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Abstract

Heavy metal bioaccumulation in the soil, water and atmosphere may be seriously hazardous to both human and
animals with the contamination of food supply chain. Cadmium is a toxic heavy metal with no defined
biological function. It is provided to environment mostly through effluent from sewage sludge, mining, burning,
industries and fertilization with phosphate. Cadmium uptake and accumulation in rice (Oryza sativa L.) results
in negative effect on plant growth. It inhibits physiological activities, such as photosynthesis, respiration,
mineral nutrition, and cell elongation, leading to low yield and poor growth. Cadmium damages the
photosynthesis system by lowering chlorophyll content and preventing stomata opening. The discrepancy in
genotype, cellular distribution, and binding forms of cadmium has a significant role in rice tolerance and
cadmium accumulation. Current progress on heavy metals and their interaction with important elements has
widely increased our understanding of toxicity in the plants. In this review, the important aspects of cadmium
uptake and effectsin rice growth, yield, and yield components el ucidated.
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Introduction

Heavy metds ae regarded as sable
environmental contaminants, and trace metals that
are a least five times denser than water. These
toxic metals are occasionaly traversing the food
chain to humans. They have aso toxic impacts on
the environment and life in aguatic system too.
Once released into the environment through the air,
food, drinking water, or human made chemicals and
products, heavy metals are taken into the body by
inhalation, ingestion, and skin absorption. They
have no activity in the body and body cannot
metabolize them (Es’haghi et al., 2011). These
metals consist of mercury, nickel, lead, arsenic,
cadmium, auminum, platinum and copper.
Cadmium (Cd), a divaent cation, is a nonessentia
metal for plant growth with long biological half-life
in the range of 10-30 years (Ellis et al., 1985). Rice
(Oryza sativa L.) grains are well known as a mgjor
source of human Cd inteske and therefore,
contamination of paddy soils by Cd and

Received 09 February2014; Revised 23 April 2014; Accepted
24 June 2014; Published Online 24 December 2014

*Corresponding Author

P. Fasahat
Sugar Beet Seed Institute (SBSI), P.O. Box 31585-4114, Kargj,
Iran

Email: parviz.fasahat@gmail.com

94

accumulation of Cd in rice are the important issues.
Cadmium may induce human rena tubular
dysfunction, severe bone damage, and carcinogenic
effects (Wang et al., 2003; Jin et a., 2004; Chaney
et a., 2005). Papers focusing on the effect of rice
harvested from Cd polluted area on human health
are overwhelming (Ishihara et a., 2001; Wang et
al., 2003; Jin et a., 2004; Chaney et a., 2005;
Davis et a., 2006). However, comprehensive
review on the effect of Cd on riceyield and quality
has not been conducted. In this paper, we review
recent advances in understanding the effect of Cd in
rice from seedling to maturity.

Cadmium

Cadmium is one of the most mobile elements
among dl the toxic heavy metas with large
solubility in water (Pinto et a., 2004), which
quickly absorb and compound into plant tissues and
transfer to aerial organs where it can cumulate to
high levels in contrast with lead and mercury
(Singh and McLaughlin, 1999). Cadmium is atoxic
metal due to its interaction with important metals
such as Fe and Zn, thus, interference with the many
biochemical activities that are controlled by
metallic enzymes (Wright and Welbourn, 1994).
The elevated level of reactive oxygen species
created by Cd is connected with its toxicity aso
(Brennan and Schiestl, 1996). Cadmium in soils is
known to originate from geogenic (natural) and
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anthropogenic (industrial) sources (Garrett, 2000;
McLaughlin and Singh, 1999). Cadmium normally
finds in high amount in zinc and lead ores and in
phosphate fertilizers (Garrett, 2000; McLaughlin
and Singh, 1999). Agricultura usages of phosphate
fertilizers, sewage dudge and industrid
applications of Cd have been known as a main
reason of common distribution of the metal at trace
levels into the general environment and human
foodstuffs. Other factors causing Cd dispersa are
increased natural emission and bioaccumulation
occurring in certain plants, mammals and filter
feeder organisms containing crustaceans and
mollusks (Satarug et a., 2003). Non-polluted soil
solutions have Cd concentrations ranging from 0.04
to 0.32 uM (Wagner, 1993). Soil solutions which
have a Cd concentration differing from 0.32 to
about 1 puM can be considered as polluted to
moderate level (Sanitd di Toppi and Gabreilli,
1999).

The toxic results of Cd on plant systems are
studied by different researchers (Prasad, 1995; Das
et a., 1997; Kirkham, 2006). The most typical
symptom of Cd toxicity in plants is stunting and
chlorosis (Das et d., 1997). Chlorosis (chlorophyll
loss) occurrence by the excess level of Cd appears
to be due to adirect or an indirect interaction of Cd
with foliar Fe content. Cadmium directly or
indirectly prevents physiological activities, such as
photosynthesis, respiration, cell proliferation (by
the low mitotic index) (Rosas et a., 1984), plant
water relationship, nitrogen metabolism and
mineral nutrition, leading to poor growth and low
biomass (Sanita di Toppi and Gabrielli, 1999). It
aso causes membrane damage, inactivation of
enzymes, and decrease of the water stress tolerance
of plants (Prasad, 1995). The prevention of
photosynthesis has been accounted for either an
indirect function of Cd on plant water relations,
stomatal conductance and CO, accessibility (Baryla
et a., 2001; Costa et a., 1994), or to a more direct
effect on chlorophyll biosynthesis, chloroplast
organization, electron transport, and activity of
Calvin Benson Bassham cycle enzymes (Vassilev
et d., 1995, Horvath et al., 1996; Chugh and
Sawhney, 1999).

