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ABSTRACT

Cadmium (Cd) is a toxic heavy metal that enters the environment through various anthropogenic sources, and inhibits
plant growth and development. Cadmium toxicity may result from disturbance in plant metabolism as a consequence of
disturbance in the uptake and translocation of mineral nutrients. Plant nutrients and Cd compete for the same transport-
ers and, therefore, presence of Cd results in mineral nutrients deficiency. The optimization of mineral nutrients under
Cd stress could reduce Cd toxicity by greater availability at the transport site resulting in reduced accumulation of Cd,
and could also alleviate Cd-induced toxic effects by enhancing biochemical reactions and physiological processes in
plants. In the present review the role of plant macro, micro and beneficial elements in alleviating Cd stress in crop

plants is discussed.
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1. Introduction

The increased dependence of agriculture on chemical fer-
tilizers and sewage wastewater irrigation and rapid in-
dustrialization has added toxic metals to agricultural soils

causing harmful effects on soil-plant environment system.

Cadmium (Cd) is among the metal contamination, and is
considered as a major environmental concern to the ag-
ricultural system as its residence time in soil is over thou-
sands years [1]. Cadmium has been placed at seventh
rank among the top toxins. Cadmium concentrations of
uncontaminated soils are usually below 0.5 mg-kg ', but
can reach up to 3.0 mg-kg ™' depending on the soil parent
materials [2]. Although Cd is a non-essential element for
crop plants, it is easily taken up by plants growing on
Cd-supplemented or Cd-contaminated soils, entering food
chain and causing damage to plant and human health. It
has been reported that mean concentration of Cd ranges
from 0.013 to 0.22 mg-kg ' for cereal grains, 0.07 to 0.27
mg-kg™ for grasses, and 0.08 to 0.28 mg-kg" for leg-
umes [3]. Some phosphatic fertilizers and phosphorites
contain high concentrations of Cd (4.77 pg-g™') and are
considered as the potential cause of increasing Cd con-
tamination in rice [4].

The accumulation of Cd in plants may cause several
physiological, biochemical and structural changes [5-7].
Cadmium accumulation alters mineral nutrients uptake,
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inhibits stomatal opening by interacting with the water
balance of plant [8], disturbs the Calvin cycle enzymes,
photosynthesis, carbohydrate metabolism [9,10], changes
the antioxidant metabolism [6], and lowers the crop pro-
ductivity [1]. As Cd is unable to participate directly in
biological redox reactions, it induces oxidative stress via
different indirect mechanisms. Once inside the plant, Cd
stimulates the activity of NADPH oxidases, resulting in
extracellular superoxide, H,O, accumulation and lipid
peroxidation and oxidative burst [11]. Moreover, Cd stimu-
lates production of phytochelatins by increased phyto-
chelatin synthase activity. The production of phytoche-
latins results in chelation of Cd by sequestering the phy-
tochelatin-Cd conjugant in vacuoles decreasing free Cd
concentration. Since phytochelatins are oligomers of re-
duced glutathione (GSH), this can lead to depletion of
the GSH pool an important metabolite in maintaining the
cellular redox balance.

In soil-plant relationship, Cd may influence physio-
logical processes and biochemical mechanisms primarily
by affecting concentration and functions of mineral nu-
trients. Cadmium has been shown to interact with the
availability of nutrient elements [5] and also some of
these nutrients have protective role against the toxic ef-
fects of Cd stress [5,6]. Having recognized the impor-
tance of mineral nutrients for agricultural systems and
the adverse effects of Cd on plants, it is necessary to un-
derstand the interaction between nutrients to optimize
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mineral nutrients for Cd stress alleviation. Recently, Sar-
war et al. [12] have shown the interaction of mineral nu-
trients in reducing Cd accumulation, and important pro-
gress has been made in elucidating the roles of essential
and beneficial plant elements in Cd stress alleviation.
Therefore, the objective of this article was to focus pri-
marily on the current understanding of the importance of
macro, micro and beneficial elements in the alleviation of
Cd toxicity and how other nutrient availability may re-
duce the accumulation of Cd in plants, reducing its toxic-

ity.

