation

The net fixation of CO2 is a fundamental process that dictates the total amount of 
carbon that recycles into the biosphere. Plants on exposure to HM stress show 
reduction in the rate of CO2 fixation, thus reducing photosynthetic rate (Demirevska-
Kepova et al. 2004; Gusman et al. 2013). Heavy metal-induced overproduction of 
free radical results in distortion of chloroplasts membranes, thus interfering with 
CO2 assimilation and photosynthetic activity (Stoeva and Bineva 2003; Demirevska-
Kepova et al. 2004; Gusman et al. 2013). Demirevska-Kepova et al. (2004) observed 
reduction in biomass accumulation and inhibition in enzyme activity, thus affecting 
CO2 fixation. Stoeva et al. (2005) revealed that subjection of As-stress to Zea mays 
L. decreased the rate of CO2 fixation with a noteworthy diminution in the function-
ing of PS-II. Application of As also leads to significant decrease in the chlorophyll 
fluorescence ratio, rate of CO2 fixation, PS-II functioning, and consequently dimin-
ished photosynthetic efficiency (Stoeva and Bineva 2003; Chandrakar et al. 2016). 
Plant growth reduction due to HM contamination may possibly be attributed due to 
inhibition of enzymes of Calvin cycle, thus diminished rate of CO2 fixation, and also 
by restrictive transport of carbohydrates from source to sink regions. Because of 
reduced pace of CO2 fixation, recovering of NADP+ get stopped (final electron 
acceptor), leading to decreased photosynthetic electron transport. This overall pro-
cess leads to decrease in the rate of electron transport and excess generation of 
excitation energy. As a result, the excess excitation energy thus produced, stimulate 
the alternative pathways of electron transport like, water-water cycle and photores-
piration, leading to excess leakage of electrons out of electron transport chain 
(Gusman et al. 2013).
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Stomatal Conductance

Heavy metals are well known to destroy the structures of plasma membranes. Any 
damage to the outer membranes results in disparity in the uptake and transportation 
of essential nutrients and ions in the plant cells which ultimately lead to reduction 
in the stomatal conductance (Paivoke and Simola 2001). Inhibition of key enzymes 
like δ-aminolevulinic acid dehydratase and increased activity of chlorophyllase 
(pigment degrading enzyme) leads to the increase/decrease in the concentration of 
pigment and stomatal conductance under HM stress (Sharma and Dubey 2005; 
Xalxo and Keshavkant 2019). Subjection of plants to HMs/metalloids leads to 
deposition of these in the cuticles which envelop the guard cells and its auxiliary 
cells that result in decreased stomatal opening (Rucinska-Sobkowiak 2016). Lead 
toxicity has been shown to decrease the stomatal aperture, which later leads to clos-
ing of stomata that result in slower diffusion of water vapors due to the greater 
diffusion gradient of it (Bondada and Oosterhuis 2000). Presence of Pb limits the 
compounds that are responsible for maintenance of cell wall plasticity and turgor 
pressure thus resulting in lowering of cellular water potential and thereby inducing 
stomatal closure. Closed stomata may also be an outcome of inhibited energy sys-
tem or altered K+ fluxes through membranes or Pb-induced ABA accumulation or 
all of these (Sharma and Dubey 2005). Furthermore, As interrupts with microtu-
bules assembly during cell division and thus normal cell cycle regulation get ham-
pered. Eventually, the regular pattern of cell division ceases, and there is a formation 
of abnormal stomata, thus leading to reduction in growth of plant (Gupta and 
Bhatnagar 2015). Heavy metal-induced detrimental effects include decrease in 
rates of photosynthesis, transpiration, and stomatal conductance which hampers the 
water and ion uptake (Milivojevic et al. 2006). Anjum et al. (2016) observed clos-
ing of stomata due to the Cd or As contamination which leads to deprivation of 
CO2; thus it arrests photosynthetic carbon assimilation and also reduces rate of 
transpiration. In Arachis hypogaea, Shi and Cai (2008) revealed reduction in net 
photosynthetic rate in association with decreased stomatal conductance and photo-
synthetic pigment under Cd stress. Studies have reported that Ni stress inhibits rate 
of photosynthesis due to the decreased stomatal conductance (Seregin and 
Kozhevnikova 2006; Ahmed and Hader 2010). Heavy metal-induced decline in 
photosynthesis rate suggests that restriction in the stomatal conductance leads to 
decreased internal CO2 level and as a result decrease in rate of photosynthesis 
(Gusman et al. 2013).

14.4.2.3  �Nutrient and Water Uptake

Micro- and Macronutrients

Mineral nutrients are the major components of the plant structural component, 
thereby providing mechanical support to plants. These micronutrients also play a 
vital role in plant growth and development. However, HM toxicity may interfere 
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with uptake and transport of essential nutrients, thus disturbing the mineral compo-
sition. Both micro- and macronutrients aid in biosyntheses of macromolecules, like 
proteins, carbohydrates and nucleic acids, growth substances, and chlorophylls, and 
most importantly help in stress tolerance (Paivoke and Simola 2001). Reactive oxy-
gen species is accountable for oxidative damages to various biomolecules like pro-
teins, lipids, and nucleic acids, which in turn are responsible for different 
physiological amendments such as diminished growth, nutrient deficiency, 
decreased nutrient transport, genotoxicity, and retarded photosynthesis (Nagajyoti 
et al. 2010). Roots are the first tissues that interact with HMs and accumulate them 
inside the cells and disturb the nutrient uptake (Stoeva et al. 2005). Selectivity and 
permeability of root cell membranes also get modified due to HM contamination, 
thereby resuling in reduced uptake of nutrients (Gusman et al. 2013). Adequate con-
centration of nutrients helps plants in accumulation of biomass. Excess accrual of 
HM competes with nutrient ions for their binding with transport protein and thus 
interferes with the uptake of nutrients (Gusman et al. 2013). Significant reduction in 
uptake of nutrients and transfer of ions from ground to aboveground parts were 
revealed in As stressed Triticum aestivum L., and reduced nutrient uptake was asso-
ciated with decreased photosynthetic rate (Liu et  al. 2008; Gusman et  al. 2013). 
Plants obtain N from soil, in the form of nitrate or ammonium, but incidence of HM 
disturbs the N assimilation; thus genes that are accountable for transportation of 
nitrate and ammonium in plants are downregulated (Norton et al. 2008).

Water Relations

Apart from providing mechanical support to the plant and fixing it in the soil, the 
prime purpose of roots is the water absorption and transport of inorganic nutrients 
from soil. Generally, accumulation of HM is found higher in roots than other plant 
parts as it is the foremost organ to come in contact with HM ions (Seregin and 
Ivanov 2001; Chen et al. 2004; Małecka et al. 2008). Excessive availability of HM 
hampers the proficiency of the water flow by decreasing the rate of transpiration 
(Barcelo and Poschenrieder 1990). In roots, transport of water by the symplast and 
apoplast pathways also gets disturbed by HM exposure resulings into reduced water 
uptake (Steudle 2000, 2001). Heavy metal also inhibits the aquaporin activity and/
or alters the expression of these proteins, thus resulting in impairment of water 
transport through the membranes (Przedpelska-Wasowicz and Wierzbicka 2011). 
Subjection of HM leads to accumulation of callose in cell walls that is accountable 
for the reduced movement of water. Samardakiewicz et al. (2012) revealed that sub-
jection of Pb to Lemna minor roots resulted in accretion of callose within the plas-
modesmata. On the other hand, deposition of metals on cell walls leads to thickening 
of these, which increases the apoplast resistance to water flow. It has previously 
revealed that Pb was responsible for thickening in the cell wall (Krzesłowska et al. 
2009) and increased lignin content in Pisum sativum L. (Paivoke 1983) and Glycine 
max L. (Pawlak-Sprada et al. 2011), callose in Lemna minor roots (Samardakiewicz 
et al. 2012), and callose, pectins, cellulose, and sudanophilic lipid compounds in the 
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protonemata of Funaria hygrometrica (Krzesłowska et  al. 2009). Obstruction in 
leaf development due to the water deficit may be due to hampered transport of water 
to above parts of plants particularly to leaf. A quick reduction in osmotic potential, 
root vacuolization, and reorganization of tissues may be regarded as the strategy to 
enhance water retention in plants (Rucinska-Sobkowiak et al. 2013). It is proposed 
that modifications in the aquaporin permeability are linked with the alteration of 
aquaporin proteins by phosphorylation/dephosphorylation, the processes which 
may be controlled by abscisic acid (ABA). Plant exposure to HM may possibly 
stimulate augmentation in signaling compounds such as calcium ions, polyamines, 
and various plant hormones like ethylene, auxin, jasmonic acid (JA), salicylic acid 
(SA), and ABA.

14.4.3  �Phytotoxicity of Heavy Metals/Metalloids at Cellular 
and Molecular Levels

14.4.3.1  �Lipid Peroxidation

Lipid peroxidation is an indicator of oxidative injury, induced by various abiotic and 
biotic stresses including HM, and has been acknowledged in varied plant species 
(Cho and Park 2000; Cargnelutti et al. 2006; Ahsan et al. 2007; Wang et al. 2008; 
Cavusoglu et al. 2009; Pandey et al. 2009; Maheshwari and Dubey 2009; Chandrakar 
et al. 2017; Xalxo and Keshavkant 2018). Plants subjected to HM toxicity displayed 
an augmentation in lipid peroxidation reaction as a consequence of excess ROS 
generation (Chandrakar et al. 2017; Xalxo and Keshavkant 2018), and also accel-
eration in it might be done by the lipoxygenase with the formation of hydroperox-
ides (Huang et al. 2012). Heavy metal-induced production of free radical leads to 
deterioration of cellular components involving polyunsaturated fatty acid (PUFA) 
residues of phospholipids, which are tremendously susceptible to oxidation (Abd-
Allah et al. 2015). The PUFAs like linoleic acid (18:2) and linolenic acid (18:3) are 
predominantly vulnerable to attack of singlet oxygen (1O2) and hydroxyl radical 
(˙OH), resulting in the formation of lipid hydroperoxides (Ahmad et al. 2010). Lipid 
peroxidation is regarded as most detrimental process that occurs in plants during 
HM toxicity. Several aldehydic products such as malondialdehyde (MDA) and 
4-hydroxy-2-nonenal (HNE), along with hydroxyl and keto fatty acids, are gener-
ated as consequences of PUFA peroxidation under HM stress (Chandrakar  and 
Keshavkant 2018). Treatments of Cd, As, and Pb notably increased the accumula-
tion of lipid peroxidized products in Pisum sativum L. (Metwally et  al. 2005), 
Glycine max L. (Chandrakar et al. 2017), and Trigonella foenum graecum L. (Xalxo 
and Keshavkant 2018), respectively. In plant cells, some of the PUFA oxidation 
products function as secondary messengers either directly or after enzymatic modi-
fications (Mittler 2002; Miller et al. 2010).
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14.4.3.2  �Oxidative Damage to DNA

Subjection to abiotic stress like HM can harm DNA which can affect the strong 
steadiness of the plant genome (Chandrakar et al. 2017). The excessively accumu-
lated ROS are the key mediators of damage to cellular organization and significant 
biomolecules (Tuteja et al. 2009; Chandrakar et al. 2017). Binding of metals to the 
cellular nuclei results in modifications in DNA nucleotides, inter- and intra-
molecular cross-linking of DNA and proteins, and DNA fragmentation and reorga-
nization, which can further induce mutation (Nagajyoti et al. 2010). For example, 
when ROS is produced by oxidative stress nearby DNA, it forms a mutagenic adduct 
8-OxoG (7,8-dihydro-8-oxoguanine) that may possibly establish bonding with ade-
nine. If unchecked by the repair machinery, this may lead to transverse mutation 
from cytosine to thiamine (Cunningham 1997). Common genotoxic effects reported 
due to the As toxicity involve disruption of mitotic spindle fibers. In the seeds of 
Hordeum vulgare L., the degree of anomalies found in the chromosomes was related 
to As aggregation (Bandyopadhyay and Maity 1995). Chromosomal behavioral 
analysis of Cd exposed Pisum sativum L. root tips revealed increased frequency of 
chromosomal abnormalities like fragmentation, early and late separation of chro-
mosomes, single and double bridges, and chromosome agglutination (Siddique 
et al. 2009).

