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Abstract Heavy metal (HMs) pollution is regarded as one

of the major concerns for soil and water, causing varieties of

toxic and stress effects on plants and ecosystems. It has

become one of the important limiting factors to crop

productivity and quality. Due to an ever-increasing population

growth and food demands, this situation has further worsened.

Rice, a leading staple food crop that feeds more than 50%

populations of the world, is constantly affected by abiotic

stressors including HMs. In most of the countries, a major

source of HM intake by humans is the rice grain produced

through the paddy soils contaminated with HMs such as As,

Al, Cu, Cr, Cd, Pb, Hg, Mn, Se, and Zn. Thus, gradual

agglomeration of HMs in rice grains and their subsequent

transfer to the food chain is a major menace to agriculture

and human health. In recent years, several studies examined

the impact of HMs toxicity on rice at multiple levels:

molecular, biochemical, physiological, cellular and tissue,

and demonstrated a correlation between HMs toxicity and

the decreasing trend in rice productivity. Therefore, it is

necessary to understand the interaction of HMs with rice

crop spanning from the cell to whole plant level and devise

appropriate effective means to alleviate these stress responses.

This review focuses on tracing the pathways involved in

stress responses and stress tolerance mechanisms displayed

by different varieties of rice. However, it is essential to

uncover the mechanisms related to stress responses in rice

for designing improved investigations to develop novel

varieties with high attributes. Therefore, this communication

summarizes various defense strategies induced against HM

stress and includes the function of metabolites (metabolomics),

trace elements (ionomics), transcription factors (transcriptomics),

and various stress-inducible proteins (proteomics) including

the role of plant hormones. 

Keywords: Heavy metals, Ionomics, Metabolomics,

metallophytes, Proteomics, Rice, Transcriptomics

Introduction

Notable abiotic environmental constraints, involved in adversely

affecting crop productivity worldwide, can be identified as

drought, salinity, metal toxicities, extremes of temperature

(Ashraf et al. 2007), increased irradiance, UV light exposure,

low nutrient availability and high air pollutants (Lin et al.

2000). Among these environmental factors, heavy metals

(HMs) are among most exposed environmental contaminants.

They enter into the environment through different sources

(Tripathi et al. 2014). One of the HM sources, fly ash adds

huge amount of trace elements such as; Copper (Cu), Zinc

(Zn), Manganese (Mn), and molybdenum (Mo) and toxic

elements such as; vanadium (V), arsenic (As), boron (B),

aluminum (Al), cadmium (Cd), lead (Pb), mercury (Hg) and

Chromium (Cr) (Gupta et al. 2002). Any HM excess affects

the paddy crops but some of the highly bio-hazardous metals

like As, Cd, Pb and Hg can cause metal toxicity on multiple

scales (Arif et al. 2016a). Their acquisition and accumulation

in plants cause a series of physiological instability, like reduced

growth, increased senescence, deformed photosynthetic

apparatus (Hu et al. 2016), and inactivation of biomolecules
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(Beyersmann et al. 2008). It also triggers water loss-related

cell dehydration which become harmful to enzymes, organelles,

and membranes (Duan et al. 2012). The autoxidation of redox-

active HMs and the generation of Reactive Oxygen Species

by the Fenton reaction cause cellular damage.

Worldwide, people rely largely on rice for the energy of

everyday life (Fangmin et al. 2006). Rice cultivation is reliant

on water, although water contaminated with toxic HMs such as

As, Cd, Pb and Hg are carcinogenic to humans and typically

hazardous elements to all forms of life (Jallad 2015). They have

the ability to alter reactions that helps in producing ROS, OH.

and H2O2 in living cells. However, highly reactive radicals react

with H2O to generate the OH., which can damage cell

biomolecules, like DNA, amino acid, lipids and carbohydrate

(Wysocki et al. 2010; Sharma et al. 2011; Hu et al. 2016). In

response to these stresses, or to regulate metal homeostasis,

plants have evolved multiple survival strategies (Liang et al.

2013) and they utilize a number of physiological and molecular

mechanisms to minimize possible damage (Mahajan et al. 2005).

These include regulating expression profiling of different genes,

inducing upregulation and down regulation of genes, proteins

or enzymes, or modulating the amount of metals to exclude

non-essential forms through regulating their uptake,

accumulation, compartmentation, chelation and sequestration

as well as extrusion (Sharma et al. 2008). In view of complex

interactions that exist between HMs and plant adaptations,

this review article is a modest attempt to summarize the

numerous studies focused on the stress effects of HMs,

particularly the hazardous metals (As, Cd, Hg and Pb) and

plant adaptations developed as a result of modulations of

metabolomic, ionomic, transcriptomic, and proteomic shifts

in plants. 

Effects of Heavy Metal Stress on Morphological,

Physiological and Anatomical Traits of Rice

Presence of copious amount of HMs adversely affects the

accumulation and transportation of essential elements in

plants that ultimately leads to differential alterations in

morphological parameters (Seneviratne et al. 2017) including

changes in the leaf area, shoot length and root length (Pant

et al. 2014), eventually caused by shifts in the physiological

milieu attributed to plant growth performance (Doni et al.