2. Cadmium Accumulation and Toxicity in
Plants

It has been reported that expression of ABC transporters
involved in Cd accumulation in the vacuole or natural
resistance-associated macrophage protein (NRAMP) in-
volved in the transport of divalent cations [13], was pref-
erentially induced in plants exposed to 10 uM Cd, but to
a lesser extent in plants treated with 100 pM Cd. Two
metabolic enzymes that seem to play a role in cellular
responses to several abiotic stresses: alanine aminotrans-
ferase and hexokinase [14] were also induced by 10 uM
Cd. The former is an important enzyme for glutamate
(Glu) synthesis, a precursor of glutamylcysteine and GSH.
The available information on the negative effects of Cd
in soil on several physiological processes led to work on
induction of Cd tolerance mechanisms in plants. The
plant-specific adverse effect of Cd on membranes func-
tion is by binding of Cd to protein sulthydryl groups of
enzymes. The activity of H'-ATPase, participating in the
uptake of elements by roots, in the cell membrane of
roots of papilionaceous plants has been found significantly
lower than in the Cd-tolerant cucurbitaceous plants [15].
It has been shown that Cd produces DNA strand breaks,
DNA-protein crosslinks, oxidative DNA damage, chro-
mosomal aberrations, dysregulation of gene expression
resulting in enhanced proliferation, depressed apoptosis,
and/or altered DNA repair [16]. Unyayar et al. [17] re-
ported that Cd is both cytotoxic and genotoxic in Vicia
faba and leads to sister chromatid exchange (SCE), an
indicator of persistent DNA damage. However, antioxi-
dative enzymes and antioxidants play important roles in
the protection of Cd-exposed V. faba from genotoxic
effects of this metal. Further studies of the mechanism(s)
of Cd-induced SCEs in relation to the responses of the
antioxidative systems may allow new insights into how
the mutagenic effects of Cd may be modified by plant
adaptation mechanisms in Cd-contaminated environments.
Intracellular signaling and apoptotic pathways are clearly
impaired after Cd exposure.

Soil contamination with Cd affects properties of soil
directly surrounding the roots (soil rhizosphere) and in-
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fluences the uptake of essential elements required for
proper plant growth and development. The effect of Cd
on nutrient uptake is determined by both the degree of
soil contamination and the plant species and organs, which
have different tolerance to toxic heavy metals. Recently,
Ueno et al. [18] examined genotypic variations in shoot
Cd concentration in 146 rice accessions from rice core-
collection and found a large variation in the shoot Cd
accumulation and Cd tolerance. There are significant
differences in Cd tolerance among species and varieties,
but the contradictions exist between the results of differ-
ent experiments. These differences may be attributed to
the inherent differential capacity of different species and
varieties for Cd accumulation and partitioning in root and
shoot, and also on the ability to restrict Cd in roots.

The partitioning of Cd to different plant organs plays
important role in toxicity of Cd to plants. The amount of
Cd that accumulates in plant is limited by several factors
including: 1) Cd bioavailability within the rhizosphere; 2)
Rates of Cd transport into roots via either the apoplastic
or symplastic pathways; 3) The proportion of Cd fixed
within roots as a Cd- phytochelatin complex and accu-
mulated within the vacuole; and 4) Rates of xylem load-
ing and translocation of Cd. Cation-exchange capacity
(CEC) of the root cell walls may also be an important
factor influencing the net uptake of metals. A high CEC
implies a high metal adsorption in the cell walls, making
the metal ions more available for membrane transport as
well as decreasing the metal efflux. High CEC may also
increase the metal content in the cytoplasm and thus af-
fect the tolerance to the metal.

A putative chromatin remodeling factor, named OXS3,
was recently identified in screening for Cd tolerance of a
B. juncea cDNA library in Schizosaccharomyces pombe
[19]. An OXS3 mutant was hypersensitive to Cd and its
over-expression improved Cd tolerance. Verbruggen et al.
[20] postulated that OXS3 might protect DNA or alter its
transcriptional selectivity. While most Cd is chelated be-
fore its transport to the vacuole, Cd can be directly trans-
ported into the vacuoles by Cd/proton antiporters like
CAX2 and CAX4 and possibly also by MHX [21]. Ko-
renkov et al. [21] have reported that the over-expression
of AtCAX2 or AtCAX4 in tobacco enhances Cd and zinc
(Zn) transport into root tonoplast vesicles and enhances
Cd accumulation in roots of plants exposed to Cd.

The interactions between heavy metals and the proper-
ties of soil play an important impact on the environment
through their decreasing effect on the bioavailability of
heavy metals, thus favorably affecting the environment.
It has been demonstrated that some plants can actively or
passively change H' excretion under heavy metal stress.
Such root-induced changes of rhizosphere pH play a ma-
jor role in the bioavailability of many pH dependent nu-
trients, but also potentially toxic metals and a range of
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trace metals [22]. Uptake of Cd by root from soil de-
pends on the soil factors such as Cd concentration in soil,
soil pH and level of organic matter. The interaction be-
tween nutrients, heavy metal and soil may occur at the
level of plant and/or in the soil. In soil, nutrients and
metal interact at the level of precipitation, surface ab-
sorption and formation of complexes with organic com-
pounds [23]. Rhizosphere is an important environmental
interface connecting plant roots and soil. The influence
of root exudates on Cd bioavailability and toxicity is a
consequence of change in the rhizosphere pH, redox po-
tential and the number and activity of rhizospheric mi-
crobes, and the capacity for chelating with Cd ions. Some
motile physiological changes would take place when plants
are grown under heavy metal conditions, and then make
a series of physical and chemical reactions of heavy met-
als in rhizosphere to affect their transfer in soil-plant
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system, which may be beneficial to decrease the metal
availability and its absorption by plants. Therefore, it is
understandable that the study of root rhizosphere has
been one of the most important issues in toxicity and
tolerance of metals. Mench and Martin [24] reported that
low molecular weight of organic acids secreted by roots
played an important role in solubility and availability of
heavy metals, and Cd availability would be reduced if Cd
bound into Cd chelate complex with root secretion. The
roots of some plants, such as wheat and buckwheat, ex-
crete organic acid such as oxalic acid, malic acid and
citric acid that can chelate with Cd to prevent its entrance
into roots. In addition, the combination of organic phos-
phate acids and Cd ions would produce cadmium phos-
phate complexes unavailable to plants. An overview of
absorption of Cd present in soil; its transportation, accu-
mulation and detoxification has been shown in Figure 1.
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Figure 1. An overview of Cd absorption, transportation, accumulation and detoxification in plants.
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3. Effects of Cadmium on Nutrients
Transport, Accumulation, and
Physiological and Molecular Processes