14.4.3.3  �Oxidative Damage to Proteins

Proteins on direct reaction with excess ROS undergo oxidative modifications. 
Interactions with MDA and HNE (lipid peroxidation products) also result in oxida-
tive stress (Xalxo and Keshavkant 2018). Both MDA and HNE produced as a result 
of lipid peroxidation undergo non-enzymatic condensation with free amino groups 
of proteins or nucleic acids, which leads to browning. Glycosylamine formed as a 
result rearranges to produce the Amadori product (1-amino-deoxyketose), which 
consequently degrades into intermediate products (MDA and HNE). These interme-
diates thus obtained mix with other amino groups which results in the formation of 
glycosylation end products. Oxidized protein is universally present and thus can be 
used as a marker to diagnose HM-imposed oxidative stress. Carbonylation is another 
irreversible and most frequently transpiring oxidative protein modulation under HM 
stress. It may result due to oxidation of amino acid side chains (leading to formation 
of arginine and proline to g-glutamyl semialdehyde, threonine to amino ketobutyr-
ate, and lysine to amino adipic semialdehyde). Reaction between proteins and lipid 
peroxidized products, for instance, HNE and MDA, may also initiate carboxylation 
reaction. Scientists have revealed that the content of protein carbonylation is found 
more in the mitochondria in comparison to the chloroplasts and peroxisomes which 
signifies that the mitochondria are more vulnerable to oxidative injury (Ahmad et al. 
2010; Gill and Tuteja 2010). Heavy metal-induced oxidative amendments of pro-
teins lead to various detrimental consequences on the cellular physiology of plants. 
The oxidative damage caused by excess ROS can be mild to brutal on cell functions 
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depending upon various factors such as fraction of biological molecules that are 
modified and for how much time the alteration persisted in the cell.

14.5  �Production of Reactive Oxygen Species and Antioxidant 
Defense Systems: Markers in Ecophysiological Studies

Overaccumulation of ROS is considered as the first biochemical modification when 
plants are exposed to HM-contaminated sites (Gill and Tuteja 2010; Chandrakar 
et al. 2017; Yadu et al. 2017; Xalxo and Keshavkant 2018). The ROS comprises of 
1O2, superoxide radical (O2˙−), hydrogen peroxide (H2O2), hydroperoxyl radical 
(HO2), ˙OH, hydroperoxide (ROOH), peroxyl radical (ROO˙), and alkoxyl radical 
(RO˙). These free radicals are extremely reactive and noxious and cause injury to 
various biomolecules like proteins, lipids, carbohydrates, and DNA which eventu-
ally leads to death of the cells (Gill and Tuteja 2010). Excess accrual of ROS, as a 
consequence of diverse environmental stresses including metal toxicity, affects crop 
yield and food security globally (Xalxo and Keshavkant 2018). Reactive oxygen 
species are generally shown to damage nucleic acids, oxidize proteins, and cause 
lipid peroxidation, thus hampering many cellular functions (Chandrakar et al. 2017; 
Xalxo and Keshavkant 2018). A severe imbalance occurs between production and 
elimination of ROS, and this disproportion later results in remarkable physiological 
challenges to the plants that is cumulatively termed as “oxidative syndrome” 
(Kovacik et al. 2010; Morina et al. 2010; Chandrakar et al. 2017; Yadu et al. 2017; 
Chandra et al. 2018). Heavy metals such as As, Cu, Cd, Cr, Fe, Hg, Pb, and Zn have 
the capability to stimulate the excess generation of ROS inside the cells (Duquesnoy 
et  al. 2010; Vanhoudt et  al. 2010, Korpe and Aras 2011; Márquez-García et  al. 
2011). The mechanism of ROS generation is dissimilar for redox-active and redox-
inactive metals (Pourrut et al. 2008; Opdenakker et al. 2012). Redox-active metals 
like Cu and Fe act as catalyst in the Haber-Weiss/Fenton reactions, wherein H2O2 
splits into •OH at a neutral pH (Sahi and Sharma 2005; Valko et al. 2006). On the 
other hand, redox-inactive metals like Cd, Pb, Hg, As, Zn, and Ni hamper enzymatic 
activities as they have strong affinity for –SH groups of the proteins (Pourrut et al. 
2011; Chandrakar et al. 2016). As redox-inactive metals have electron-sharing affin-
ities, they form covalent bonds with sulfhydryl groups of proteins. Heavy metals, 
particularly Pb, bind to functional groups (COOH) of protein molecules and inacti-
vate enzymes (Sharma and Dubey 2005; Gupta et  al. 2010). Additionally, HM 
induces displacement of vital cations from specific binding sites of enzymes, thus 
disturbing the intracellular ROS balance, resulting in excess accumulation of 
ROS.  Heavy metals are also proficient in depleting reduced glutathione (GSH) 
within plant cells (Bhaduri and Fulekar 2012). Depletion of major antioxidants due 
to the accumulation of HMs inside the cells also disrupts the ROS balance. Heavy 
metals also directly bind to GSH and its derivatives whose presence is obligatory to 
scavenge excess ROS generated in the plants, hence leading to ROS accrual in cell 
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(Lee et  al. 2003). In addition, plasma membrane-integrated NADPH oxidase is 
engaged in HM-induced oxidative injury (Pourrut et al. 2008, 2013; Potocky et al. 
2012). Reactive oxygen species generation via NADPH oxidase was revealed by 
Rodriguez-Serrano et  al. (2006), Hao et  al. (2006), and Pourrut et  al. (2008) in 
Pisum sativum L., Triticum durum L., and Vicia faba L. treated with Cd, Ni, and Pb, 
respectively.

To defend itself against these ROS, plant cells and its components (chloroplasts, 
mitochondria, and peroxisomes) utilize antioxidant security systems. Prior investi-
gations have confirmed that cellular antioxidant system is significant for defense 
against several stresses (Tuteja 2007; Singh et al. 2008; Chandrakar et al. 2017). 
The antioxidant defense machinery comprises of enzymatic and non-enzymatic 
factors. The superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase 
(APX), monodehydoascorbate reductase (MDHAR), dehydroascorbate reductase 
(DHAR), and glutathione reducaste (GR) are termed as enzymatic antioxidants, 
while GSH, ascorbate (AsA), carotenoids, and tocopherols (lipid soluble) are 
placed under non-enzymatic group (Chandrakar et  al. 2017; Yadu et  al. 2017; 
Xalxo and Keshavkant 2018). These antioxidants prevent additional buildup of 
ROS intracellularly, thus maintaining redox homeostasis in the cell (Gill and 
Tuteja 2010). Many examples of amendment in the antioxidant machinery imposed 
by HMs in various plant species are present in the literature (Miller et al. 2010; 
Ahmad et  al. 2011; Chandrakar et  al. 2017; Xalxo and Keshavkant 2018). 
Antioxidative restoration to metal toxicity depends upon the metal type, quantity, 
and plant species. In plants, major role of ROS homeostasis maintenance is played 
by AsA and GSH antioxidants. Elevation in AsA and reduction in GSH amount 
have been studied in Oryza sativa L. seedlings after Ni stress (Maheshwari and 
Dubey 2009). Exposure of Glycine max L. seedlings to Ni leads to loss in AsA 
amount (Prasad et al. 2005). Treatment of Phaseolus vulgaris L. seedlings to Cd, 
Pb, Hg, and Cu, separately, resulted in an amplification in AsA and tocopherol 
levels (Zengin and Munzuroglu 2006); similarly Cd treatment also exhibited a 
concentration reliant increase in the GSH levels of germinating Vicia faba L. seeds 
(Szollosi et al. 2009). The level of antioxidant enzymes escalated in the leaves of 
Pisum sativum L. and Trigonella foenum graecum L. plants in retaliation to Cd and 
Pb, respectively (Dixit et al. 2001; Xalxo and Keshavkant 2018). The SOD and 
CAT also enhanced in the plant cells after Hg exposure (Patra et al. 2004); also, 
gene expression of these enzymes was upregulated by Cr and Pb in Zea mays 
L. and Trigonella foenum graecum L., respectively (Labra et al. 2006; Xalxo and 
Keshavkant 2018). The antioxidant enzyme responses to HM stress depend on the 
tissues, for instance, application of Cd-induced GST in Pisum sativum L. roots, but 
no induction of GST was observed in leaves (Dixit et al. 2001). Similarly, GST 
was upregulated by Cu in germinating Oryza sativa L. embryos, but downregula-
tion was observed when whole seed was taken into consideration (Ahsan et  al. 
2007; Zhang et al. 2009).
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14.6  �Signal Transduction Under Heavy Metal/Metalloid 
Toxicity

To conserve the normal quantity of essential metal ions, plants have developed 
various methods to reduce their contact with HMs, which are non-essential for 
them. Few mechanisms required for homeostasis are common in all, but some of 
the processes target individual metal ions for their elimination from intracellular 
environment. When these two systems fail to overcome stress responses, plants 
put up a stress defense system including several proteins and signal transducing 
molecules like heat shock proteins, hormones, ROS, and most significantly the 
specific metal-responsive genes (Maksymiec 2007). However, diverse signal 
transduction pathways get initiated in response to HMs, most common of these 
includes the calcium calmodulin pathway, ROS signaling, hormones, and the 
MAPK phosphorylation pathway. Researchers have reported that HM toxicity in 
plants causes alterations in calcium (Ca) concentration, MAPK cascade, and tran-
scriptional modifications of the genes involved in stress defense (Shao et al. 2008, 
2009; Thapa et al. 2012).

14.6.1  �Calcium Calmodulin System

Calcium, a vital macronutrient, enters into plants via root systems and is transferred 
to the other parts of the plant through xylem (Tuteja et al. 2009; Ahmad et al. 2012). 
Calcium ion not only acts as a major component in all signaling systems but also 
plays a role during normal development and several biotic and abiotic stresses 
including HM (Tuteja and Mahajan 2007; Himschoot et al. 2015). In plants, expo-
sure of HM alters the concentration of cytoplasmic Ca2+ due to the influx of Ca2+ 
from outer environment of the cell, or due to the discharge of the stored intracellular 
Ca2+ inside the cell (Steinhorst and Kudla 2014). Plants consist of a range of Ca2+ 
sensors like calcineurin B-like proteins (CBLs), calmodulins (CaMs), calmodulin-
like proteins, and Ca2+-dependent protein kinases (CDPKs). These biological sen-
sors sense and decipher alterations in the levels of cytosolic Ca2+ and transmit it as 
signal for further response (Luan et al. 2002; Sanders et al. 2002; Dodd et al. 2010; 
Steinhorst and Kudla 2013). The Ca2+-dependent protein kinases are sensory pro-
teins that bind to Ca2+ directly prior to phosphorylation of substrates which are 
involved in signal pathway during various stresses (Hamel et al. 2006; Schulz et al. 
2013). Various experiments have been performed to explore the role of CBLs in 
plants vs. abiotic stresses. The identification and classification of CBLs have been 
done in several plant species including Cicer arietinum L. (Tripathi et al. 2009), 
Glycine max L. (Li et al. 2012), Vitis vinifera (Tripathi et al. 2009), and Solanum 
lycopersicum (de la Torre et al. 2013) to enhance their endurance toward abiotic 
stresses. In plants, higher intracellular accumulation of Ca2+ was observed under Cd 
stress, thus implementing adaptive techniques that help to mitigate the toxicity of 
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HM (Yang and Poovaiah 2003). The Ca-calmodulin system was seen to be intri-
cated in tolerance mechanisms of Nicotiana tabacum, in response to Ni and Pb 
toxicity. High amount of toleration toward Ni and sensitivity to Pb were observed in 
transgenic Nicotiana tabacum plant expressing NtCBP4 (Nicotiana tobacum 
calmodulin-binding protein). Another Ca2+ sensor, i.e., CDPKs, senses and relays 
the downstream signaling pathway cascade (Asano et al. 2012). It aids in the regula-
tion of Oryza sativa L. growth via continuous expression of CDPK gene (Manimaran 
et al. 2015). Reports have also proposed the possible mitigation of HM stress by the 
induction of exogenous Ca2+ which assists via influencing various vital processes of 
plants. Moreover, addition of Ca2+ also affects the action of defensive antioxidant 
enzymes (APX, GR, and SOD) (Ahmad et  al. 2015). Thus, the study of varied 
expression patterns of the Ca2+-binding proteins in plants against HM stress will be 
advantageous in further analysis of the functions and mechanisms behind Ca2+-
dependent signaling in plants.