2014). These alterations also include numerous anatomical

modifications in plants, for instance, dissolution and reduction

of parenchymatous cells, mesophyll cells, and decrease in

the number of xylem vessels as well as in the diameter of

root stem and leaf (Batool et al. 2015). Apart from the tissue

damage caused, changes in anatomical structures may also

be attributed to an adaptive strategy in the form of apoplastic

barrier (Lux et al. 2011) to prevent the HM infiltration and

toxicity. Investigations show significant changes in metabolic

pathways of photosynthesis, respiration, gaseous exchange

and nutrient absorption, thus causing decrease in plant

growth under HM exposures (Sharma et al. 2005; Gomes et

al. 2011) (Fig. 1). HM exposure also interferes with the function

of photosynthetic apparatus such as leaf tissue, cytosolic

enzymes, chloroplast membranes, photosynthetic pigments:

chiefly PS II and PS I, and cause disturbances in the

photosynthetic carbon reduction cycle and xanthophyll cycle

(Rai et al. 2016). One of the most devastating metalloids,

Arsenic (As) was reported to cause stress in rice seedlings by

reducing the root length, and shoot length (Shri et al. 2009,

Upadhyay et al. 2016) thus decreasing the plant height and

root growth (Abedin et al. 2002) (Fig. 1). Reduction in

growth of plant occurs by manipulation in the rate of cell

elongation. So far, several studies have demonstrated that

HMs reduce the rate of photosynthesis (Rahman et al. 2007;

Dias et al. 2013; Jin et al. 2015). As suggested in one study,

arsenic exposure to rice seedling causes significant reduction

in the germination percentage, root-shoot elongation and also

in plant biomass (Shri et al. 2009). Moreover, As (III) and

Hg together damage the root and cause significant lipid

peroxidation. Observations also indicate the mutual competition

between As and Hg, as such As impeded Hg uptake at a low

concentration (0.5 mg L−1) and increased it at a high

concentration (2.5 mg L−1) while Hg (1.25 mg L−1) impeded

As uptake and translocation in rice seedling (Ren et al.

2014). Arsenic affects cells of rice crop by causing breakage

to the root epidermal cells and aerenchymatous cortex

(Choudhury et al. 2011). Study conducted by Deng et al.

(2010) demonstrated clearly how As caused structural changes

in root anatomy by reducing the diameter of adventitious roots,

and by forming the arenchyma and densely packed suberized

epidermal cell wall that acted as a barrier. In an interesting

study, toxic concentrations of As and Hg were implicated in

cellular damages such as, degradation of plasma membranes,

organellar structures, decreased number of endoplasmic

reticulum tubules and mitochondria as well (Ren et al. 2014).

Study on brown rice treated with As and Cd revealed that

arsenic concentration had diminished from bottom to the top

of brown rice whereas, Cd increased in the first node.

Different nodes marked the significant difference between

As and Cd in their accumulation and barrier capacities (Feng

et al. 2017). Verma et al. (2003) demonstrated that reduction

in root length in rice seedlings occurs due to Cd toxicity. Cd

also significantly suppressed the seed germination (Mahmood et

al. 2007; Eshagberi 2012). Dias et al. (2013) illustrates that

photosynthetic apparatus does not display any change at a

low concentration of Cd, whereas, excess of Cd reduces the

photosynthetic rate (Parmar et al. 2013), obstructs the synthesis

of chlorophyll molecule by causing interference with d-

aminolevulinic acid dehydratase. Additionally, Cd was also
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found to be involved in dysfunction of photosynthetic process

by causing damage to chloroplast structure and thylakoids

stacking (Wang et al. 2014). Safarzadeh et al. (2013) based

on a comparative study on seven rice cultivars, suggested

that accumulation of Cd reduces the uptake as well as

translocation of essential minerals like Fe, Zn, Cu, and Mn.

This metal initiated chlorophyll loss, suppressed growth and

causeda reduction in Fe translocation leading to the symptomatic

deficiency of Fe (Parmar et al. 2013; Silva et al. 2014), and

lower potassium (K) content in leaves of rice seedling (Liu

et al. 2012). Li et al. (2014) working with four genotype of

rice (maintainer lines Yixiang B and E2B, restorer lines

R892 and Mianhui725), observed that new roots had developed

in the cortex region in all genotypes and the diameter and

frequency of roots differed significantly under low Cd

concentrations. As well as, stress symptoms manifested as

broken epidermis, damaged cortex and appearance of more

black spots in both restorer lines than both maintainer lines

at high Cd concentrations. Another study by Tripathi et al.

(2012b) indicated that excess Cd was a cause of anatomical

modifications in leaf structures where vascular bundles

constricted in size, mesophyll cells displayed chlorosis, the

air cavities became larger and much prominent, and the

stomatal frequency decreased in comparison to the control

(Fig. 1). Additionally, roots were observed to have expanded

as an adaptive strategy against Cd stress in order to make it

easily accumulated and mostly sequestered into the vacuoles.

Rice seeds, treated with 100 μM Cd, generated oxidative

stress, significantly slowed down the root-shoot elongation

and also repressed the root-shoot fresh weight (Liu et al.

2013). Moreover, another toxic element, Hg, was found to

cause a significant reduction in root-shoot biomass in a

hydroponic set up with rice plants (Wang et al. 2014), as

roots have the strongest potential for enrichment with HMs

(Singh et al. 2013; Jin et al. 2015) (Fig. 1). Moreover, the Hg

accumulations in four cultivars of rice (cvs. NF, WFY, ZX

and ZD) caused changes in root anatomy: two (NF and

WFY) out of four cultivars developed stronger apoplastic

barriers on the radial and tangential wall of the endodermal

cells in the form of lipophilic thin suberin lamellae, while,

other two (ZX and ZD) cultivars did not develop the lipophilic

casparian bands into the radial and transverse endodermal

cell walls. These apoplastic barriers like suberin lamellae and

casparian bands restrict metal acquisition and their transport

into the xylem (Lux et al. 2011; Wang et al. 2014). Another

hazardous metal Pb when accumulates in rice crop, decreases

the dry biomass (Zeng et al. 2007) (Fig. 1). Srivastava et al.

(2014) worked on the interactive effects of Cd and Pb in rice

seedlings and observed that Pb caused more damage in

guard cell’s shape in leaf stomata than Cd. Moreover, Zeng

et al. (2007) reported that Pb at a higher concentration (500-

900 mg/kg) gradually decreased the chlorophyll content in

rice. Both Cd and Pb, at a toxic level, lead to dysfunction of

stomata by causing ultra-structural damage in guard cells of

stomata (Srivastava et al. 2014). When it comes to water and

nutrient availability to the plant, various studies have tackled

Fig. 1. Heavy metal interaction with rice plant causes alterations in morphological, physiological, anatomical and biochemical

characteristics.
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this problem. The availability of a high concentration of

HMs in soil disturbs the osmotic potential and nutrient

acquisition in plants. Water absorption in plants is primarily

governed by the primary root, root hairs, vascular and the

leaves tissues, which are disturbed at the cellular levels by

HMs, ultimately affecting the water and nutrient movement

in plants (Rucińska-Sobkowiak 2016).