The transient deficiencies of nutrients may occur as a
consequence of a combination of spatial and temporal
variations in plant nutrient demand and supply, which is
influenced by the relative mobility of nutrients in plant.
The movement of mineral elements to the root surface
depends on: 1) Diffusion of elements along the concentra-
tion gradient formed due to uptake generating depletion
of the element in the root vicinity; 2) Root interception,
where soil volume is displaced by root volume due to
root growth; and 3) Mass flow, transport of bulk soil so-
lution along the water potential gradient (driven by tran-
spiration) [25].

The inorganic nutrients required for plant growth can
be provided to growing tissues either in the xylem, driven
by transpirational water flow, or in the phloem, associ-
ated with the sink-driven movement of organic solutes
from source to sink tissues. The relative contribution of
phloem and xylem transport to the supply of nutrient
elements varies from species to species and differs for
each element. The nutrients such as nitrogen (N), phos-
phorus (P), K, sulfur (S), and magnesium (Mg) are read-
ily transported in either the xylem or phloem (phloem-
mobile nutrients), whereas calcium (Ca), and, in non-sugar
alcohol species, boron (B) have limited mobility and can
only be supplied to growing tissues in the xylem (phloe-
mimmobile nutrients). The ability of a plant species to
survive or to yield optimally during a period of nutrient
deficiency is, therefore, a consequence of both its ability
to obtain nutrients from the soil under limiting conditions
and the extent to which the nutrients can be supplied
through redistribution from other plant tissues. Cadmium
being a divalent cation may compete with Ca, Mg or iron
(Fe) in their transport across membranes [26]. It is taken
up by plants via cation transport systems normally in-
volved in the uptake of essential elements, such as mem-
bers of ZIP and NRAMP families or Ca channels and
transporters [27]. The competition between nutrients and
toxic metal in the plant for binding sites in different
compartments, such as cell wall, plasma membrane, and
the cell may influence the distribution of toxic metal [28].
Cadmium entry through the Ca channel in the leaves dis-
turbs the plant-water relationship [27], causing stomatal
closure in many plants, leading to lower transpiration rate,
and inhibition of photosynthesis through an adverse ef-
fect on chlorophyll metabolism. This subsequently leads
to growth inhibition and imbalance in the nutrient level.
The decrease of Mn, Fe, Mg, S and P concentrations in
leaves of Cd-sensitive cultivars under Cd stress has been
shown to be the key reason for the restraint of leaf pho-
tosynthesis, and the decrease of cabbage growth [29].
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Cd-induced inhibition of photosynthesis has also been
attributed to an inhibition of the activity of key enzymes
of the Calvin cycle and the photosynthetic electron trans-
port chain in rice [30], and inhibition occurred at the up-
take level or in translocation of nutrients. Cadmium may
interfere with the nutrient uptake by altering the plasma-
membrane permeability, leakage of nutrients through
plasma membrane [31] and affect the element-transport
processes across the membrane [32].

An excess Cd supply increased macronutrient and de-
creased micronutrient concentrations in the Aeluropus lit-
toralis [33]. Aina et al. [34] reported that high percentage
of polymorphism in rice DNA following exposure to Cd.
This might be mainly related to DNA breaks which were
supported by the absence of preferential mutation sites in
the rice genome as suggested by the random distribution
of DNA polymorphic bands. They also reported that al-
though high concentration of Cd damages DNA, the low
dose of Cd avoid or repair, at least in part, DNA breaks
and induced changes in metabolic enzymes and activated
defense mechanisms by the induction of transporters and
proteins involved in the degradation of oxidatively modi-
fied proteins. Gongalves et al. [35] showed that Cd de-
creased the macronutrient and micronutrient contents in
the in vitro cultured potato plantlets in both roots and
shoots. In contrast, the macronutrient and micronutrient
contents in the hydroponically grown plantlets were gen-
erally not affected by Cd and that the influence of Cd on
nutrient content in potato varied according to the level of
Cd, potato cultivar, plant organ, essential element and
growth medium. They reported that excessive Cd accu-
mulation may affect the uptake and distribution of certain
nutrients in the potato cultivars, and consequently may be
responsible for mineral disturbances and depression of
plantlet growth.