14.6.2  �Plant Hormones

Phytohormones are universally present and play principal roles in growth and devel-
opment during plant life cycle (Divi and Krishna 2009). Auxin is known to be the 
best hormone for plant growth regulation; ABA positively influences bud dormancy 
and closing of stomata; cytokinin helps in delaying aging; gibberellin induces seed 
germination; and brassinosteroids regulate growth and development of plants (Sun 
et  al. 2005; Vert et  al. 2005; Jaillais and Chory 2010). Phytohormones are low 
molecular weight mediators between various signaling pathways, and they also 
influence plant retaliation to abiotic stresses (Bostock 2005). Significantly, ethylene 
(ET), SA, and JA are closely linked with the plant defense mechanisms vs. acting 
stress. The EIN2, EIN3, JAZ proteins, and AP2/ERF TF gene family are strongly 
influenced by ET and JA (Mauch-Mani and Mauch 2005; Fujita et al. 2006; Kazan 
2015). An investigation by Singh and Shah (2014) showed that subjection to JA 
increases antioxidant responses, hence leading to Cd stress endurance in Oryza 
sativa L. Thus, clearly suggesting that modulation in extent of plant hormones alters 
the plant response to HM stress. Increase in ET biosynthesis was reported by 
Rodriguez-Serrano et  al. (2009) in Pisum sativum L., Masood et  al. (2012) in 
Brassica oleraceae L., and Chmielowska-Bak et al. (2013) in Glycine max L. under 
Cd stress. Experiments done by Popova et al. (2009) in Cd stressed Pisum sativum 
L. revealed augmentation in the SA level which helped to defend leaves from lipid 
peroxidation. The results suggested that elevated concentration of intracellular SA 
accumulated after Cd treatment may act directly as an antioxidant or indirectly acti-
vate other antioxidant responses. Comparative transcriptome analysis of Oryza 
sativa L. seedlings treated with As(V) and As(III) showed that As modified the sig-
naling pathway and defense mechanism of the plant, revealing that As(III) pro-
foundly affects hormonal signaling processes such as ABA metabolism (Chakrabarty 
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et al. 2009). Additionally, the detailed study of signal cascade involving hormones 
under HM stress can help in growth of plants with increased stress bearing.

14.6.3  �Role of Reactive Oxygen Species

The recognition of stress signal and initiation switching of signal transduction path-
ways are the adaptive reactions that decides the existence of plants under stressed 
environment. Production and aggregation of ROS, particularly O2˙−, H2O2, ˙OH and 
1O2, is one of the stress stimuli. Due to HM stress, ROS is formed in huge amount 
which is termed as “oxidative burst,” an alarming signal to trigger the gene expres-
sion of transcription factors (TFs) and various other protective genes (Sharma et al. 
2012). The excessive formation of ROS disturbs the balance of the normal cellular 
functioning, resulting in oxidative harm to biomolecules (Karuppanapanadian et al. 
2011; Kapoor et al. 2015). These free radicals play a dual role that is based on time, 
site, and their quantities. Firstly, ROS at low concentration acts as a signal messenger 
and helps in eliciting response against several stresses, while at elevated concentra-
tion, it poses threat to the plant cell. Reactive oxygen species receptors include 
histidine kinases, redox-sensitive TFs, ROS-sensitive phosphatases, and redox-
regulated ion channels (Steffens 2014). Various scientists have revealed that ROS 
generation due to the HMs is confirmed by the accruals of lipid peroxidation prod-
ucts like MDA and HNE (Sharma et al. 2012; Rai et al. 2015; Chandrakar et al. 
2018; Xalxo and Keshavkant 2018). Studies have confirmed that HM like Cd causes 
lipid peroxidation and PCD in varied plant due to the agitation in the metabolism of 
cell organelles like chloroplasts and mitochondria (Cho and Seo 2005; Metwally 
et al. 2005; Bi et al. 2009). It has been revealed that subjection to Hg toxicity induces 
Ca2+ accrual, decreases free radical generation, and activates MAPKs, which con-
tributes to the plant resistance to Hg stress (Chen et al. 2014). As stated by various 
researchers, As contamination negatively affects regular growth and development of 
plants and instigates oxidative injury (Shri et al. 2009; Islam et al. 2015; Chandrakar 
et al. 2017). During stress condition, enzymatic and non-enzymatic antioxidant sys-
tems undergo several modifications (Dwivedi et  al. 2010; Kanwar and Poonam 
2015; Chandrakar et al. 2017). As a defense strategy, few mechanisms tackle toxic-
ity in the plants. The primary detoxification mechanism comprises increased anti-
oxidant activity which preserves homeostasis intracellularly by scavenging excess 
accumulated ROS, and secondary mechanism includes HM sequestration into the 
vacuoles by various peptides (Kumar et al. 2015). During stress condition, antioxi-
dant system is triggered to lessen the negative consequences due to excess ROS (Rai 
et al. 2011; Chandrakar et al. 2017; Yadu et al. 2017; Xalxo and Keshavkant 2018). 
Shri et  al. (2009), Chandrakar et  al. (2017), Yadu et  al. (2017), and Xalxo and 
Keshavkant (2018) reported amplified activities of CAT, SOD, POD, APX, and GR 
in Oryza sativa L., Glycine max L., Cajanus cajan L., and Trigonella foenum-
graecum L. seedlings, respectively, exposed to various HMs.
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14.6.4  �Mitogen-Activated Protein Kinase Cascade

Mitogen-activated protein kinases are serine/threonine kinases and are signaling 
molecules conserved throughout evolution in the plants (Jonak et  al. 2002). It is 
composed of MAP kinase kinase kinases, MAP kinase kinases, and MAP kinases 
(MAPKs/MPKs) (Nakagami et al. 2005). These molecules aid during stressed envi-
ronments and are significant in the establishment of tolerance while introducing the 
adaptive downstream signaling. Phosphorylation occurs in signal cascade of several 
TFs such as DREB, bZIP, NAC, and WRKY and thus affects normal functioning 
like differentiation, growth, and developmental and stress responses of cells (Lin 
and Aarts 2012). Transcriptional initiation of these MAPKs in Oryza sativa L. con-
firms its regulatory function in plant maturation, safety, and stress signaling (Kim 
et al. 2003). Genomic study of different plants explained that components of this 
signaling pathway are determined by multigene families. Approximately, 20 
MAPKs, 10 MAP kinase kinases, and 60–80 MAP kinase kinase kinases are a part 
of the Arabidopsis genome (Chen et al. 2012b), and similar quantities of these have 
also been reported in other species like Oryza sativa L. and Zea mays L. (Rao et al. 
2010). The purpose of MAPKs has been deliberated under variety of stresses. The 
MAPKs under physical factors like cold, heat, drought, and salinity are differen-
tially regulated in Oryza sativa L., proposing the participation of this gene family in 
stress signaling (Kumar et al. 2008; Chen et al. 2012a; Zhang et al. 2012). Jonak 
et al. (2004) reported four isoforms of MAPK in Medicago sativa seedlings when 
subjected to Cu or Cd stress. Similar results were also obtained by Yeh et al. (2007) 
in Oryza sativa L. after Cd-induced toxicity. In conclusion, all of these pathways 
together aid in the regulation of TFs that regulates genes necessary for plant adjust-
ment during stress.

14.7  �Assisting Plant to Survive: Future Directives 
and Perspectives

Accumulation of excessive HM in the environment has become a major threat 
due to its adverse effects in all the living organisms. Negative effects of HM 
toxicity on flora and fauna are a matter of serious concern globally. Even at low 
concentrations, HMs are very reactive and their concentrations gets build up in 
the food web, leading to detrimental effects to all the living organisms. Various 
detrimental consequences of elevated or lethal concentrations of HM ions to 
sensitive plants include reduced growth, crop productivity, and yields. 
Developing the mechanisms to help plants for the management of HM toxicity 
may be useful in creating new ideas for the remediation of HM.  Presently, 
researchers are more worried in developing novel technologies of least expen-
sive and eco-friendly land retrieval techniques. Currently, there is a couple of 
biotechnological approaches to limit the negative consequences of HM contami-
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nations in the natural environments. First approach involves increasing the HM 
uptake capacity of plants for the amplification of their efficacy in phytoremedia-
tion of HM from contaminated sites. Another strategy includes the enhancing 
plant tolerance against HMs, which increases plant growth and crop yield. 
Genetic manipulation of transporter gene responsible for localization of HM is 
reassuring step as the encoded proteins can effectively regulate the entry, circu-
lation, and accrual of metal ions in the plant tissues. On the other hand, the 
modifications of membrane transporters to decrease the uptake and transfer of 
particular HM ions may result in disparity in maintaining the redox state of 
essential metal ions. Therefore, molecular and cellular adaptation seems manda-
tory to improve their tolerance against HM toxicity, which hampers the HM 
entry into the food chain. It is confirmed that the overaccumulations of HMs are 
also responsible for imbalance in the homeostasis of antioxidants and slanting 
the balance that induces the ROS generation and its interference in normal func-
tioning of cellular macromolecules (proteins, lipids, nucleic acids, etc.) and 
organelles. Additionally, PCs and metalothionins (MTs), responsible for metal 
sequestration, and their functional diversity and molecular adaptability are 
attracting the scientist regarding the HM detoxification and regulating the cel-
lular ion balance. Both PCs and MTs interact with antioxidant defense system 
directly or indirectly and aid plants in transporting and distributing excessive 
HM ion between different tissues in a time- or tissue-specific manner. Glutathione 
also plays a major role in HM entry, passage, compartmentation, sequestration, 
and formation of specific metal-binding ligands such as PCs. The modification 
in gene expression of PCs is one of the potential mechanisms for amplifying the 
plant efficiency for phytoremediation. Understanding the consequences of gene 
expression of the GSH/PC biosynthetic pathways, probably in a tissue-specific 
manner, on metal tolerance and accumulation may lead to understanding of their 
usefulness in remediation of HM toxicity. There are evidences that used trans-
genic plants which overexpressed PCs and conferred HM tolerance. Presently, 
scientists are using microorganisms for the removal or remediation of HM stress. 
Strategies developed by microbes for sustained survival in HM-polluted sites 
include various mechanisms such as bioaccumulation, biomineralization, bio-
sorption, and biotransformation. Signaling pathways like MAPK cascades trig-
ger environmental and developmental signals into adaptive and programmed 
responses in response to HM stress. Various important physiological and devel-
opmental processes like stress and hormonal responses and innate immunity are 
controlled by MAPK cascade. Extensive investigations are required for finding 
of suitable substrates of MAPKs and their association with other signaling mol-
ecules. Importantly, for detailed understanding of the detrimental effects of 
HMs on seeds/seedlings, the knowledge about the signaling networks needs to 
be explored including the interaction of ROS, reactive nitrogen species, and 
seed/plant hormones with HMs.
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14.8  �Conclusions

It is evident from various researches that non-judicious use and excessive presence 
of HM have lethal consequences on flora and fauna. It is evident that there are vari-
ous substitutes, by political or social actions decreasing the discharge of toxic pol-
lutants into the natural environments, utilization of genetically modified plants or 
the use of naturally occurring tolerant crops, which may aid to defeat contaminated 
environmental conditions. Nevertheless, extensive research programs are required 
for enhanced understanding of deleterious impacts of HM on the living system and 
its related areas to control the ecological redox of our environment.