Effects of Heavy Metal Stress on Biochemical and

Molecular Traits of Rice

Excess of HMs present in the soil may trigger a wide array

of biochemical and molecular reactions in plant roots and

shoots (Dubey et al. 2002; Maheshwari et al. 2007; Fig. 1).

They affect the key metabolizing enzyme activities that may

lead to modifications in biomolecules quantity and quality,

and cause alterations in metabolisms of carbohydrate, protein

and nucleic acids (Sharma et al. 2005). Plants generate the

ROS including superoxide radicals, hydroxyl radicals, and

hydrogen peroxides via different metabolic pathways in

response to HM stress, which inhibits vital cellular processes

at assorted levels of metabolism (Sytar et al. 2013) and

causes oxidative damage on plant biomolecules, for instance,

lipid, amino acids, DNA and RNA (Kanazawa et al. 2000).

The toxic metalloid Arsenic exposures: 100 mM As(III) and

500 mM As(V)- to the rice plant were demonstrated to

enhance MDA content in root and shoot signifying oxidative

stress, as lipid peroxidation (Shri et al. 2009) consecutively

altered the membrane permeability with an increased ion

leakage (Mishra et al. 2011; Kumar et al. 2014). According

to the report by Ma et al. (2006a) arsenic enters into the

xylem of rice in the presence of gene encoding silicon/

arsenite effulxer protein Lsi2. When As gets rendered to the

plant, it down-regulates the genes entailing cellular changes

like morphogenesis, growth and cell division (Sharma 2012).

It was apparent through the work of Norton et al. (2008) that

a long term arsenic exposure to rice plants leads to mass

down regulation of gene expressions; expression of expansion

genes (Os01g14660 and Os04g46650), tubulin genes

(Os03g45920 and Os03g56810), actin genes (Os01g64630)

and microtubule genes (Os03g13460 and Os09g27700) were

significantly affected (Table 1). Cd, reportedly, causes enzymatic

and metabolic modification in plants (Parmar et al. 2013).

The activities of superoxide dismutase (SOD), catalase (CAT),

ascorbate peroxidase (APX), and dehydroascorbate reductase

(DHAR) increase with an increase in Cd exposure to the rice

varieties (Iqbal et al. 2010). Moreover, Cd treatment to the

rice seedlings induced the ROS accumulation by increasing

the level of malondialdehyde (MDA) and H2O2 (hydrogen

peroxide) thus inhibited the antioxidant capacity in both

roots and shoots. Plant root produces varieties of organic

acids and other exudates that chelate soil Cd, preventing its

entry into the roots (Schwab et al. 2005; Dong et al. 2007).

Lee et al. (2013) demonstrated that Cd-stressed rice plants

undergo apoptosis due to oxidative stress coupled with over

expression of glutamine synthetase (GS) gene. Investigations

focused on understanding the rice Cd stress illustrates that

Cd treatment significantly induce OsIRT1 (Iron-regulated

transporter 1) transcript in roots of rice seedlings (Chang et

al. 2012) because of the iron deficiency led by Cd (Ishimaru

et al. 2006). According to the study of Moons (2003a,b) PEG

(polyethylene glycol) and the HMs like Cd (20 μM), Zn (30

μM), Co and Ni distinctly induced osgstu4,osgstu3 and also

the ospdr9 (pleiotropic drug resistance protein) in the roots of

rice seedling. Pb induced-toxicity in rice seedling led to an

increase in GSH (glutathione)/GSSG (glutathione disulphide)

ratio and the total GSH pool (Sytar et al. 2013). More often,

HMs induce various stress responses in cell molecules such

as degradation of cell membranes, proteins and nucleic acid

(Ou et al. 2012). Pb toxicity causes the imbalance in the

synthesis of carbohydrates, and also affects the nitrogen

metabolism by affecting the protein content of plant cells

(Chatterjee et al. 2004). Huang et al. (2008) reported that an

increase in ROS production with supplementation of Pb ions

occurs and that affects root cell viability, accelerating the cell

death in rice seedling. More interestingly, the treatment of

HMs: Cu2+ (1000 µm), Cd2+ (100 µm), Cr3+ (1000 µm) and

Hg2+(50 µm) to the rice (ssp. japonica, cv. Matsumae)

seedlings caused modifications in specific DNA methylation

patterns, which are responsible for the toxic environment and

considered as most stable epigenetic markers (Wada et al.

2004). Moreover, their findings suggest that the cytosine

methylation patterns of both transposable elements and

protein-coding genes could be altered in rice under HM

stress. Generally, in response to abiotic stress, HMs induce

the synthesis of such proteins that are related to stress, and

also activate signaling molecules, for example, heat-shock-

protein (HSPs) in rice, which is a class-I low molecular

weight signaling molecules (Tseng et al. 1993).

Tolerance Mechanisms and Management of Crop

Under Heavy Metal Stress 

The viability of rice plant is negatively affected by the

presence of toxic HMs via ever-increasing applications of

chemical fertilizers in the field (Jamil et al. 2011). As plants

accumulate and translocate HMs to different plant parts

including grains, there is a need to reduce their transfer to

food chain making the rice agriculture more sustainable. In

response to an increasing HMs exposure, many species have

developed defense strategies against the metal–induced

toxicities. For example, plants exhibit defense mechanisms
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through “avoidance” and “tolerance” in response to HM

exposure (DalCorso et al. 2010). Under “Avoidance”, plantshave

evolved potential to prevent HMs entry into cells (Lang et al.