Members of the ZIP gene family, a novel metal trans-
porter family first identified in plants, are capable of
transporting a variety of cations, including Cd, Fe, Mn
and Zn. Information on where in the plant each of the
ZIP transporters functions and how each is controlled in
response to nutrient availability may allow the manipula-
tion of plant mineral status for creating food crops with
enhanced mineral content, and developing crops that
bioaccumulate or exclude toxic metals [36]. Dong et al.
[37] through regression analysis showed that there was a
significantly negative correlation between Cd and Mn,
implying the antagonistic effect of Cd on Mn absorption
and translocation. The correlation between Cd and Zn,
copper (Cu) and Fe was inconsistent among leaves, stems
and roots. Cadmium alters the conformation of proteins,
for example enzymes, transporters or regulator proteins,
due to its strong affinity as ligand to sulthydryl and car-
boxylic groups [38]. The Cd exposure increases the ex-
pressions of the exogenous and the endogenous Fe-de-

AJPS



1480 Cadmium Toxicity in Plants and Role of Mineral Nutrients in Its Alleviation

ficiency responsive genes, HvIDS2pro::GUS, NtFROI1
and NtIRT1 in the roots [39]. Cadmium damages DNA
and Zn probably modulates the protection of DNA from
Cd-induced damage either by inhibition of Ca/Mg-de-
pendent endonuclease or by inhibiting metal catalyzed
oxidative damage through OH attack on either the DNA
or protein both by -SH group protection and inhibition of
redox cycling of the associated metal ions thereby pre-
venting the generation of covalent linkages such as thy-
mine-cysteine adducts [40]. Three basic helix-loop-helix
transcription factors, FIT, AtbHLH38 and AtbHLH39,
involved in Fe homeostasis in plants also play important
roles in Cd tolerance. The gene expression analysis showed
that the expression of FIT, AtbHLH38 and AtbHLH39
was up-regulated in the roots of plants treated with Cd.
The plants overexpressing AtbHLH39, double-overex-
pressing FIT/AtbHLH38 and FIT/AtbHLH39 exhibited
more tolerance to Cd exposure than wild type, whereas
no Cd tolerance was observed in plants overexpressing
either AtbHLH38 or FIT. Further analysis revealed that
co-overexpression of FIT with AtbHLH38 or AtbHLH39
constitutively activated the expression of HMA3, MTP3,
IRT2 and IREG2, which are involved in the heavy metal
detoxification in Arabidopsis. Moreover, co-overexpres-
sion of FIT with AtbHLH38 or AtbHLH39 also enhanced
the expression of NAS1 and NAS2, resulting in the ac-
cumulation of nicotiananamine, a crucial chelator for Fe
transportation and homeostasis. Thus maintenance of
high Fe content in shoot under Cd exposure alleviates the
Cd toxicity [41]. Phytolacca americana (pokeweed) is a
perennial herb that was found to be a good Mn and Cd
hyperaccumulator with great potential for remediation of
Mn and Cd contaminated soils. In the presence of Cd,
adding Mn to the solution significantly improved the
plant growth and reduced the concentrations of Cd in all
organs of the plant [42].

Cadmium negatively influences the structural integrity
of DNA which was identified utilizing the principle of
the formation of a fluorescent complex between dou-
ble-stranded DNA and ethidium bromide (EB) [43]. Ex-
posure to 10 uM Cd results in a distinct loss of fluores-
cence due to the decreased binding of EB with DNA and
direct binding of Cd to DNA bases (specifically guanine,
adenosine and thymine).

Different transporters are involved in the translocation
of nutrients into the aerial part of the plant at different
levels, and Cd can inhibit these transporters. Toxic heavy
metals compete with the transport systems operating for
micronutrient uptake, and this occurs by using the same
transmembrane carriers used for the uptake of Ca*’, Fe*',
Mg**, Cu*" and Zn*" ions [44,45]. Due to its high mobil-
ity and water solubility, Cd readily enters the roots through
the cortical tissue and can reach the xylem via an apoplas-
tic and/or symplastic pathway, complexed to organic acids
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or phytochelatins [46]. Once loaded into the tracheary
elements, Cd complexes are transported within the plant
following the water stream. It has been shown that Cd
accumulation in developing fruits could occur via phloem-
mediated transport, implicating a systemic diffusion of
the heavy metals into the plant [47]. Another important
toxicity mechanism is due to the chemical similarity be-
tween Cd*" and functionally active ions situated in active
sites of enzymes and signaling components. Thus, Cd**
ions can interfere with homeostatic pathways for essen-
tial metal ions [44] and the displacement of divalent
cations, such as Zn and Fe, from proteins could cause the
release of “free” ions, which might trigger oxidative in-
juries via free Fe/Cu-catalyzed Fenton reaction [48]. Land
plants possess a highly effective metal ions uptake sys-
tem that allows the acquisition of metal ions and other
inorganic nutrients from soil by plant roots. Therefore,
metal transporters, situated in the tonoplast or plasmamem-
brane, play a central role in the maintenance of metal
homeostasis within physiological limits. In fact, Cd tol-
erance is correlated with its extrusion or intracellular
compartmentalization mediated by the activation of spe-
cific transport processes.