Acknowledgments  The authors would like to thank the University Grants Commission, New 
Delhi, for awarding Rajiv Gandhi National Fellowship [No. F1-17.1/2014-15/RGNF-2014-15-ST-
CHH-86720, dated February, 2015] to Roseline Xalxo, and Department of Science and Technology, 
New Delhi, for awarding INSPIRE fellowship [DST/INSPIRE Fellowship/2013/791, dated 
17.01.2014] to Vibhuti Chandrakar. Authors are also grateful to Department of Science & 
Technology, New Delhi, for financial support through DST-FIST scheme (Sanction No. 2384/
IFD/2014-15, dated 31.07.2014) and National Center for Natural Resources [IR/SO/LU/0008/ 
2011, dated 03.07.2012].

References

Abd-Allah EF, Abeer H, Alqarawi AA, Alwathnani HA (2015) Alleviation of adverse impact of 
cadmium stress in sunflower (Helianthus annuus L.) by arbuscular mycorrhizal fungi. Pak J 
Bot 47:785–795

Agnihotri A, Seth CS (2016) Exogenously applied nitrate improves the photosynthetic perfor-
mance and nitrogen metabolism in tomato (Solanum lycopersicum L. cv Pusa Rohini) under 
arsenic (V) toxicity. Physiol Mol Biol Plants 22:341–349

Ahmad P, Jaleel CA, Salem MA, Nabi G, Sharma S (2010) Roles of enzymatic and non enzymatic 
antioxidants in plants during abiotic stress. Crit Rev Biotechnol 30:161–175

Ahmad P, Nabi G, Ashraf M (2011) Cadmium-induced oxidative damage in mustard [Brassica 
juncea (L.) Czern. & Coss.] plants can be alleviated by salicylic acid. S Afr J Bot 77:36–44

Ahmad P, Ozturk M, Gucel S (2012) Oxidative damage and antioxidants induced by heavy 
metal stress in two cultivars of Mustard (Brassica juncea L.) Plants. Fresenius Environ Bull 
21:2953–2961

Ahmad P, Sarwat M, Bhat NA, Wani MR, Kazi AG, Tran LSP (2015) Alleviation of cadmium 
toxicity in Brassica juncea L. (Czern. & Coss.) by calcium application involves various physi-
ological and biochemical strategies. PLoS One 10:e0114571. https://doi.org/10.1371/journal.
pone.0114571

Ahmed H, Hader DP (2010) Rapid ecotoxicological bioassay of nickel and cadmium using motil-
ity and photosynthetic parameters of Euglena gracilis. Environ Exp Bot 69:68–75

Ahsan N, Lee DG, Lee SH, Kang KY, Lee JJ, Kim PJ, Yoon HS, Kim JS, Lee BH (2007) Excess 
copper induced physiological and proteomic changes in germinating rice seeds. Chemosphere 
67:1182–1193

Anjum SA, Tanveer M, Hussain S, Shahzad B, Ashraf U, Fahad S, Hassan W, Jan S, Khan I, 
Saleem MF, Bajwa AA, Wang L, Mahmood A, Samad RA, Tung SA (2016) Osmoregulation 
and antioxidant production in maize under combined cadmium and arsenic stress. Environ Sci 
Pollut Res 23:11864–11875

14  Ecophysiological Responses of Plants Under Metal/Metalloid Toxicity

https://doi.org/10.1371/journal.pone.0114571
https://doi.org/10.1371/journal.pone.0114571


418

Appenroth KJ, Teller S, Horn M (1996) Photophysiology of turion formation and germination in 
Spirodela polyrhiza. Biol Plant 38:95–106

Aravind P, Prasad MNV (2005) Modulation of cadmium-induced oxidative stress in Ceratophyllum 
demersum by zinc involves ascorbate-glutathione cycle and glutathione metabolism. Plant 
Physiol Biochem 43:107–116

Ardisana EFH, Suarez M, Alvarez SP (2018) Molecular and biochemical characterization of oxi-
dative stress in tomato plants cultivated with lead (Pb). Horti Inter J 6:399–402

Asano T, Hayashi N, Kobayashi M, Aoki N, Miyao A, Mitsuhara I, Ichikawa H, Komatsu S, 
Hirochika H, Kikuchi S, Ohsugi R (2012) A rice calcium-dependent protein kinase OsCPK12 
oppositely modulates salt-stress tolerance and blast disease resistance. Plant J 69:26–36

Asgher M, Khan NA, Khan MIR, Fatma M, Masood A (2014) Ethylene production is associated 
with alleviation of cadmium-induced oxidative stress by sulfur in mustard types differing in 
ethylene sensitivity. Ecotoxicol Environ Saf 106:54–61

Assunceaao AGL, Costa Martins PDA, De Folter S, Vooijs R, Schat H, Aarts MGM (2001) 
Elevated expression of metal transporter genes in three accessions of the metal hyperaccumu-
lator Thlaspi caerulescens. Plant Cell Environ 24:217–226

Axelsen KB, Palmgren MG (2001) Inventory of the superfamily of P-type ion pumps in 
Arabidopsis. Plant Physiol 126:696–706

Babu NG, Sarma PA, Attitalla IH, Murthy SDS (2010) Effect of selected heavy metal ions on the 
photosynthetic electron transport and energy transfer in the thylakoid membrane of the cyano-
bacterium, Spirulina platensis. Acad J Plant Sci 3:46–49

Bandyopadhyay B, Maity S (1995) Comparison of clastogenic effects of two arsenic salts on plant 
system in vivo. J Cytol Genet 30:35–39

Barberon M, Zelazny E, Robert S, Conejero G, Curie C, Friml J (2011) Monoubiquitin-dependent 
endocytosis of the IRON-REGULATED TRANSPORTER 1 (IRT1) transporter controls iron 
uptake in plants. Proc Natl Acad Sci 108:E450–E458

Barcelo J, Poschenrieder C (1990) Plant water relations as affected by heavy metal stress: a review. 
J Plant Nutr 13:1–37

Belouchi A, Cellier M, Kwan T, Saini HS, Leroux G, Gros P (1995) The macrophage- specific 
membrane protein Nramp controlling natural resistance to infections in mice has homologues 
expressed in the root system of plants. Plant Mol Biol 29:1181–1196

Belouchi A, Kwan T, Gros P (1997) Cloning and characterization of the OsNramp family from 
Oryza sativa, a new family of membrane proteins possibly implicated in the transport of metal 
ions. Plant Mol Biol 33:1085–1092

Bereczky Z, Wang HY, Schubert V, Ganal M, Bauer P (2003) Differential regulation of nramp 
and irt metal transporter genes in wild type and iron uptake mutants of tomato. J Biol Chem 
278:24697–24704

Bhaduri AM, Fulekar MH (2012) Antioxidant enzyme responses of plants to heavy metal stress. 
Rev Environ Sci Biotechnol 11:55–69

Bi YH, Chen WL, Zhang WN, Zhou Q, Yun L, Xing D (2009) Production of reactive oxygen spe-
cies, impairment of photosynthetic function and dynamic changes in mitochondria are early 
events in cadmium induced cell death in Arabidopsis thaliana. Biol Cell 101:629–643

Bondada BR, Oosterhuis DM (2000) Comparative epidermal ultrastructure of cotton (Gossypium 
hirsutum L) leaf, bract and capsule wall. Ann Bot 86:1143–1152

Bostock RM (2005) Signal crosstalk and induced resistance: straddling the line between cost and 
benefit. Annu Rev Phytopathol 43:545–580

Bovet L, Eggmann T, Meylan-Bettex M, Polier J, Kammer P, Marin E, Feller U, Martinoia E 
(2003) Transcript levels of AtMRPs after cadmium treatment: induction of AtMRP3. Plant Cell 
Environ 26:371–381

Bovet L, Feller U, Martinoia E (2005) Possible involvement of plant ABC transporters in cadmium 
detoxification: a cDNA sub-microarray approach. Environ Int 31:263–267

Cargnelutti D, Tabaldi LA, Spanevello RM, Jucoski GD, Battisti V, Redin M, Linares CEB, 
Dressler VL, Flores EMD, Nicoloso FT, Morsch VM, Schetinger MRC (2006) Mercury toxic-
ity induces oxidative stress in growing cucumber seedlings. Chemosphere 65:999–1006

R. Xalxo et al.



419

Cavusoglu K, Ergene A, Yalcin E, Tan S, Cavusoglu K, Yapar K (2009) Cytotoxic effects of lead 
and mercury ions on root tip cells of Cicer arietinum L. Fresenius Environ Bull 18:1654–1661

Chakrabarty D, Trivedi PK, Misra P, Tiwari M, Shri M, Shukla D, Kumar S, Rai A, Pandey A, 
Nigam D, Tripathi RD, Tuli R (2009) Comparative transcriptome analysis of arsenate and 
arsenite stresses in rice seedlings. Chemosphere 74:688–702

Chandra J, Parkhey S, Keshavkant S (2018) Ageing-regulated changes in genetic integrity of two 
recalcitrant seeded species having contrasting longevity. Tress 32:109–123

Chandrakar V, Keshavkant S (2018) Growth and metabolic responses of Glycine max L. to arsenate 
and arsenite: a comparative assessment. Bangladesh J Bot 47:105–113

Chandrakar V, Naithani SC, Keshavkant S (2016) Arsenic-induced metabolic disturbances and 
their mitigation mechanisms in crop plants: a review. Biologia 71:367–377

Chandrakar V, Parkhey S, Dubey A, Keshavkant S (2017) Modulation in arsenic-induced lipid 
catabolism in Glycine max L. using proline, 24-epibrassinolide and diphenylene iodonium. 
Biologia 72:292–299

Chandrakar V, Dubey A, Keshavkant S (2018) Modulation of arsenic-induced oxidative stress and 
protein metabolism by diphenyleneiodonium, 24-epibrassinolide and proline in Glycine max 
L. Acta Bot Croat 77:51–61

Chaturvedi AD, Pal D, Penta S, Kumar A (2015) Ecotoxic heavy metals transformation by bacteria 
and fungi in aquatic ecosystem. World J Microbiol Biotechnol 31:1595–1603

Chen CT, Chen TH, Lo KF, Chiu CY (2004) Effects of proline on copper transport in rice seedlings 
under excess copper stress. Plant Sci 166:103–111

Chen JH, Jiang HW, Hsieh EJ, Chen HY, Chein CT, Hseih HL, Lin TP (2012a) Drought and salt 
stress tolerance of an Arabidopsis glutathione S-transferase U17 knockout mutant are attrib-
uted to the combined effect of glutathione and abscisic acid. Plant Physiol 158:340–351