2011; Choppala et al. 2014). Less uptake of HMs into the

root cells would obviously be considered as the tolerance

mechanism of plants (Choppala et al. 2014; Gao et al. 2016).

The following section depicts the various defensive strategies

adopted by rice plants against varieties of toxic effects

caused by HMs.

Antioxidative Mechanism

Abiotic stresses including HMs are known to accelerate the

production and accumulation of ROS (Kao 2014). The

generation of ROS is the outcome of aerobic reactions and

plants have developed significant mechanisms to mitigate

the toxic impacts of these radicals in the cell under normal

situations. Plants subjected to stress situation display a

disturbed cell homeostasis with an increased production of

ROS which, in turn, invokes the antioxidative mechanisms

in order to reduce the effect of excess ROS (Mittler et al.

2004; Arif et al. 2016b; Fig. 2). These defense mechanisms,

though dependent on the concerning metal and plant species,

generally involve major antioxidants such as ascorbate-

glutathione cycle, and other antioxidant enzymes like Catalase,

peroxidase (POD), and superoxide dismutase (Fig. 2). In rice

seedling, under Arsenic (III) and (V) toxicity, SOD, APX

and GR (glutathione reductase) content increased in root and

shoot with increasing concentration of arsenic (Shri et al.

2009). Rice seedlings exposed to 100 μM Cd had demonstrated

a dramatic increase in MDA and H2O2 while the levels of

SOD, GPX (guaiacol peroxidase) and APX had decreased

(He et al. 2014). Moreover, Srivastava et al. (2014) demonstrated

that rice seedlings with Cd (150 μM) and Pb (600 μM)

application had resulted in the production of ROS (O2˙
− and

H2O2) which, in turn, induced antioxidant enzymes such as

SOD and GPX (Fig. 2; Table 1). The toxic Pb treatment

(1000 μM) to the growing rice seedling induced lipid

peroxidation and elevated the levels of SOD, guaiacol

peroxidase, ascorbate peroxidase and GR enzymes, which

indicate an essential antioxidant activity to reduce the

accumulation of lead in plant.

Defensive Metabolites & Metabolomics

As a rigorous osmotic stress causes severe damage of

cellular components, therefore, cellular machinery produces

a range of metabolites to avoid damages. Such metabolites

include amino acids, quaternary and other amines such as

glycine-betaine and polyamines and a several types of sugars

as well as sugar alcohols for instance; mannitol and trehalose

(Vinocur et al. 2005). Glycine betaine (GB) and proline like

major organic osmolytes concentrate in different species of

plants to detoxify them from HM stress. Rice (Oryza sativa)

naturally does not produce GB under any condition. However,

the quantity of GB in rice was found in much less concentration

than GB-accumulating plants, mostly under stressed

environment (Ashraf et al. 2007). Several studies have

demonstrated increasing accumulations of non-enzymatic

antioxidants, secondary metabolites, particularly, proline in

Fig. 2. Heavy metal-induced ROS generation and toxicity invoking antioxidant pathway in rice cells.
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rice plant in response to increased HM concentrations.

Detoxification of rice plant from arsenic stress is possible by

the mechanism of binding of metalloid with phytochelatins

(PCs), a HM binding peptide. In an acidic condition, the

vacuole-sequestered As-PC complex decreases the level of

free As concentration in cytoplasm (Zhao et al. 2009; Liu et

al. 2010; Sharma 2012). Duan et al. (2011) also enumerated

that PCs complexation of arsenite decreases As movement

from rice leaves to the seed, and the manipulation of PC

synthesis helps in diminishing the As content of rice grains.

Similarly, Batista et al. (2014) also illustrated that plants

adopt a strategy, under high level of As, to induce various

As-PC complexes, to prevent As mobility between soil and

different parts of the plant. A Cd chelator, phytochelatins

(PC) has been implicated in reducing cadmium toxicity

(Yadav et al. 2010). The amino acid such as phytopsiderophores,

present in root exudates, form more suitable complex with

Cd in order to regulate the uptake of HMs in rice plant (Xu

at al. 2005). Yang et al. (2000) accounted that the secretion

of oxalate compounds from the root of Pb intoxicated rice

seedling checks the uptake and accumulation of Pb ions.

Defensive Ions & Ionomics 

Ionomics is basically considered as the study of the mineral

nutrients and beneficial metals present in the organism’s cells

as well as analysis of cellular inorganic components (Salt et

al. 2008; Yadav et al. 2016). It also signifies the investigation

about the interactions between mineral elements (Lyubenova

et al. 2013; Chu et al. 2015) and analyzes the uptake and

accumulation of mineral nutrients and HM contamination in

plants particularly by the high elemental analysis (Salt 2004;

Feng et al. 2017). Numerous studies on silicon (Si) proved

efficacy of Si in the mitigation of HM stress as well as the

improvement in rice crop with altered characteristics (Singh

et al. 2011). Adding up Si can reduce total arsenic and inorganic

arsenic content from root and shoot, significantly enhance

biomass of straw and DMA content in rice genotypes [lower

radial oxygen loss (ROL) genotype and high ROL genotype],

however, arsenic content decreases more in lower ROL

genotype than in higher ROL genotype (Wu et al. 2015).

Phosphate has the capacity to reverse the damage and severe

stress caused by As; application of phosphate along with As

increases root-shoot growth and metabolism of rice seedling

(Choudhury et al. 2011). It is well known how As(V), after

dominant As species occurring in aerobic soil competes with

phosphate (Pi) in plant uptake as they both share some of the

common transporters located in the plasma membrane. The

oxyanion As(V) is structurally analogous to that of Pi (Li et

al. 2015). In a recent study, Kumar et al. (2016) revealed that

SeVI is involved partly in reversing the stressed phenotype

and minimizing AsIII accumulation and toxicity, at the same

Table 1. Effect of different heavy metals on the protein and gene expressions of various rice varieties

Heavy 
metal

Concentrations Rice varieties Changes in protein expression Reference

As 100 µM Oryza sativa L. Negatively regulate the RuBisCO and chloroplast 9 kDa ribonucleo proteins Ahsan et al. 2010

As 100 µM Oryza sativa L.
The increased expression of S-adenosylmethionine synthetase, GSTs,
cysteine synthase, GST-tau, and tyrosine-specific protein phosphatase
proteins

Ahsan et al. 2008

As
25 µM  AsIII
250 µM AsV

Indica cultivar, IR64
(Oryza sativa L.)