The transport protein involved in metal transport may
be general or specific. The family of NRAMP metal ion
transporters represents an important group of transmem-
brane protein involved in metal transport and homeosta-
sis and are considered as “general metal ion transporters”
due to their ability to transport Mn**, Zn*, Cu*, Fe*,
Cd**, nickel (Ni*")and cobalt (Co*") ions [49]. Some tran-
sport proteins might be involved in uptake and transport of
Zn as well as Cd [50]. Concerning efflux systems, metal
transporters P1B-ATPases (HMA) translocate metal ions
out of the cytoplasm (both outside the plasma membrane
and into the vacuole) hydrolyzing ATP. Export metal-
transporters are more selective than import-trans- porters.
Indeed, HMA members (e.g. HMA2, HMA3 and HMA4)
export Zn and Cd exclusively [51]. Recent works high-
lighted that members of this family (AhHMA4, AhHHMA3
and TCHMA4 deriving from hyperaccumulator species A.
halleri and T. caerulescens) are able to confer Cd or Zn
tolerance when expressed in yeast [45,52]. Therefore, it
has been proposed that AhHMA4, TcHMA4 and proba-
bly AtHMAA4, its homolog in A. thaliana, may contribute
to Cd and Zn homeostasis extruding the metal ions from
the cytosolic compartment [51]. The Zn/Cd transporting
ATPase HMA2 and HMA4, essential for root to shoot
translocation of Zn can also transport Cd [50]. Cadmium
uptake via IRT1 may transport Cd and might prove to be
useful in Cd removal from contaminated soil. Arabidop-
sis IRT1, which belongs to the ZIP (ZRT = Zinc Regu-
lated Transporter/IRT Related Proteins) family of trans-
porters, has a broad substrate range and transports Fe,
Mn, Zn, and possibly Cd [53,54].
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Besides, members of the “cation diffusion facilitator”
transporter group seem to mediate vacuolar sequestration,
storage and transport of metal ions from the cytoplasm to
the outer compartment and have been characterized in
both prokaryotes and eukaryotes and can transport across
membranes divalent metal cations such as Zn, Cd, Co, Fe,
Ni or Mn [55]. Natural resistance-associated macrophage
protein3 (NRAMP3) and NRAMP4 are responsible for
Cd efflux from the vacuole [56]. Their over-expression
increased Cd sensitivity in Arabidopsis as a result of the
impairment of Fe homeostasis, as NRAMP3 and NRAMP4
are responsible for the release of vacuolar Fe. Plant nu-
trients also help to sequester Cd in vegetative parts by
production of phytochelatins and avoid Cd accumulation
in grains.

4, Plant Mineral Nutrients in Alleviation of
Cadmium Toxicity

A balance of inorganic nutrients is required by plants for
maximum growth and development under optimal and
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stressful environments. Mineral deficiencies or imbalances
and depression of plant growth can result from excessive
Cd toxicity that affects the rate of uptake and distribution
of certain nutrients in plants. To reverse the negative
effect of Cd stress, plants need to either inhibit its accu-
mulation or enhance its tolerance capacity to Cd for sur-
vival. The severity of Cd toxicity, however, can be re-
duced through the optimization of these nutrients. Suffi-
cient availability of nutrients may reduce the accumula-
tion of a metal in plants and decrease its toxicity by in-
ducing several physiological processes. Mineral nutri-
ents-induced physiological processes for alleviation of
Cd stress are summarized in (Tables 1 and 2). The activ-
ity of antioxidant system maintains the redox status of
plant cell, removes reactive oxygen species (ROS), miti-
gates Cd-induced stress at different level of their target-
ing sites and maintains functionality of photosynthetic
system, resulting in increased plant dry mass, growth and
yield (Figure 2). The potential of some of the important
plant macro, micro and beneficial elements in alleviating
Cd toxicity in plants is summarized below.

Table 1. Macro nutrients-induced physiological responses for alleviation of Cd stress.