Chen L, Hu W, Tan S, Wang M, Ma Z, Zhou S, Deng X, Zhang Y, Huang C, Yang G, He G 
(2012b) Genome-wide identification and analysis of MAPK and MAPKK gene families in 
Brachypodium distachyon. PLoS One 7:e46774. https://doi.org/10.1371/journal.pone.0046744

Chen YA, Chi WC, Trinh NN, Huang LY, Chen YC, Cheng KT, Huang TL, Lin CY, Huang HJ 
(2014) Transcriptome profiling and physiological studies reveal a major role for aromatic 
amino acids in mercury stress tolerance in rice seedlings. PLoS One 9:e95163. https://doi.
org/10.1371/journal.pone.0095163

Chmielowska-Bak J, Lefevre I, Lutts S, Deckert J (2013) Short term signaling responses in roots of 
young soybean seedlings exposed to cadmium stress. J Plant Physiol 170:1585–1594

Cho UH, Park JO (2000) Mercury-induced oxidative stress in tomato seedlings. Plant Sci 156:1–9
Cho UH, Seo NH (2005) Oxidative stress in Arabidopsis thaliana exposed to cadmium is due to 

hydrogen peroxide accumulation. Plant Sci 168:113–120
Cunningham RP (1997) DNA repair: caretakers of the genome? Curr Biol 7:576–579
Curie C, Alonso JM, Le Jean M, Ecker JR, Briat JF (2000) Involvement of NRAMP1 from 

Arabidopsis thaliana in iron transport. Biochem J 347:749–755
D’Amore JJ, Al-Abed SR, Scheckel KG, Ryan JA (2005) Methods for speciation of metals in soils: 

a review. J Environ Qual 34:1707–1745
de la Torre F, Gutierrez-Beltran E, Pareja-Jaime Y, Chakravarthy S, Martin GB, del Pozo O (2013) 

The tomato calcium sensor Cbl10 and its interacting protein kinase Cipk6 define a signaling 
pathway in plant immunity. Plant Cell 25:2748–2764

Delhaize E, Kataoka T, Hebb DM, White RG, Ryan PR (2003) Genes encoding proteins of the 
cation diffusion facilitator family that confer manganese tolerance. Plant Cell 15:1131–1142

Demirevska-Kepova K, Simova Stoilova L, Stoyanova Z, Holzer R, Feller U (2004) Biochemical 
changes in barley plants after excessive supply of copper and manganese. Environ Exp Bot 
52:253–266

Divi UK, Krishna P (2009) Brassinosteroid: a biotechnological target for enhancing crop yield and 
stress tolerance. New Biotechnol 26:131–136

Dixit V, Pandey V, Shyam R (2001) Differential oxidative responses to cadmium in roots and 
leaves of pea (Pisum sativum L cv. Azad). J Exp Bot 52:1101–1109

14  Ecophysiological Responses of Plants Under Metal/Metalloid Toxicity

https://doi.org/10.1371/journal.pone.0046744
https://doi.org/10.1371/journal.pone.0095163
https://doi.org/10.1371/journal.pone.0095163


420

Dixit R, Wasiullah E, Malaviya D, Pandiyan K, Singh U, Sahu A, Shukla R, Singh B, Rai J, Sharma 
P, Lade H, Paul D (2015) Bioremediation of heavy metals from soil and aquatic environment: 
an overview of principles and criteria of fundamental processes. Sustainability 7:2189–2212

Dodd I, Zinovkina N, Safronova V, Belimov A (2010) Rhizobacterial mediation of plant hormone 
status. Ann Appl Biol 157:361–379

Drzewiecka K, Ga secka M, Rutkowski P, Magdziak Z, Golinski P, Mleczek M (2018) Arsenic 
forms and their combinations induce differences in phenolic accumulation in Ulmus laevis Pall. 
J Plant Physiol 220:34–42

Duquesnoy I, Champeau GM, Evray G, Ledoigt G, Piquet-Pissaloux A (2010) Enzymatic adapta-
tions to arsenic-induced oxidative stress in Zea mays and genotoxic effect of arsenic in root tips 
of Vicia faba and Zea mays. C R Biol 333:814–824

Dwivedi S, Tripathi RD, Tripathi P, Kumar A (2010) Arsenate exposure affects amino acids, min-
eral nutrient status and antioxidants in rice (Oryza sativa L.) genotypes. Environ Sci Technol 
44:9542–9549

Farnese FS, Oliveira JA, Paiva EAS, Menezes-Silva PE, da Silva AA, Campos FV, Ribeiro C (2017) 
The involvement of nitric oxide in integration of plant physiological and ultrastructural adjust-
ments in response to arsenic. Front Plant Sci 8:516. https://doi.org/10.3389/fpls.2017.00516

Farooq MA, Gill RA, Ali B, Wang J, Islam F, Ali S, Zhou W (2015) Oxidative injury and anti-
oxidant enzymes regulation in arsenic-exposed seedlings of four Brassica napus L. cultivars. 
Environ Sci Pollut Res 22:10699–10712

Farooq MA, Islam F, Ali B, Najeeb U, Mao B, Gill RA, Yan G, Siddique KHM, Zhou W (2016) 
Arsenic toxicity in plants: cellular and molecular mechanisms of its transport and metabolism. 
Environ Exp Bot 132:42–52

Farooq MA, Islam F, Yang C, Nawaz A, Athar H, Gill RA, Ali B, Song W, Zhou W (2017) 
Methyl jasmonate alleviates arsenic-induced oxidative damage and modulates the ascorbate-
glutathione cycle in oilseed rape roots. Plant Growth Regul 84:135–148

Finkemeier I, Kluge C, Metwally A, Georgi M, Grotjohann N, Dietz KJ (2003) Alterations in 
Cd-induced gene expression under nitrogen deficiency in Hordeum vulgare. Plant Cell Environ 
26:821–833

Fodor E, Szabó-Nagy A, Erdei L (1995) The effects of cadmium on the fluidity and H+-ATPase 
activity of plasma membrane from sunflower and wheat roots. J Plant Physiol 147:87–92

Fujita M, Fujita Y, Noutoshi Y, Takahashi F, Narusaka Y, Yamaguchi-Shinozaki K (2006) Crosstalk 
between abiotic and biotic stress responses: a current view from the points of convergence in 
the stress signaling networks. Curr Opin Plant Biol 9:436–442

Ghnaya AB, Charles G, Hourmant A, Hamida JB, Branchard M (2009) Physilogical behavior of 
four rapeseed cultivar (Brassica napus L.) submitted to metal stress. C R Biol 332:363–370

Gill SS, Tuteja N (2010) Reactive oxygen species and antioxidant machinery in abiotic stress toler-
ance in crop plants. Plant Physiol Biochem 48:909–930

Gomes MP, Carneiro MMLC, Nogueira COG, Soares AM, Garcia QS (2013) The system modulat-
ing ROS content in germinating seeds of two Brazilian savanna tree species exposed to As and 
Zn. Acta Physiol Plant 35:1011–1022

Guerinot ML (2000) The ZIP, family of metaltransporters. Biochim Biophys Acta 1465:190–198
Guo JB, Dai X, Xu WZ, Ma M (2008) Over-expressing GSH1 and AsPCS1 simultaneously 

increases the tolerance and accumulation of cadmium and arsenic in Arabidopsis thaliana. 
Chemosphere 72:1020–1026

Gupta P, Bhatnagar AK (2015) Spatial distribution of arsenic in different leaf tissues and its effect 
on structure and development of stomata and trichomes in mung bean, Vigna radiata (L.) 
Wilczek. Environ Exp Bot 109:12–22

Gupta DK, Huang HG, Yang XE, Razafi ndrabe BHN, Inouhe M (2010) The detoxifi cation of 
lead in Sedum alfredii H. is not related to phytochelatins but the glutathione. J Hazard Mater 
177:437–444

R. Xalxo et al.

https://doi.org/10.3389/fpls.2017.00516


421

Gusman GS, Oliveira JA, Farnese FS, Cambraia J (2013) Mineral nutrition and enzymatic adap-
tation induced by arsenate and arsenite exposure in lettuce plants. Plant Physiol Biochem 
71:307–314

Hamel LP, Nicole MC, Sritubtim S, Morency MJ, Ellis M, Ehlting J, Beaudoin N, Barbazuk B, 
Klessig D, Lee J, Martin J, Mundy J, Ohashi Y, Scheel D, Sheen J, Xing T, Zhang S, Seguin 
A, Ellis BE (2006) Ancient signals: comparative genomics of plant MAPK and MAPKK gene 
families. Trends Plant Sci 11:192–198

Hanikenne M, Talke IN, Haydon MJ, Lanz C, Nolte A, Motte P, Kramer U (2008) Evolution of 
metal hyperaccumulation required cis-regulatory changes and triplication of HMA4. Nature 
453:391–395

Hao F, Wang X, Chen J (2006) Involvement of plasma-membrane NADPH oxidase in nickel-
induced oxidative stress in roots of wheat seedlings. Plant Sci 170:151–158

Hayat S, Khalique G, Irfan M, Wani AS, Tripathi BN, Ahmad A (2012) Physiological changes 
induced by chromium stress in plants: an overview. Protoplasma 249:599–611

Himschoot E, Beeckman T, Friml J, Vanneste S (2015) Calcium is an organizer of cell polarity in 
plants. Biochim Biophys Acta 1853(9):2168–2172

Huang H, Gupta DK, Tian S, Yang X, Li T (2012) Lead tolerance and physiological adapta-
tion mechanism in roots of accumulating and non-accumulating ecotypes of Sedum alfredii. 
Environ Sci Pollut Res 19:1640–1651

Islam E, Khan MT, Irem S (2015) Biochemical mechanisms of signaling: perspectives in plant 
under arsenic stress. Ecotoxicol Environ Saf 114:126–133

Ivanov AG, Krol M, Sveshnikov D, Selstam E, Sandstrom S, Koochek M, Park YI, Vasilev S, 
Bruce D, Oquist G, Huner NP (2006) Iron deficiency in cyanobacteria causes monomerization 
of photosystem I trimers and reduces the capacity for state transitions and the effective absorp-
tion cross section of photosystem I in vivo. Plant Physiol 141:1436–1445

Jaillais Y, Chory J (2010) Unraveling the paradoxes of plant hormone signaling integration. Nat 
Struct Mol Biol 17:642–645

Janik E, Grudzinski W, Gruszecki WI, Krupa Z (2008) The xanthophylls cycle pigments in Secale 
cereal leaves under combined Cd and high light stress conditions. J Phytochem Photobiol B 
90:47–52

Jonak C, Okresz L, Bogre L, Hirt H (2002) Complexity, cross talk and integration of plant MAP 
kinase signalling. Curr Opin Plant Biol 5:415–424

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

Kanwar MK, Poonam BR (2015) Arsenic induced modulation of antioxidative defense system and 
brassinosteroids in Brassica juncea L. Ecotoxicol Environ Saf 115:119–125

Kapoor D, Sharma R, Handa N, Kaur H, Rattan A, Yadav P, Gautam V, Kaur R, Bhardwaj R (2015) 
Redox homeostasis in plants under abiotic stress: role of electron carriers, energy metabolism 
mediators and proteinaceous thiols. Front Environ Sci 3:1–12

Karuppanapanadian T, Moon JC, Kim C, Manoharan K, Kim W (2011) Reactive oxygen species 
in plants: their generation, signal transduction, and scavenging mechanisms. Aust J Crop Sci 
5:709–725

Kasim WA (2006) Changes induced by copper and cadmium stress in the anatomy and grain yield 
of Sorghum bicolor (L) Moench. Int J Agric Biol 8:123–128