 Increased expression of glutaredoxin (Os01g26912) in the AsIII-
treated shoot. AsV induced expression of one of the cytochrome P450
genes (Os01g43740) in rice root

Chakrabarty et al.
2009

AsV 13.3 µM
Rice Azucena (japonica)
and Bala (indica)

Down regulated the phosphate: H+ symporter gene OsPT2 (03g05640) and
two aquaporin genes (Os05g14240 and Os12g10280)

Norton et al. 2008

Cd 0.2 mM
Oryza sativa L. cv.
Zhonghua No. 11

Transcription of MAPK is  inhibited Zhao et al. 2013

Cd 100 µM
Oryza sativa  
Dongjin

Cd reduces the concentration of the OEE2 protein and increase 11 and
23 kDa photosynthetic proteins, RuBisCO activase precursor fragment,
OsPR5, and OsPR10 proteins

Lee et al. 2010

Cd 10 µM
Oryza sativa ssp.                     
Japonica cv
Zhonghua11

Aquaporins are reprssed in plasma memebrane due to Cd toxicity.
auxin transport protein REH1, two auxin (IAA) efflux carrier proteins,
and one gibberellins (GA) response modulator were all down-regulated
after Cd treatment

Yang et al. 2016

Cd 1.0 mM
Oryza sativa L.cv.
DongJin

Methionine synthase and phosphoglucomutase (PGM) decreased
Kim and Lee
2009

Cd 100 µM
Rice (Oryza sativa L.
cv. TN67)

Induces the alteration in gene involved in unfolded protein binding and
sulfate assimilation

Lin et al. 2013

Cd, Hg 250 µM
Oryza sativa L. cv.
Nipponbare

Heavy metals cause damage in photosynthetic apparatus by degrading
the RuBisCO LSU

Hajduch et al.
2001
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time, improving nutrition quality in rice (Table 1). Although,

interestingly, Si in Silica gel was reported to decrease the

amount of As in all parts of rice plant (Fleck et al. 2013). It

occurs because of the sharing of same influx transporter Lsi1

(Low silicon rice1) by Si and As (Guo et al. 2009; Adrees et

al. 2015). Application of Mn oxide-modified biochar in the

arsenic contaminated soil decreases the level of arsenic in

rice (brown rice) by oxidizing arsenite As(III), to arsenate

As(V), thus increasing the total plant biomass and positively

effects amino acids (Yu et al. 2017). Treatment of iron

materials can significantly reduce accumulation of total

arsenic from rice plant (Matsumoto et al. 2016). Meharg et

al (2015) studied the role of silicon in reducing the toxic

effects of Cd, inorganic arsenic and antimony. Ma et al.

(2016b) had shown that Si dampens the glycosidase expression,

cell surface non-specific lipid-transfer proteins, and many

other proteins activated in stress condition (Table 2). However,

in case of high Cd exposure in cytoplasm, Si accumulating

cells provoke the distribution of Cd into vacuoles, causing

diminished expression of GST (glutathione S-transferase).

According to She et al. (2005) Si and Cd accumulate in

endodermis of rice root and reduce inner cell wall porosity,

resulting into co-precipitation of Si along the cadmium.

Tripathi et al. (2012b) used Si amendment in the rice seedlings

suffering from various alterations and damage caused by the

high dose of Cd (Table 1). In their investigation, Si reduced ROS

and metal accumulation, increased the level of antioxidative

enzymes and added to the total length and surface area of

rice root. Moreover, Si, along with Cd, minimized the

deformities in mesophyll cells, and conduction bundle of rice

(Tripathi et al. 2012a) (Table 1). Whereas, Chang et al. (2012)

reported a significant reduction in Cd accumulations and

toxicity in rice seedlings upon exogenous application of Fe-

citrate (Table 2). It was reported by Wang et al. (2013) that

rice under Cd stress improved its tolerance by increasing the

mineral element uptake, for instance, Fe accumulation

increases to resist plant from Cd stress (Table 1). Moreover,

Wang et al. (2014) demonstrated the role of Selenium in

reducing Hg uptake and accumulation in rhizospheric region

and in the root structures (Table 2). It is also evidenced that

Table 2. Different management practices for alleviation of heavy metal toxicity in rice varieties

Metals Rice varieties
Management 

methods
Concentration used Effects on rice plant References

As
Oryza sativa L. cultivar
Zhonghan 221

Arbuscular
mycorrhizal fungi
(AMF)

Twenty-seven g of
AMF inoculums 
per pot

Enhanced total phosphorus uptake and reduced total As
uptake in different rice parts. Increased rice grain biomass

Chan et al.
2013

AsIII
Oryza sativa L. var.
Sarju-52

Selenate VI 25 μM

Reduced As uptake and accumulation in root and shoot
of rice seedlings and enriches the quality of rice grain.
Induced the levels of non-protein thiols, glutathione and
phytochelatins and modulated the activity of enzymes of
thiol metabolism. Increased the level of essential amino
acids.

Kumar et al.
2016

Cd
Oryza sativa L. cv.
N07-63

Hydrogen 
peroxide (H2O2)

100 µM H2O2

Reduced metal toxicity and translocation. Induced enzyme
activities for SOD, CAT, GPX, and APX, elevated contents
of GSH and AsA.

Hu et al. 2009

Cd
Rice (Oryza sativa L.)
variety MSE-9

Nitric oxide (NO)
100 µM of SNP
(NO donor)

Regulated the stress metabolism, alleviated oxidative
stress. 