Nutrients Plant species Physiological response for Cd alleviation References

N Helianthus annuus Increases investment in rubisco protein [91]
Triticum aestivum Reduces Cd accumulation [92]
P Trema micrantha Reduces Cd concentration [93]
Elodea nuttallii Increases activities of peroxidases and catalases [62]
K Brassica juncea Inhibits Cd uptake from the medium [65]
S Oryza sativa Detoxifies Cd by inducing Cd-binding proteins [94]
Triticum aesitivum Increases ATP-S activity [5]

Brassica juncea Increases GSH content [6,68]
Ca Arabidopsis thaliana Decreases Cd content [77]
Trifolium repens Decreases Cd accumulation [78]
Mg Oryza sativa L. Decreases genes expression for Cd transport [80]

Table 2. Micro nutrients and beneficial elements-induced physiological responses for alleviation of Cd stress.

Nutrients Plant species Physiological response for Cd alleviation References

Fe Brassica juncea  Fe stabilizes complex proteins and provide stability to chloroplast under Cd stress [84]
Lupinus albus Protects photosynthetic tissues [86]

Zn Triticum durum Addition of Zn to soil reduced crop Cd concentrations [95]
Oryza sativa Inhibits Cd uptake [30]

Brassica chinensis Suppresses Cd uptake and root-to-shoot transport [90]

Arachis hypogaea Reduces shoot Cd accumulation and a stimulation of antioxidative enzymes [10]

Se Brassica napus Inhibits Cd accumulation in cells and activates antioxidant system [87]

Copyright © 2012 SciRes. AJPS
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Figure 2. Physiological and metabolic processes associated with Cd stress alleviation in plants.

4.1. Macro Nutrients

Primary nutrient elements (N, P, K) are integral part of
our agricultural system for optimizing crop productivity
and also for sustainable agriculture. Nitrogen supplemen-
tation to Cd-stressed plant leads to an enhanced Cd tol-
erance in plants by increasing the photosynthetic capacity
of plants. Pankovic et al. [57] have shown that optimal N
(7.5 mM) supply decreased the inhibitory effects of Cd
on photosynthesis of sunflower plants by increasing ribu-
lose 1,5-bisphosphate carboxylase (Rubisco) activity or
by the increase in soluble protein content. The alleviation
of Cd toxicity by N application also depends on the N
source [58]. The application of NH} -N reduces the Cd
concentration in leaves of rice plant under 100 mg-kg '
Cd, while NOj -N increases it, suggesting an antagonistic

Copyright © 2012 SciRes.

effect between NH, -N and Cd and a synergistic effect
between NOj; -N and Cd [58]. Upon exposure to Cd,
plants often synthesize a set of N-containing metabolites
through N metabolism, such as proline, GSH and phyto-
chelatins, which play a significant role in Cd tolerance of
plants [59]. The other reason for N-induced alleviation of
Cd toxicity has been suggested as the increased biomass
production by increasing the photosynthetic rate with N
application. The increased biomass production sequesters
more Cd in vegetative parts and very little moves into the
grain. Recently, Zhu et al. [60] have shown that N fertil-
izer in the form of 16 mM (NH,),SO, was effective in Cd
alleviation in Sedum. The effect of N in alleviating Cd
stress is dose dependent and occurs through its promot-
ing effect on chlorophyll synthesis as well as on the ac-
tivities of antioxidant enzymes, such as SOD, catalase
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and peroxidase, which partially alleviated the accumula-
tion of ROS [61]. Phosphorus application neutralizes the
toxic effect of Cd by the dilution effect and increases
plant growth and yield [12]. It was found that the appli-
cation of phosphate fertilizers decreased the mobility of
Cd in soil by changing mobile forms of Cd to the immo-
bile form of Cd phosphate. The other mechanism shown
for decreasing Cd stress is by the addition of P and in-
creasing GSH content and prevented membrane damage
[62]. Similarly, improving K nutrition of plants under
stress has been shown to minimize the oxidative cell
damage by reducing ROS formation during photosynthe-
sis and inhibiting activation of oxygen radical generating
NADPH oxidase [63] and the form of K applied plays a
significant interaction with Cd in plants. The form of K
applied has differential effect on Cd accumulation and
Cd stress. In a study on spring wheat, Zhao et al. [64]
have shown that there was a differential response of
wheat to three sources of K (as KNO;, K,SO,, and KCI at
the rate of 55, 110 and 166 mg-K-kg ™' soil) applied under
Cd stress (as CdCl, at a uniform rate of 15 mg-Cd-kg"'
soil). When the level of K addition increased from 0 to
55 mg-K-kg ' soil, the application of KCI and K,SO,
resulted in 60% - 90% increase in Cd concentration in
shoots, while the application of KNO; only resulted in
marginal increase in Cd concentration in shoots thus
protecting plant root and shoot dry mass [64]. Availabil-
ity of K protects mustard plants from Cd toxicity by re-
ducing its availability thereby depressing H,O, content
and lipid peroxidation, and increasing the activity of an-
tioxidative enzymes [65].