Kazan K (2015) Diverse roles of jasmonates and ethylene in abiotic stress tolerance. Trends Plant 
Sci 20:219–229

Kim CY, Liu Y, Thorne ET, Yang H, Fukushige H, Gassmann W, Hildebrand D, Sharp RE, Zhang 
S (2003) Activation of a stress-responsive mitogen-activated protein kinase cascade induces the 
biosynthesis of ethylene in plants. Plant Cell 15:2707–2718

Kim SH, Lee HS, Song WY, Choi KS, Hur Y (2007) Chloroplast-targeted BrMT1 (Brassica rapa 
type-1 metallothionein) enhances resistance to cadmium and ROS in transgenic Arabidopsis 
plants. J Plant Biol 50:1–7

14  Ecophysiological Responses of Plants Under Metal/Metalloid Toxicity



422

Korpe DA, Aras S (2011) Evaluation of copper-induced stress on eggplant ( Solanum melongena 
L.) seedlings at the molecular and population levels by use of various biomarkers. Mutat Res 
719:29–34

Kovacik J, Klejdus B, Hedbavny J, Backor M (2010) Effect of copper and salicylic acid on phe-
nolic metabolites and free amino acids in Scenedesmus quadricauda (Chloro-phyceae). Plant 
Sci 178:307–311

Krzesłowska M, Lenartowska M, Mellerowicz EJ, Samardakiewicz S, Woźny A (2009) Pectinous 
cell wall thickenings formation-A response of moss protonemata cells to lead. Environ Exp 
Bot 65:119–131

Krzesłowska M, Lenartowska M, Samardakiewicz S, Bilski H, Woźny A (2010) Lead deposited 
in the cell wall of Funaria hygrometrica protonemata is not stable–a remobilization can occur. 
Environ Pollut 158:325–338

Kumar K, Rao KP, Sharma P, Sinha AK (2008) Differential regulation of rice mitogen activated 
protein kinase kinase (MKK) by abiotic stress. Plant Physiol Biochem 46:891–897

Kumar M, Bijo AJ, Baghel RS, Reddy CRK, Jha B (2012) Selenium and spermine alleviate cad-
mium induced toxicity in the red seaweed Gracilaria dura by regulating antioxidants and DNA 
methylation. Plant Physiol Biochem 51:129–138

Kumar S, Asif MH, Chakrabarty D, Tripathi RD, Dubey RS, Trivedi PK (2015) Comprehensive 
analysis of regulatory elements of the promoters of rice sulphate transporter gene family and 
functional characterization of OsSul1;1 promoter under different metal stress. Plant Signal 
Behav 10:4. https://doi.org/10.4161/15592324.2014.990843

Labra M, Gianazza E, Waitt R, Eberini I, Sozzi A, Regondi S, Grassi F, Agradi E (2006) Zea mays L. 
protein changes in response to potassium dichromate treatments. Chemosphere 62:1234–1244

Lang I, Sassmann S, Schmidt B, Komis G (2014) Plasmolysis: loss of turgor and beyond. Plan 
Theory 3:583–593

Lee J, Bae H, Jeong J, Lee JY, Yang YY, Hwang I, Martinoia E, Lee Y (2003) Functional expres-
sion of a bacterial heavy metal transporter in Arabidopsis enhances resistance to and decreases 
uptake of heavy metals. Plant Physiol 133:589–596

Li Y, Dankher OP, Carreira L, Smith AP, Meagher RB (2006) The shoot-specific expression of 
gamma-glutamylcysteine synthetase directs the long-distance transport of thiol-peptides to 
roots conferring tolerance to mercury and arsenic. Plant Physiol 141:288–298

Li ZY, Xu ZS, He GY, Yang GX, Chen M, Li LC, Ma YZ (2012) Overexpression of soybean 
GmCBL1 enhances abiotic stress tolerance and promotes hypocotyl elongation in Arabidopsis. 
Biochem Biophys Res Commun 427:731–736

Lin YF, Aarts MGM (2012) The molecular mechanism of zinc and cadmium stress response in 
plants. Cell Mol Life Sci 69:3187–3206

Lin CW, Lin CY, Chang CC, Lee RH, Tsai TM, Chen PY, Chi WC, Huan HJ (2009) Early signal-
ling pathways in rice roots under vanadate stress. Plant Physiol Biochem 47:369–376

Liu D, Zou J, Wang M, Jiang W (2008) Hexavalent chromium uptake and its effects on mineral 
uptake, antioxidant defence system and photosynthesis in Amaranthus viridis L.  Bioresour 
Technol 99:2628–2636

Lou LQ, Shi GL, Wu JH, Zhu S, Qian M, Wang HZ, Cai QS (2015) The influence of phosphorus 
on arsenic uptake/efflux and As toxicity to wheat roots in comparison with sulfur and silicon. 
J Plant Growth Regul 34:242–250

Luan S, Kudla J, Rodriguez-Concepcion M, Yalovsky S, Gruissem W (2002) Calmodulins and 
calcineur in B-like proteins calcium sensors for specific signal response coupling in plants. 
Plant Cell 14:389–400

Maeser P, Thomine S, Schroeder JI, Ward JM, Hirschi K, Sze H, Talke IN, Amtmann A, Maathuis 
FJM, Sanders D, Harper JF, Tchieu J, Gribskov M, Persans MW, Salt DE, Kim SA, Guerinot 
ML (2001) Phylogenetic relationships within cation transporter families of Arabidopsis. Plant 
Physiol 126:1646–1667

Maestri E, Marmiroli M, Visioli G, Marmiroli N (2010) Metal tolerance and hyperaccumulation: 
costs and trade-offs between traits and environment. Environ Exp Bot 68:1–13

R. Xalxo et al.

https://doi.org/10.4161/15592324.2014.990843


423

Maheshwari R, Dubey RS (2009) Nickel-induced oxidative stress and the role of antioxidant 
defence in rice seedlings. Plant Growth Regul 59:37–49

Maksymiec W (2007) Signaling responses in plants to heavy metal stress. Acta Physiol Plant 
29:177–187

Malecka A, Jarmuszkiewicz W, Tomaszewska B (2001) Antioxidative defense to lead stress in 
subcellular compartments of pea root cells. Acta Biochim Pol 48:687–698

Małecka A, Piechalak A, Morkunas I, Tomaszewska B (2008) Accumulation of lead in root cells 
of Pisum sativum. Acta Physiol Plant 30:629–637

Małecka A, Derba-Maceluch M, Kaczorowska K, Piechalak A, Tomaszewska B (2009) Reactive 
oxygen species production and antioxidative defense system in pea root tissues treated with 
lead ions: mitochondrial and peroxisomal level. Acta Physiol Plant 31:1065–1075

Mani D, Kumar C (2014) Biotechnological advances in bioremediation of heavy metals contami-
nated ecosystems: an overview with special reference to phytoremediation. Int J Environ Sci 
Technol 11:843–872

Manimaran P, Mangrauthia SK, Sundaram RM, Balachandran SM (2015) Constitutive expression 
and silencing of a novel seed specific calcium dependent protein kinase gene in rice reveals its 
role in grain filling. J Plant Physiol 174:41–48

Márquez-García B, Horemans N, Cuypers A, Guisez Y, Córdoba F (2011) Antioxidants in Erica 
andevalensis: a comparative study between wild plants and cadmium-exposed plants under 
controlled conditions. Plant Physiol Biochem 49:110–115

Martinoia E, Klein M, Geisler M, Bovet L, Forestier C, Kolukisaoglu U, Mueller-Roeber B, 
Schulz B (2002) Multifunctionality of plant ABC transporters more than just detoxifiers. Planta 
214:345–355

Mascher R, Lippmann B, Holzinger S, Bergmann H (2002) Arsenate toxicity: effects on oxidative 
stress response molecules and enzymes in red clover plants. Plant Sci 163:961–969

Masood A, Iqbal N, Khan NA (2012) Role of ethylene in alleviation of cadmium-induced photo-
synthetic capacity inhibition by sulphur in mustard. Plant Cell Environ 35:524–533

Matysiak R (2001) Content of carotenoid in needles of Pinus sylvestris L. growing in polluted 
area. Dendrobiology 46:39–42

Mauch-Mani B, Mauch F (2005) The role of abscisic acid in plant–pathogen interactions. Curr 
Opin Plant Biol 8:409–414

Metwally A, Safronova VI, Belimov AA, Dietz KJ (2005) Genotypic variation of the response to 
cadmium toxicity in Pisum sativum L. J Exp Bot 56:167–178

Milivojevic DB, Nikolic BC, Drinic G (2006) Effects of arsenic on phosphorous content in differ-
ent organs and chlorophyll fluorescence in primary leaves of soybean. Biol Plant 50:149–151

Miller G, Suzuki N, Ciftci-Yilmaz S, Mittler R (2010) Reactive oxygen species homeostasis and 
signaling during drought and salinity stress. Plant Cell Environ 33:453–467

Mills RF, Krijger GC, Baccarini PJ, Hall JL, Williams LE (2003) Functional expression of 
AtHMA4, a P1B-type ATPase in the Zn/Co/Cd/Pb subclass. Plant J 35:164–175

Mills RF, Francini A, da Rocha PSCF, Baccarini PJ, Aylett M, Krijger GC, Williams LE (2005) 
The plant P1B-type ATPase AtHMA4 transports Zn and Cd and plays a role in detoxification 
of transition metals supplied at elevated levels. FEBS Lett 597:783–791

Mittler R (2002) Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci 7:405–410
Miyadate H, Adachi S, Hiraizumi A, Tezuka K, Nakazawa N, Kawamoto T, Katou K, Kodama 

I, Sakurai K, Takahashi H, Satoh-Nagasawa N, Watanabe A, Fujimura T, Akagi H (2011) 
OsHMA3, a P1B-type of ATPase affects root-to-shoot cadmium translocation in rice by mediat-
ing efflux into vacuoles. New Phytol 189:190–199

Morina F, Jovanovic L, Mojovic M, Vidovic M, Pankovic D, Veljovic Jovanovic S (2010) Zinc-
induced oxidative stress in Verbascum thapsus is caused by an accumulation of reactive oxygen 
species and quinhydrone in the cell wall. Physiol Plant 140:209–224

Mostofa MG, Fujita M (2013) Salicylic acid alleviates copper toxicity in rice (Oryza sativa L.) 
seedlings by upregulating antioxidative and glyoxalase systems. Ecotoxicology 22:959–973

14  Ecophysiological Responses of Plants Under Metal/Metalloid Toxicity



424

Munzuroglu O, Geckil H (2002) Effects of metals on seed germination, root elongation, and cole-
optile and hypocotyls growth in Triticum aestivum and Cucumis sativus. Arch Environ Contam 
Toxicol 43:203–213

Nagajyoti PC, Lee KD, Sreekanth TVM (2010) Heavy metals, occurrence and toxicity for plants: 
a review. Environ Chem Letters 8:199–216

Nakagami H, Pitzschke A, Hirt H (2005) Emerging MAP kinase pathways in plant stress signal-
ling. Trends Plant Sci 10:339–346

Nazar R, Iqbal N, Masood A, Khan MIR, Syeed S, Khan NA (2012) Cadmium toxicity in plants 
and role of mineral nutrients in its alleviation. Am J Plant Sci 3:1476–1489

Nishida S, Tsuzuki C, Kato A, Aisu A, Yoshida J, Mizuno T (2011) AtIRT1, the primary ironuptake 
rransporter in the root, mediates excess nickel accumulation in Arabidopsis thaliana. Plant Cell 
Physiol 52:1433–1442

Norton GJ, Lou-Hing DE, Meharg AA, Price AH (2008) Rice-arsenate interactions in hydropon-
ics: whole genome transcriptional analysis. Exp Bot 59:2267–2276