Panda et al.
2011

Cd
Oryza sativa 
(Y Liangyou 1928)

Titanium oxide
Nanoparticles 
(TiO2 NPs) 

1000 mg/L
Alleviated Cd induced toxicity by reducing its uptake
and translocation in rice roots and leaves. Significantly
enhanced net photosynthetic rate and chlorophyll content. 

Ji et al. 2017

Cd Oryza sativa L.
Rapeseed cake
(RSC)

3.00 g kg−1

Decreased the heavy metal accumulation and its
concentrations in soil solution and rice thus reduces the
bioavailability of heavy metal to rice crop. Alleviated
heavy metal toxicity by immobilizing metals in soil.

Yin et al. 2016

Cd
Oryza sativa L. cv.
Taichung Native 1

Fe-citrate 30.6 µM
Diminished concentration and toxicity of Cd in rice
seedlings. 

Chang et al.
2012

Cd
O. sativa L. cv
Zhonghua 11

Silicon 1 mM

Regulated different proteins under Cd stress and down-
regulated most of proteins. Maintained cell in normal
physiological conditions. Inhibited Cd uptake by modifying
cell walls and reduced several stress related proteins.
Caused a lower expression of glutathione S-transferases.

Ma et al.
2016b

Cd, Pb Oryza sativa L. Biochars
5% biochar by
weight

Decreased heavy metal content in rice shoot and also
decreased the pore water concentrations of Cd and Zn.

Zheng et al.
2012

Hg

Oryza sativa var.
japonica, ‘Zixiang’
(‘ZX’) and indica,
‘Nanfeng’(‘NF’),

Selenium 5µg g– 1

Reduced total content of water soluble Hg and MeHg in
rhizosphere soil. Increased the brown rice yield and
selenium content of rice. Caused development of apoplastic
barriers in root endodermis to reduce Hg uptake by roots.

Wang et al
2014
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selenium (Se) speciation (selenite and selenate) is more

effective in reducing accumulation of inorganic Hg in the

rice, here also, the rhizospheric region act significantly in

detoxification than the above ground part (Tang et al. 2017).

In addition, Si applications in rice plants lead to the reduction

in Pb bioavailability by increasing Se accumulation. 

Transcriptomics

Transcriptomics analysis is an essential part of investigation

exploring the transporters involved in different pathways and

traits, thus providing a map for the movement of HMs within

plant parts. HMs: As and Cd are highly prone to accumulate

in rice and, at the same time, are acutely toxic. Chakrabarty

et al. (2009) performed the comparative transcriptomic analysis

of As effects in rice and examined the genome-wide

expression with regard to As [arsenate (AsV) and arsenite

(AsIII)] (Table 1). Investigators in this study reported that

AsV stress caused more up-regulation or down-regulation of

an additional set of genes than AsIII, and also, that AsV

induced the expression of cytochrome P450 (Os01g43740)

in the root of oryza sativa whereas AsIII specifically induced

the expression of glutaredoxin (Os01g26912) in shoot. As

also evidenced by Sasaki et al. (2014) several genes have

already been identified or cloned, which unlock a chance for

the rice yield improvement (Rebouillat et al. 2008; Uga et al.

2013; Wu et al. 2014). Hu et al. (2016) studied the over

expression of OsLEA4 gene (Late embryogenesis abundant

protein) in improving the tolerance of transgenic rice (Oryza

sativa L.) under high levels of abiotic stress. Although

expression of OsLEA4 gene occurs during each developmental

stage of rice, over expression of this gene enhanced the

resistance of transgenic rice to HM stress compared to wild

rice variety. When Cd enters into the cytosol, there is a

directional pathway mediating the sequestration of Cd within

the vacuole by the transporter OsHMA3 (Takahashi et al.

2012), which further reduces Cd mobilization in the cytosol

and its transportation from root to shoot (Choppala et al.

2014; Shahid et al. 2016). Knock-out of Cd transporter

OsNramp5 decreases the Cd accumulation (Slamet-Loedin

et al. 2015). Consecutively, Slamet-Loedin et al. (2015)

suggested that down-regulation of OsNRAMP5 is a special

mechanism to reduce Cd accumulation in roots. Auxin

transporter OsAUX1 is reported to take part in Cd tolerance

in rice (Yu et al. 2015). In plants, Mitogen-activated protein

kinase (MAPK) cascades have specific functions in response

to hormones, cell division and development, as well as in

stress conditions (Tena et al. 2001; Jonak et al. 2002; Gao et

al. 2008). Cd was also reported to induce the OsMAPKs

gene activation in rice (Yeh et al. 2007; Gao et al. 2008). The

mechanism working under Si application to the plants for the

removal of metal induced stress, involves the modification in

gene expressions under Cd stress. Si is reported to activate

the genes OsHMA3 and OsLsi in rice that further participate

in neutralizing toxicity (Kim et al. 2014). Another study

suggests that, to resist Cd, the presence of Si in plants up-

regulates the expression of Lsi1 gene, while down-regulates

the natural resistance-associated macrophage protein5 (Nramp5)

gene, associated with Cd transportation (Ma et al. 2015).

Recently, Dubey et al. (2014), analyzed the genome-wide

alteration in transcriptome of rice (IR-64 cultivar) root in

response to different concentrations of arsenate (V), Cd,

chromium (VI) and Pb in hydroponic condition and revealed

that, from the total 51279 genes in the case of As(V), 282

genes were significantly up-regulated and 604 genes were

down- regulated. Whereas, under Cd supplementation, 707

genes were up-regulated and 831genes were down-regulated

significantly. Pb significantly affected the expression of 896

genes of which 392 genes were up-regulated and 504 were

down-regulated. Study further illustrates that transcriptional

factors that were over/under expressed related to the WRKY

family of transcription factors [Cd and Cr (VI)), MYB

family, As(V) and Cr(VI)], RING-H2 finger protein, RING

finger, CHY zinc finger domain-containing protein and bZIP

transcription factors. It is evident that a large number of

stress-related genes are transcriptionally modulated as their

up and down-regulations, while dealing with specific HM

toxicity in rice, some notable players among them being

glutathione S-transferase dehydrin, sulphite oxidase, L-ascorbate

peroxidase (APX), L-ascorbate oxidase and germin-like

proteins (Dubey et al. 2014).These data clearly indicate the

phytotoxicity of Cd in rice plants. However, Lin et al. (2013)