The up-regulation of S-assimilation pathway alleviates
Cd toxicity and improves capacity of plants to survive in
a Cd polluted environment [66]. Studies have indicated
that both ATP-sulfurylase (ATPS) and serine acetyl trans-
ferase (SAT) played important roles in limiting Cd ac-
cumulation and enhancing Cd tolerance in Triticum aes-
tivum [5], B. juncea [66], Arabidopsis [67]. Higher ex-
pression of ATPS activity has been shown necessary for
the maintenance of optimal GSH levels required for the
proper functioning of Ascorbate (AsA)-GSH cycle in
mustard [6]. Anjum et al. [68] have reported that S ap-
plied at 40 mg-S-Kg ' soil to mustard resulted in reduced
Cd toxicity by increasing leaf AsA and GSH content. It
can be explained that the improved S nutrition may allow
a more adequate plant defense response by synthesis of S
defense compounds, such as GSH and phytochelatins.
The induction of S metabolism by Cd has been described
to involve a coordinated transcriptional regulation of genes
for sulfate uptake and its assimilation as GSH and phy-
tochelatins biosynthesis [69]. Induction of phytochelatins
is one of the main detoxification strategies against Cd by
chelating Cd ions and preventing its toxicity [70]. Astolfi
et al. [71] have shown that S-deficient plant shows in-
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crease of ATPS, O-acetyl serine (OAS) thiol lyase activ-
ity under 100 uM Cd-treated plants, which may be a part
of the defense mechanism based on the production of
phytochelatins and its biosynthesis is closely dependent
on S metabolism. Sulfur assimilation is considered a cru-
cial step for plant survival under Cd stress [72]. Cai et al.
[73] reported that exogenously applied GSH significantly
increased chlorophyll content, net photosynthetic rate,
maximal photochemical efficiency of PSII and effective
PSII quantum yield in Cd-exposed plants. Recently,
Masood et al. [74] reported under Cd stress S helped in
stress alleviation via ethylene signaling.

The increasing concentration of Cd in the external me-
dium replaces Ca at the binding site by other heavy metal
cations at the exterior surface of the plasma membrane,
thereby increasing Ca requirement. Cadmium decreases
Ca content because of the competition between Cd and
Ca at both Ca channels [75] and intracellular Ca binding
proteins [76]. Calcium reduces the Cd toxicity mainly by
reducing its uptake and competing at the transport site
and secondly through influencing various physiological
processes. It has been reported that liming or alkaline
medium reduces Cd uptake which is facilitated at low pH.
Alleviation of Cd toxicity by Ca supplementation occurs
either by decreasing Cd uptake or by reducing Cd toxic-
ity. In Arabidopsis seedlings, the content of Cd per gram
fresh weight was reduced from 46.7 pg to 17.4 pg in the
presence of 30 mM Ca [77] by reducing Cd uptake.
Wang and Song [78] reported that 5 mM CacCl, applica-
tion reversed the Cd effects on the activity of SOD, cata-
lase, glutathione peroxidase and APX and reversed the
Cd-induced decrease in fresh mass as well as the changes
in lipid peroxidation in Trifolium repens. The enhanced
Cd tolerance in Lactuca sativa by 4 mM CaCl, was the
result of increased expression of phytochelatin synthase
gene under 0.05 mM Cd treated in Lactuca sativa plants
[79].

Magnesium shows an interaction with Cd toxicity and
its alleviation. In Mg-deficient shoot and root of rice
seedlings contained higher Cd concentration [80]. How-
ever, further results suggested that the protective effect of
Mg against Cd toxicity was primarily due to enhanced
antioxidant status and not the inhibition of Cd uptake. In
contrast, Abul Kashem and Kawai [81] have reported
that 10 mM Mg alleviated the 0.25 pM Cd toxicity in
Japanese mustard spinach plants and exhibited two-fold
higher shoot growth with decreased shoot Cd concentra-
tion of 40%. The Mg-induced Cd alleviation has been
related to the expression of OsIRT1, OsZIP1, OsZIP3
genes of rice roots.

4.2. Micro Nutrients

Zinc is an important group of metal transporters in the
ZIP (ZRT, IRTlike protein) family. ZIP transporters are
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plasma-membrane transport proteins induced both in
roots and shoots of Arabidopsis under Zn-limiting condi-
tions. They are thought to be involved in Cd uptake from
soil into the root cell and also in transport of Cd from
root-to-shoot [51]. Enhanced root metal uptake mediated
by ZIP transporters seems to be a factor necessary for
hyperaccumulation. However, this does not account for
hyperaccumulation in the model species A. halleri and T.
caerulescens [51]. It is suggested that the toxic effects of
Cd may be prevented by Zn application. In the case of T.
violacea, the only Cd/Zn interaction observed was in the
small-sized plants whereby plants supplied with Cd at 2
mg-L™" accumulated Zn to 48.5 mg-kg ' in the leaves
compared to 16.8 mg-kg ' in the control. However, when
supplied with Cd at 5 mg-L™', only 12.8 mg-Zn-kg ' was
accumulated in the leaves suggesting Cd/Zn antagonism
at 2 mg-Cd-L™" [82].