Opdenakker K, Remans T, Vangronsveld J, Cuypers A (2012) Mitogen-Activated Protein (MAP) 
kinases in plant metal stress: regulation and responses in comparison to other biotic and abiotic 
stresses. Int J Mol Sci 13:7828–7853

Ovecka M, Takac T (2014) Managing heavy metal toxicity stress in plants: biological and biotech-
nological tools. Biotechnol Adv 32:73–86

Paivoke A (1983) Anatomical responses of the roots of pea seedlings to lead and arsenate ions. 
Ann Bot Fenn 20:307–315

Paivoke AEA, Simola LK (2001) Arsenate toxicity to Pisum sativum: mineral nutrients, chloro-
phyll content, and phytase activity. Ecotoxicol Environ Saf 49:111–121

Panda SK, Baluska F, Matsumoto H (2009) Aluminium stress signaling in plants. Plant Signal 
Behav 4:592–597

Pandey N, Sharma CP (2002) Effect of heavy metals Co, Ni and Cd on growth and metabolism of 
cabbage. Plant Sci 163:753–758

Pandey N, Pathak GC, Pandey DK, Pandey R (2009) Heavy metals, Co, Ni, Cu, Zn and Cd, pro-
duced oxidative damage and evoke differential antioxidative responses in spinach. Braz J Plant 
Physiol 21:103–111

Parameswaran P, Jalili R, Tao L, Shokralla S, Gharizadeh B, Ronaghi M, Fire AZ (2007) A 
pyrosequencing-tailored nucleotide barcode design unveils opportunities for large-scale sam-
ple multiplexing. Nucleic Acids Res 35:e130

Patra M, Bhoumik N, Bandopadhyay B, Sharma A (2004) Comparison of mercury, lead and arse-
nic with respect to genotoxic effects on plant systems and the development of genetic tolerance. 
Environ Exp Bot 52:199–223

Pawlak-Sprada S, Arasimowicz-Jelonek M, Podgórska M, Deckert J (2011) Activation of phenyl-
propanoid pathway in legume plants exposed to heavy metals. Part I. Effects of cadmium and 
lead on phenylalanine ammonia-lyase gene expression, enzyme activity and lignin content. 
Acta Biochim Pol 58:6

Peralta JR, Gardea Torresdey JL, Tiemann KJ, Gomez E, Arteaga S, Rascon E (2001) Uptake and 
effects of five heavy metals on seed germination and plant growth in alfalfa (Medicago sativa). 
Environ Contam Toxicol 66:727–734

Persans MW, Nieman K, Salt DE (2001) Functional activity and role of cation-efflux family mem-
bers in Ni hyperaccumulation in Thlaspi goesingense. PNAS 98:9995–10000

Pilon M, Cohu CM, Ravet K, Abdel-Ghany SE, Gaymard F (2009) Essential transition metal 
homeostasis in plants. Curr Opin Plant Biol 12:347–357

Popova LP, Maslenkova LT, Yordanova RY, Ivanova AP, Krantev AP, Szalai G, Janda T (2009) 
Exogenous treatment with salicylic acid attenuates cadmium toxicity in pea seedlings. J Exp 
Bot 53:1351–1365

Potocky M, Pejchar P, Gutkowska M, Jiménez-Quesada MJ, Potocká A, Alché Jde D, Kost B, 
Zársky V (2012) NADPH oxidase activity in pollen tubes is affected by calcium ions, signaling 
phospholipids and Rac/Rop GTPases. J Plant Physiol 169:1654–1663

R. Xalxo et al.



425

Pourrut B, Perchet G, Silvestre J, Cecchi M, Guiresse M, Pinelli E (2008) Potential role of 
NADPH-oxidase in early steps of lead-induced oxidative burst in Vicia faba roots. J Plant 
Physiol 165:571–579

Pourrut B, Jean S, Silvestre J, Pinelli E (2011) Lead-induced DNA damage in Vicia faba root cells: 
potential involvement of oxidative stress. Mutat Res 726:123–128

Pourrut B, Shahid M, Douay F, Dumat C, Pinelli E (2013) Molecular mechanisms involved in lead 
uptake, toxicity and detoxifi cation in higher plants. In: Gupta DK, Corpas FJ, Palma JM (eds) 
Heavy metal stress in plants. Springer, Berlin, pp 121–147

Prasad SM, Dwivedi R, Zeeshan M (2005) Growth, photosynthetic electron transport, and anti-
oxidant responses of young soybean seedlings to simultaneous exposure of nickel and UV-B 
stress. Photosynthetica 43:177–185

Przedpelska-Wasowicz EM, Wierzbicka M (2011) Gating of aquaporins by heavy metals in Allium 
cepa L. epidermal cells. Protoplasma 248:663–671

Qadir S, Jamshieed S, Rasool S, Ashraf M, Akram NA, Ahmad P (2014) Modulation of plant 
growth and metabolism in cadmium-enriched environments. Rev Environ Contam Toxicol 
229:51–88

Rahman H, Sabreen S, Alam S, Kawai S (2005) Effects of nickel on growth and composition of 
metal micronutrients in barley plants grown in nutrient solution. J Plant Nutr 28:393–404

Rai A, Tripathi P, Dwivedi S, Dubey S, Shri M, Kumar S, Tripathi PK, Dave R, Kumar A, Singh R, 
Adhikari B, Bag M, Tripathi RD, Trivedi PK, Chakrabarty D, Tuli R (2011) Arsenic tolerances 
in rice (Oryza sativa) have a predominant role in transcriptional regulation of a set of genes 
including sulphur assimilation pathway and antioxidant system. Chemosphere 82:986–995

Rai A, Bhardwaj A, Misra P, Bag SK, Adhikari B, Tripathi RD, Trivedi PK, Chakrabarty D (2015) 
Comparative transcriptional profiling of contrasting rice genotypes shows expression differ-
ences during arsenic stress. Plant Genome 8:1–14

Rao KP, Richa T, Kumar K, Raghuram B, Sinha AK (2010) In silico analysis reveals 75 members 
of protein kinsase kinase kinase gene family in rice. DNA Res 17:139–153

Rodriguez-Serrano M, Romero-Puertas MC, Zabalza A, Corpas FJ, Gómez M, Del Río LA, 
Sandalio LM (2006) Cadmium effect on oxidative metabolism of pea (Pisum sativum L.) roots. 
Imaging of reactive oxygen species and nitric oxide accumulation in vivo. Plant Cell Environ 
29:1532–1544

Rodriguez-Serrano M, Romero-Puertas MC, Pazmino DM, Testillano PS, Risueno MC, del Rio 
LA, Sandalio LM (2009) Cellular response of pea plants to cadmium toxicity: cross talk 
between reactive oxygen, nitric oxide and calcium. Environ Stress Adapt Stress 150:229–243

Rucinska R, Gwozdz EA (2005) Influence of lead on membrane permeability and lipoxygenase 
activity in lupine roots. Biol Plant 49:617–619

Rucinska-Sobkowiak R (2016) Water relations in plants subjected to heavy metal stresses. Acta 
Physiol Plant 38:257. https://doi.org/10.1007/s11738-016-2277-5

Rucinska-Sobkowiak R, Nowaczyk G, Krzesłowska M, Rabeda I, Jurga S (2013) Water status and 
water diffusion transport in lupine roots exposed to lead. Environ Exp Bot 87:100–109

Sahi SV, Sharma NC (2005) Phytoremediation of lead. In: Shtangeeva I (ed) Trace and ultratrace 
elements in plants and soils, Series advances in ecological researches. Witpress, Southampton, 
pp 209–222

Samardakiewicz S, Krzesłowska M, Bilski H, Bartosiewicz R, Wozny A (2012) Is callose a barrier 
for lead ions entering Lemna minor L. root cells? Protoplasma 249:347–351

Sanders D, Pelloux J, Brownlee C, Harper JF (2002) Calcium at the crossroads of signaling. Plant 
Cell 14:401–417

Schneider J, Labory CR, Rangel WM, Alves E, Guilherme LR (2013) Anatomy and ultrastructure 
alterations of Leucaena leucocephala (Lam.) inoculated with mycorrhizal fungi in response to 
arsenic-contaminated soil. J Hazard Mater 262:1245–1258

Schulz P, Herde M, Romeis T (2013) Calcium-dependent protein kinases: hubs in plant stress 
signaling and development. Plant Physiol 163:523–530

14  Ecophysiological Responses of Plants Under Metal/Metalloid Toxicity

https://doi.org/10.1007/s11738-016-2277-5


426

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

Schutzendubel A, Schwanz P, Terchmann T, Grossk Langeenfeld-Heyger R, Godbold DL, Polle A 
(2001) Cadmium-induced changes in antioxidative systems, hydrogen peroxide content, and 
differentiation in Scots pine roots. Plant Physiol 75:887–898

Seregin IV, Ivanov VB (2001) Physiological aspects of cadmium and lead toxic effects on higher 
plants. Russ J Plant Physiol 48:523–544

Seregin IV, Kozhevnikova AD (2006) physiological role of nickel and its toxic effects on higher 
plants. Russ J Plant Physiol 53:257–277

Shaibur MR, Kawai S (2011) Arsenic toxicity in Akitakomachi rice in presence of Fe3+-citrate. 
Adv Environ Biol 5:1411–1422

Shakya K, Chettri MK, Sawidis T (2008) Impact of heavy metals (copper, zinc and lead) on the 
chlorophyll content of some mosses. Arch Environ Contam Toxicol 54:412–421

Shao HB, Chu LY, Shao MA (2008) Calcium as a versatile plant signal transducer under soil water 
stress. BioEssays 30:634–641

Shao HB, Chu LY, Jaleel CA, Manivannan P, Panneerselvam R, Shao MA (2009) Understanding 
water deficit stress-induced changes in the basic metabolism of higher plants-biotechnologically 
and sustainably improving agriculture and the ecoenvironment in arid regions of the globe. Crit 
Rev Biotechnol 29:131–151

Sharma P, Dubey RS (2005) Lead toxicity in plants. Braz J Plant Physiol 17:35–52
Sharma P, Jha AB, Dubey RS, Pessarakli M (2012) Reactive oxygen species, oxidative damage, 

and antioxidative defense mechanism in plants under stressful conditions. J Bot 2012:217037. 
https://doi.org/10.1155/2012/217037

Shi GR, Cai QS (2008) Photosynthetic and anatomic responses of peanut leaves to cadmium stress. 
Photosynthetica 46:627–630

Shri M, Kumar S, Chakrabarty D, Trivedi PK, Mallick S, Misra P, Shukla D, Mishra S, Srivastava 
S, Tripathi RD, Tuli R (2009) Effect of arsenic on growth, oxidative stress and antioxidant 
system in rice seedlings. Ecotoxicol Environ Saf 72:1102–1110

Siddique A, Mumtaz M, Zaigham NA, Mallick KA, Saied S, Zahir E (2009) Heavy metal toxicity 
levels in the coastal sediments of the Arabian Sea along the urban Karachi (Pakistan) region. 
Mar Pollut Bull 58:1406–1414

Sidhu GPS, Bali AS, Bhardwaj R, Singh HP, Batish DR, Kohli RK (2018) Bioaccumulation 
and physiological responses to lead (Pd) in Chenopodium murale L. Ecotoxicol Environ Saf 
151:83–90

Singh I, Shah K (2014) Exogenous application of methyl jasmonate lowers the effect of cadmium-
induced oxidative injury in rice seedlings. Phytochemistry 108:57–66

Singh HP, Batish DR, Kaur G, Arora K, Kohli RK (2008) Nitric oxide (as sodium nitroprusside) 
supplementation ameliorates Cd toxicity in hydroponically grown wheat roots. Environ Exp 
Bot 63:158–167

Solioz M, Vulpe C (1996) CPx-type ATPases: a class of P-type ATPases that pump heavy metals. 
Trends Biochem Sci 2:237–241

Steffens B (2014) The role of ethylene and ROS in salinity, heavy metal, and flooding responses in 
rice. Front Plant Sci 5:685. https://doi.org/10.3389/fpls.2014.00685

Steiner F, Zoz T, Soares Pinto Junior A, Castagnara DD, Dranski JAL (2012) Effects of aluminum 
on plant growth and nutrient uptake in young physic nut plants. Semina: Ciencias Agrarias 
(Londrina) 33:1779–1788

Steinhorst L, Kudla J (2013) Calcium and reactive oxygen species rule the waves of signaling. 
Plant Physiol 163:471–485

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

Steudle E (2000) Water uptake by plant roots: an integration of views. Plant Soil 226:45–56
Steudle E (2001) The cohesion-tension mechanism and the acquisition of water by plant roots. 