differentiated between Cu and Cd actions in rice root by

identifying related genes and pathways (Table 1). Their study

revealed that Cu and Cd exposures regulated transcription of

1450 and 1172 genes, respectively, among which 882 genes

were responsive under Cu stress. whereas 604 unique genes

to Cd. Cu was found in altering the genes roled in vesicle

trafficking transport and fatty acid metabolism as well as in

cellular component biogenesis, whereas Cd-regulated the

genes responsive to unfolded protein binding and sulfate

assimilation. Hg induces severe stress in rice plant through

the generation of ROS; the transcriptome analysis of Hg-

exposed roots and nodes cells reveals that the expression of

OsTCTP in the cytosol and nucleus helps to tolerate the Hg

stress by down-regulating the ROS reactions (Wang et al.

2015).

Proteomics

Study of proteomics helps in unraveling the mechanistic

pathways involved in HM stress and detoxification strategies.

A large number of proteins play major roles in plant growth

and tolerance to environmental stress. Through the artificial
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alterations of those proteins, it has become possible to

produce high yielding crops (Komatsu 2008). Zhao et al.

(2013) documented that mitogen-activated protein kinase

(MAPK) regulates the growth of rice root, and also modifies

the cycle-related gene expression through auxin signaling

variations under Cd exposure (Table 1). The first study of

rice proteome revealed that Cd causes damage in photosynthetic

apparatus by degrading the RuBisCO LSU (Hajduch et al.

2001), it reduces the concentration of the OEE2 protein and

further, increases the photosynthesis 11 and 23 kDa proteins,

like, RuBisCO activase precursor fragment, OsPR5, and

OsPR10 proteins (Lee et al. 2010; Table 1). In response to

stress generated by Cd exposure in rice seeds, homeostasis

mechanism displays the involvement of regulatory, stress and

detoxification related proteins (Singh et al. 2013). Another

investigation illustrated accumulations of regulatory proteins,

as well as receptor-like protein kinase (RLK), DnaK-type

molecular chaperone BiP, pentatricopeptide repeat (PPR)

containing-like proteins, putative retro-element, and Ulp1

protease-like proteins and stress and detoxification-related

proteins, such as putative disulfide isomerase, myosin heavy

chain-like protein, putative aldose reductase glyoxalase I,

and peroxiredoxin in Cd (0.8 mM) stressed rice seedlings.

Nitric Oxide (NO)has been shown recently to be beneficial

for the rice against Cd stress as it was demonstrated to effect

dynamic changes in rice plasma membrane proteins (Yang et

al. 2016). They identified sixty-six differentially expressed

proteins involved in the modulation of plasma membrane

proteins, of which, many function as transporters, ATPases,

kinases, metabolic enzymes, phosphatases, and phospholipases

(Table 2). Increased expression of a several heat shock

proteins shows that it has a very significant role against Cd

toxicity in rice (Dubey et al. 2014). Nwugo and Huerta,

(2010) recognized 60 protein spots that were differentially

expressed because of Cd supplemented with Si. Under

toxicity of both forms of Hg (inorganic and organic) rice root

protein analysis points to 29 differentially expressed proteins

that are known to be work in oxidative defense system,

sulfur and glutathione (GSH) metabolism, sugar and energy

metabolism, necrosis and apoptopsis, as well as in pathogen

resistance. Further results also exhibited that 15-25 kDa

proteins were found bounded to Hg in rice roots resulting

into irreversible damage of root growth under Hg stress (Li

et al. 2016). Pb ions were observed to increase the Ca

accumulation and activatethe MAP kinase protein that is

known to act like a transducer into intracellular responses in

rice seedlings (Huang et al. 2008).

Role of Hormones

Various reports have established the potential of plant

hormones in recovering crop under conditions of environmental

stress. Recent studies have suggested that phytohormones

such as auxins, cytokines, ethylene, and gibberellins, and

some stress hormones, including brassinosteroids, jasmonates,

and strigolactones, are probable metabolic engineering targets

that hold promise for crops tolerant to abiotic stress (Wani et

al. 2016). Asgher et al. (2015) reviewed the role of major

plant growth regulators (PGRs) in regulation of plant growth

under HM (Cd) stress conditions (Piotrowska-Niczyporuk et

al. 2012). Brassinosteroids (BRs), a steroidal hormone, act in

developmental events related to plants and in stress tolerance

(Choudhary et al. 2012; Fariduddin et al. 2014). BRs display

a high action even at a very low concentration (0.1 nM).

Another stress hormone salicylic acid (SA) has beneficial

role in alleviating oxidative damage caused by Cd. Therefore,

the treatment of salicylic acid increases antioxidant activities

by inducing H2O2 signaling in root of rice (Guo et al. 2007).

However, Jasmonic acid, as signaling molecules, causes defense

responses; induces development and secondary metabolism

(Agrawal et al. 2003). Similar ameliorative effect of Jasmonic

acid was also found in rice against Cu (Mostofa et al. 2013)

and As (Singh et al. 2015) by enhancing the capacity of

antioxidative and glyoxalase systems and also by regulating

mineral translocation. Plant growth regulator, auxin has

functional ability to regulate growth and development, and

act as a stress manager. Pandey et al. (2015) convincingly

demonstrated the synergistic beneficial roles of selenium and

auxin for the As stressed rice seedlings by inducing an

improvement in growth parameters, chlorophyll content,

protein content and lipid peroxidation significantly.