Iron helps in Cd alleviation by both limiting Cd uptake
and translocation and by increasing plant growth, photo-
synthetic pigment accumulation and more intense light
phase of photosynthesis. Iron has been shown to help
plants in counteracting the negative effects of Cd by re-
taining both quantity and quality of chloroplast. In Cd-
treated (25, 50, 100, 150 uM) almond seedlings, the de-
crease in Fe results in the decrease in ferredoxins neces-
sary for the light-induced oxido-reduction process and
reduction in chlorophyll content [83]. At moderate and
high Fe levels (1.89 and 16.8 mg-L™"), plant height in
rice increased under low Cd level (0.1 mM), but de-
creased under high levels of Cd stress (1.0 and 5.0 mM).
Qureshi et al. [84] observed that the supplementation of
Indian mustard with 40 uM Fe suppressed oxidative stress
and helped in retention of chloroplasts and chlorophylls
and stabilizing thylakoid complex under Cd stress.

Availability of Mn to plants decreases in the presence
of Cd in soil. The Mn-mediated amelioration of Cd-induced
root growth inhibition in maize seedlings has been shown
to be associated with parallel reductions in Cd uptake
[85]. In a study on lupine, Zornoza et al. [86] found that
supplementation of MnSO, to Cd-treated plants played a
protective role in photosynthetic tissues against Cd stress
and increased the antioxidant capacity of root together
with high leaf Mn concentration. The effects of Mn star-
vation reducing Cd uptake and plant concentration indi-
cated that this Mn-Cd interaction was not due to true
cation antagonism, but they share a common transport
site or process [42]. Thus, the reduced Cd accumulation
in the presence of Mn could be due to reduced Cd uptake
at the transport level.

4.3. Beneficial Nutrients

Selenium (Se) at low concentration can exert beneficial
functions in plants and Cd stress alleviation [87]. The
protective effect of Se against Cd toxicity has been shown
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to be through the diversion in their binding from low-
molecular-mass proteins to high-molecular-mass and the
property of Se to form complex with metal [88]. The
presence of Se reduces the availability of Cd blocking
them in insoluble compounds. The application of 2 pM
Na,SeO, alleviates the effects of 600 uM CdCl, on chloro-
plast ultrastructure and functioning in rape by modulating
activity of antioxidant enzymes, such as SOD, catalase,
glutathione peroxidase and APX [87]. In Cd-stressed
wheat and rape plants, Se counterbalanced the Cd-induced
changes in nutrients, reduced the lipid peroxidation and
exerted positive effects on the cell membrane stability.
The Cd stress and the protective role of Se were most
conspicuous in rape [89].

The effect of silicon (Si) nutrition on Cd uptake, growth
and photosynthesis in rice plants under low-level Cd
stress has been shown to be dependent on its concentra-
tion and time of its addition. In plants treated with 2.5
uM Cd, the addition of 0.6 mM Si at 20 d increased
chlorophyll fluorescence, while treatment with 0.2 mM
Si significantly increased photochemical quenching sug-
gesting an increase in light-use-efficiency. Study on Bras-
sica chinensis has shown that the addition of 1.5 mM Si
significantly decreased Cd uptake and root-to-shoot trans-
port in plants grown hydroponically with 0.5 mg-L™' Cd
and alleviated Cd toxicity through increase in the activity
of catalase and APX [90]. Antioxidants act as a coopera-
tive network, employing a series of redox reactions and
are involved in quenching ROS. Moreover, the addition
of 35 mM Si to a hydroponics solution containing 5 uM
Cd was found beneficial for the growth of young maize
plants. The alleviation of the Cd-inhibitory effect on maize
plants by Si was not due to exclusion of Cd from the
plant, but due to increased cell-wall extensibility. Silicon
promotes growth of rice plants through increasing cell
wall extensibility and alleviates the low-level Cd toxicity
by improving light-use-efficiency [30].

5. Conclusion

Mineral nutrition of crops is an essential component of
our agricultural system. However, higher levels of Cd in
soil alter the uptake and translocation of mineral nutri-
ents elements, resulting in nutrient deficiencies, oxidative
stress, and reduction in plant growth and development of
agricultural crops. Sufficient availability of mineral nu-
trients competes with Cd for transporters and reduces Cd
accumulation in plants. Also, the involvement of mineral
nutrients in physiological and biochemical processes and
molecular mechanisms regulating photosynthesis and
antioxidants system accounts for the alleviation of Cd
stress. Thus, the management of mineral nutrients may
be a useful tool to alleviate Cd stress, and improved min-
eral nutrition may provide a strategy to reduce Cd toxic-
ity and alleviate Cd stress. The mechanisms of nutrient
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uptake and accumulation associated with the growth re-
sponses in Cd-treated plants are not well characterized.
The literature available is insufficient to fully understand
the role of plant nutrients in Cd stress tolerance. There-
fore, further research is required for a better understand-
ing of the interactions between Cd and plant nutrients in
soil-plant system.
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