Annu Rev Plant Biol 52:847–875

R. Xalxo et al.

https://doi.org/10.1155/2012/217037
https://doi.org/10.3389/fpls.2014.00685


427

Stoeva N, Bineva T (2003) Oxidative changes and photosynthesis in Oat plants grown in 
As-contaminated soil. Bulg J Plant Physiol 29:87–95

Stoeva N, Berova M, Zlatev Z (2005) Effect of arsenic on some physiological parameters in bean 
plants. Biol. stress in sunflower (Helianthus annuus L.) by arbuscular mycorrhizal fungi. Pak 
J Bot 47:785–795

Sun Y, Veerabomma S, Abdel-Mageed HA, Foker M, Asami T, Yoshida S, Allen RD (2005) 
Brassinosteroid regulates fiber development on cultured cotton ovules. Plant Cell Physiol 
46:1384–1391

Suzuki N (2005) Alleviation by calcium of cadmium-induced root growth inhibition in Arabidopsis 
seedlings. Plant Biotech 22:19–25

Swartjes FA, Breemen EMD, Otte PF, Beelen PV, Rikken MGJ, Tuinstra J (2007) Human health 
risks due to consumption of vegetables from contaminated sites. RIVM report 71101040. 
National Institute for Public Health and the Environment, Bilthoven

Szollosi R, Varga IS, Erdei L, Mihalik E (2009) Cadmium-induced oxidative stress and antioxida-
tive mechanisms in germinating Indian mustard (Brassica juncea L.) seeds. Ecotoxicol Environ 
Saf 72:1337–1342

Tak HI, Ahmad F, Babalola OO (2013) Advances in the application of plant growth-promoting 
rhizobacteria in phytoremediation of heavy metals. Rev Environ Contam Toxicol 223:33–52

Thapa SS, Paudyal I, Khanal S, Paudel N, Mansberger SL, van Rens GH (2012) Central corneal 
thickness toxicity in Pisum sativum L. J Exp Bot 56:167–178

Theodoulou FL (2000) Plant ABC transporters. Biochim Biophys Acta 1465:79–103
Thomine S, Wang R, Ward JM, Crawford NM, Schroeder JI (2000) Cadmium and iron transport 

by members of a plant metal transporter family in Arabidopsis with homology to Nramp genes. 
Proc Natl Acad Sci U S A 97:4991–4996

Thomine S, Lelievre F, Debarbieux E, Schroeder JI, Barbier-Brygoo H (2003) AtNRAMP3, a 
multispecific vacuolar metal transporter involved in plant responses to iron deficiency. Plant J 
34:685–695

Toth SZ, Schansker G, Garab G, Strasser RJ (2007) Photosynthetic electron transport activity 
in heat-treated barley leaves: the role of internal alternative electron donors to photosystem 
II. Biochim Biophys Acta 1767:295–305

Tripathi RD, Srivastava S, Mishra S, Singh N, Tuli R, Gupta DK, Maathuis FJM (2007) Arsenic 
hazards: strategies for tolerance and remediation by plants. Trends Biotechnol 25:158–165

Tripathi V, Parasuraman B, Laxmi A, Chattopadhyay D (2009) CIPK6, a CBL-interacting protein 
kinase is required for development and salt tolerance in plants. Plant J 58:778–790

Tuteja N (2007) Abscisic acid and abiotic stress signaling. Plant Signal Behav 138:1559–2316
Tuteja N, Mahajan S (2007) Calcium signaling network in plants: an overview. Plant Signal Behav 

2:79–85
Tuteja N, Ahmad P, Panda BB, Tuteja R (2009) Genotoxic stress in plants: shedding light on DNA 

damage, repair and DNA repair helicases. Mutat Res 681:134–149
Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M (2006) Free radicals, metals and antioxi-

dants in oxidative stress-induced cancer. Chem Biol Interact 160:1–40
Van der Zaal BJ, Neuteboom LW, Pinas JE, Chardonnens AN, Schat H, Verkleij JA (1999) 

Overexpression of a novel Arabidopsis gene related to putative zinc-transporter genes from 
animals can lead to enhanced zinc resistance and accumulation. Plant Physiol 119:1047–1055

Vanhoudt N, Vandenhove H, Horemans N, Wannijn J, Bujanic A, Vangronsveld J, Cuypers A 
(2010) Study of oxidative stress related responses induced in Arabidopsis thaliana following 
mixed exposure to uranium and cadmium. Plant Physiol Biochem 48:879–886

Ventrella A, Catucci L, Piletska E, Piletsky S, Agostiano A (2011) Interactions between heavy met-
als and photosynthetic materials studied by optical techniques. Bioelectrochemistry 77:19–25

Verret F, Gravot A, Auroy P, Leonhardt N, David P, Nussaume L (2004) Overexpression of 
AtHMA4 enhances root-to-shoot translocation of zinc and cadmium and plant metal tolerance. 
FEBS Lett 576:306–312

Vert G, Nemhauser JL, Geldner N, Hong F, Chory J (2005) Molecular mechanisms of steroid 
hormone signaling in plants. Annu Rev 21:177–201

14  Ecophysiological Responses of Plants Under Metal/Metalloid Toxicity



428

Vesely T, Neuberg M, Trakal L, Szakova J, Tlustoa P (2011) Water lettuce Pistia stratiotes L. 
response to lead toxicity. Water Air Soil Pollut 223:1847–1859

Wang Z, Zhang Y, Huang Z, Huang L (2008) Antioxidative response of metal-accumulator and non 
accumulator plants under cadmium stress. Plant Soil 310:137–149

Wang S, Li R, Zhang Z, Feng J, Shen F (2014) Assessment of the heavy metal pollution and 
potential ecological hazardous in agricultural soils and crops of Tongguan, Shaanxi Province. 
J Environ Sci (China) 34:2313–2320

Xalxo R, Keshavkant S (2018) Hydrolytic enzymes mediated lipid-DNA catabolism and altered 
gene expression of antioxidants under combined application of lead and simulated acid rain 
in Fenugreek (Trigonella foenum graecum L.) seedlings. Ecotoxicology 27(10):1404–1413. 

Xalxo R, Keshavkant S (2019) Melatonin, glutathione and thiourea attenuates lead and acid rain 
induced deleterious responses by regulating gene expression of antioxidants in Trigonella foe-
num graecum L. Chemosphere 221:1–10

Xalxo R, Yadu B, Chakraborty P, Chandrakar V, Keshavkant S (2017) Modulation of nickel toxic-
ity by glycinebetaine and aspirin in Pennisetum typhoideum. Acta Biol Szeged 61:163–171

Xu FJ, Jin CW, Liu WJ, Zhang YS, Lin XY (2010) Pretreatment with H2O2 alleviates aluminum-
induced oxidative stress in wheat seedlings. J Integr Plant Biol 53:44–53

Xu J, Zhu Y, Ge Q, Li Y, Sun J, Zhang Y, Liu X (2012) Comparative physiological responses of 
Solanum nigrum and Solanum torvum to cadmium stress. New Phytol 196:125–138

Yadav SK (2010) Heavy metals toxicity in plants: an overview on the role of glutathione and phy-
tochelatins in heavy metal stress tolerance of plants. S Afr J Bot 76:167–179

Yadu B, Chandrakar V, Keshavkant S (2017) Glycinebetaine reduces oxidative injury and enhances 
fluoride stress tolerance via improving antioxidant enzymes, proline and genomic template sta-
bility in Cajanus cajan L. South Afr J Bot 111:68–75

Yamaguchi H, Nishizawa N-K, Nakanishi H, Mori S (2002) IDI7, a new iron-regulated ABC trans-
porter from barley roots, localizes to the tonoplast. J Exp Bot 53:727–735

Yang T, Poovaiah BW (2003) Calcium/calmodulin-mediated signal network in plants. Trends 
Plant Sci 8:505–512

Yeh CM, Chien PS, Huang HJ (2007) Distinct signalling pathways for induction of MAP kinase 
activities by cadmium and copper in rice roots. J Exp Bot 58:659–671

Zengin FK, Munzuroglu O (2006) Toxic effects of cadmium (Cd++) on metabolism of sunflower 
(Helianthus annus) seedlings. Acta Agric Scand B 56:224–229

Zhang F, Zhang H, Wang G, Xu L, Shen Z (2009) Cadmium-induced accumulation of hydrogen 
peroxide in the leaf apoplast of Phaseolus aureus and Vicia sativa and the roles of different 
antioxidant enzymes. J Hazard Mater 168:76–84

Zhang M, Pan J, Kong X, Zhou Y, Liu Y (2012) ZmMKK3, a novel maize group B mitogen-
activated protein kinase kinase gene, mediates osmotic stress and ABA signal responses. J 
Plant Physiol 169:1501–1510

R. Xalxo et al.


	Chapter 14: Ecophysiological Responses of Plants Under Metal/Metalloid Toxicity
	14.1 Introduction
	14.2 Sources of Heavy Metal Pollution in the Environments
	14.3 Heavy Metal/Metalloid Transporters
	14.3.1 Heavy Metal ATPases (HMAs): CPx-Type ATPases
	14.3.2 ATP-Binding Cassette Transporters (ABC Transporters)
	14.3.3 Natural Resistance-Associated Macrophage Proteins (Nramps)
	14.3.4 Cation Diffusion Facilitator (CDF) Family
	14.3.5 The ZIP Family

	14.4 Potential Threats of Heavy Metals/Metalloids
	14.4.1 Morphological Amendments
	14.4.2 Physiological Effects
	14.4.2.1 Growth and Productivity
	Root Plasmolysis
	Biomass
	Cell Division, Elongation, and Expansion

	14.4.2.2 Photosynthetic System
	Chlorophyll Synthesis
	Chloroplast Membrane
	CO2 Fixation
	Stomatal Conductance

	14.4.2.3 Nutrient and Water Uptake
	Micro- and Macronutrients
	Water Relations


	14.4.3 Phytotoxicity of Heavy Metals/Metalloids at Cellular and Molecular Levels
	14.4.3.1 Lipid Peroxidation
	14.4.3.2 Oxidative Damage to DNA
	14.4.3.3 Oxidative Damage to Proteins


	14.5 Production of Reactive Oxygen Species and Antioxidant Defense Systems: Markers in Ecophysiological Studies
	14.6 Signal Transduction Under Heavy Metal/Metalloid Toxicity
	14.6.1 Calcium Calmodulin System
	14.6.2 Plant Hormones
	14.6.3 Role of Reactive Oxygen Species
	14.6.4 Mitogen-Activated Protein Kinase Cascade

	14.7 Assisting Plant to Survive: Future Directives and Perspectives
	14.8 Conclusions
	References