Ameliorative Strategies

Plants have developed multiple ways to ameliorate the stress

effects caused by toxic HM by self-regulating mechanisms,

however, a number of research efforts have indicated the

efficacy of exogenous treatment in reducing stress even

under extreme conditions. Exogenous application of special

signaling molecules like nitric oxide (NO) (Panda et al.

2011; Zhang et al. 2012) and hydrogen peroxide (H2O2) has

been used for the mitigation of Cd stress in rice seedlings

(Wu et al. 2015b; Table 2). Hsu et al. (2007) postulated that

treating the rice seedlings with H2O2 (hydrogen peroxide)

against non-heat shock stress elevates the level of APX

content to defend the rice seedling from Cd induced toxicity.

Furthermore, Sodium nitroprusside (SNP) used as an exogenous

NO donor acts as a ubiquitous signal molecule and ameliorates

the inhibitory effect of Cd on seed germination and growth

by avoiding the Cd accumulation (He et al. 2014) restoring

membrane integrity and recovering the H2O2 and O2•
− levels

(Singh et al. 2014).The same beneficial effect of NO was

reported for rice seed germination under Al toxicity (Marciano
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et al. 2010). Other methods have also been standardized for

maintaining the balanced metal content in rice production.

The use of nanoparticles (NPs) in alleviating HM stress is

seen as a new trend of research that holds promise for

sustainable agriculture. Ji et al. (2017) observed that TiO2

(Titanium dioxide) nanoparticles have the potential to

successfully detoxify rice seedlings from the stress caused by

Cd (Table 2). As transgenic crops expressing various desirable

characteristics have begun to dominate the post green revolution

in agriculture, an important question to answer is how these

modified crops will respond to the soil contaminated with

HMs. Haiyan et al. (2009) examined the variations in the

accumulation pattern of some HMs, particularly Cd and Pb

in Bt (Bacillus thuringiensis) transgenic rice and reported a

significant increase in the accumulations of Cd followed by

Pb, compared to other HMs in Bt crops. They further suggested

that growing Bt transgenic rice in Cd-polluted area might be

unsafe. In another study, upregulation of nicotianamine

synthase and ferritin gene through the CaMV 35S increases

the concentration of essential nutrients such asFe and Zn and

Mn in rice (Sebastian et al. 2015). A notable management

practice involves the technique of organic amendment

applications. In a recent study, among the applications of

rapeseed cake (RSC), organic carbon material (OCM) and

pig manure (PM), RSC was demonstrated to effectively

reduce the Cd concentrations in brown rice and, at the same

time, increase the rice grain yield by increasing dissolved

organic carbon and dissolved organic nitrogen in the soil

solution of rice crop (Yin et al. 2016; Table 2). Similarly

Zhou et al. (2015) also reported about the amendment of

combustion products of organic material, Biocharhas proven

to cause a significant reduction in the metal accumulations in rice

grains (Zheng et al. 2015). Several studies provide the

evidence about the beneficiary role of biochar in reducing

metal (Cd and Pb) accumulations in soil, thereby reducing

their availability to the rice (Zheng et al. 2012; Table 2).

Similarly, in Cd and Pb contaminated rice paddy field,

biochar potentially increased the rice gain production by

alleviating metal stress and carbon emission from metal polluted

rice field (Zhang et al. 2015). However, these management

practices are less feasible because of high maintenance costs and

time investment. Alternatively, arbuscular mycorrhizal fungi

(AMF) have shown some promise in reducing accumulations of

HMs such as As in rice (Chan et al. 2013). Li et al. (2016) also

demonstrated the significant role of AMF in reducing the Cd

concentrations from rice root cell wall as well as shoot by

transforming Cd into inactive form, thus increasing the rice

tolerance to Cd. Water management is another promising

method for minimizing the bioavailability of toxic HMs to the

rice plant. Biochar is beneficial in reducing methylmercury

(MeHg) in rice grains by immobilizing MeHg in soil and bio-

dilution of MeHg in grains; it also enhances the biomass of

grain (Shu et al. 2016).

Conclusion and Future Prospect 

Cultivation of rice demands fertile soil and a plenty of water,

but unfortunately, the excessive application of chemical

fertilizers and pesticides to the paddy fields has already generated

a huge burden on soil and water quality with substantial

accumulations of toxic metals (Cd, As, Pb or Hg). Research

shows that these agents can not only affect crop yield and

grain quality but also human health in dramatic ways because

of mass consumption of rice. Above account amply indicates

how HMs can build up stress in plants, modify the cellular

process and affect plant genome or gene expressions. This

article also discusses, in some detail, how plants have developed

smart strategies to minimize stress effects of metal accumulations

in tissues and organs. These defensive mechanisms operate

at multiple levels: morpho-anatomical-physiological levels at

one hand, and at other hand, at the level of gene regulation,

genetic and epigenetic modifications of the genome. Besides,

to increase the yield and quality of rice grains, a number of

HM stress mitigation methods have been suggested in different

studies, for example, the exogenous supplementation of

beneficial ions, stress hormones, special signaling molecules,

nanoparticles, organic amendments, fungal treatments, and

water management in the contaminated soils. All these

mitigation measures require a thorough scrutiny under field

conditions. As cultivation of transgenic crops is on rise, it is

also important to monitor the concentration of these toxic metals

in grains harvested from transgenic cultivars. The issue of HM

accumulations by transgenic crops is not yet settled, as reports

are conflicting. A number of studies indicate significant

accumulations while some point to no concerns, for instance, in

rice, upregulation of nicotianamine synthase and ferritin

using CaMV 35S increases the concentration of Fe and Zn

and Mn. Whereas, biofortified indica rice grains, enriched with

Fe and Zn, demonstrated no significant accumulation of Cd

from Cd-contaminated soils. Endosperm, which is the major

part of the transition elements reserve in the seed grain, shows

site-specific expression of heavy metal chelating compounds

and transporters that are the open areas of genetic manipulation

for control against toxic metals. Sound stress remediation

strategies should be explored at all levels, from agronomic

practices, soil management to genetic manipulation, for the safe

production of this staple food crop.
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