Cadmium inricefield

Rice is the most important foodstuff of almost
half of the world’s population, where its production
congtitutes over 90% of the globa production. Rice
consumption has been increasing over the
traditional rice-grown areas for the last decades,
especidly in Europe (Abdullah et a., 2005). It
turned into mode plant among monocots for
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biological research owing to its remarkable
economic, nutritional importance and small genome
size (Fasahat et a., 2012; Fasahat et al., 2013). In
generd, the uptake of heavy meta by plant grown
in heavy metal-polluted areas is correlated directly
with the heavy meta accumulation in paddy land
(Monni et al., 2001). Thus, there is an increasing
concern about the present status of heavy meta
contamination in rice grains. Rice has also been
known as one of the main sources of Cd uptakes for
some Asian population, where people rely mainly
on this kind of cereal for energy of everyday life
(Clemens et d., 2013). It is aso found that people,
primarily those who take rice as staple food for
everyday energy, are necessarily subjected to
considerable proportion of Cd by rice; rice cropped
even from non-polluted areas may have Cd. The
consumption of rice with incressed Cd
concentrations has been demonstrated to be
responsible for Itai-Itai disease which occurred in
Japan after World War |l (Nordberg, 2004).
Cadmium concentrations in agricultural soils are
usualy lower than 1 mg kg-1. Although due to
long-term usage of phosphate fertilizers and sewage
dludge, higher records have been identified in many
agricultural soils (Adriano, 2001). The standard
level of Cd for rice has been suggested as being
from 0.2 to 0.4 mg kg-1 the weight of polished rice
(Ishikawa, 2005).

From the time Cd enters rice plant it can
accumulate and diffuse in various organs or cell
organelles (He et a., 2008; Yu et a., 2006). The
usua symptoms of Cd toxicity of rice plants
comprise growth inhibition, progressive chlorosis
in certain leaves and leaf sheaths, wilted leaves, and
browned root systems, especialy in the root tips
(Das et d., 1997; Chugh and Sawhney, 1999).
Brown pigment is likely to be a deposit of different
metal-sulfide complexes (Howden et al., 1995). The
well evidenced Cd toxicity in rice plants is the
implement of oxidative stress and the production of
lipid peroxidation (Shah et a., 2001). Moreover, Cd
influences the uptake, transport and use of
necessary elements in plants, such as Fe, Zn, Mn
and Cu (Rehman Shah et d., 2010). Cadmium has
also negative impact on light harvesting centre and
photosystem 11, as well as chlorophyll metabolism
in rice leaves (Pagliano et al., 2006).

Cadmium uptake

Cadmium uptake and dispersion inside the
plant depends on soil type, pH, the presence of
competing ions, and species (Issa et a., 1995; Wu
et a., 2006). Among the soil factors controlling Cd
availability, organic matter and pH are two main
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factors (BaranCikova et al., 2004). There is a
negative correlation between soil pH and Cd uptake
by plants (Tudoreanu and Phillips, 2004). Severd
studies indicated that Cd uptake by plants closely
depends upon Cd bioavailability rather than on the
tota metal content (Kalis et al., 2007). It is well
known that the accumulation of Cd in paddy rice
grain occurs during grain filling (Simmons et 4.,
2003, 2008) which coincides with pre-harvest
drainage of the flooded paddy (limura, 1981; Arao
and Ae, 2003; Inahara et a., 2007). In order to
optimize yields and fecilitate harvesting, paddy
fiddds are drained usualy 2 weeks before plant
maturity which accompanies grain filling phase.
Because of drainage, the paddy soil system changes
from an anoxic condition with a near neutral pH to
a toxic condition, with either an increased or
decreased pH as influenced by the precedent pH
before flooding (Chaney et d., 1996; Gao et d.,
2002; Simmons et a., 2008). Within this time, Cd
becomes more available to plants as compared with
Fe and Zn (Chaney et al., 1996; Kikuchi et d.,
2007). This can be owing to higher Cd:Fe and
Cd:Zn ratios in the soil solution, and as aresult less
competition from Fe and Zn with Cd at the root
surface for uptake by rice plants (Smolders et d.,
1997). Studies such as that, conducted by Das et al.
(1997) have shown that the highest grain Cd
concentrations occurred at a soil pH of about 6.
However, Hinedy et a. (1984) reported lowered
uptake of heavy metas by plants with the increase
of soil pH. The various results from large number
of studies can be ascribed to the variations in the
Cd concentrations applied, the kind of medium
used, and the age of the plant when it was exposed
to Cd treatments (He et a., 2008). In a pot study
(Cui et al., 2008), four white and five dark color
rice grain cultivars were subjected to three Cd
concentrations (0, 5 and 10 mg kg-1) in soil to
investigate the Cd uptake difference. Since the
color of the grains didn’t affect results, they
suggested that Cd uptake depends on the genotypes
but not the color of grains (Cui et a., 2004).

Cadmium accumulation in rice

It is clearly shown that Cd in plants accumul ates
in shoots and roots but mainly increases in roots (He
et a., 2008; Rastio et al., 2008; Du et d., 2009)
indicating that a higher amount of Cd take up by
plant remains in the roots (Cui et d., 2008; Rascio et
al., 2008; Chao et a., 2011; Paul et d., 2011; Chang
et a., 2012). Root Cd may represent for more than
80% of thetotal Cd in plants (Cui et d., 2004; Liu et
a., 2007). Cd proportion decreases in the following
order: roots > |leave > grains or seeds (Wagner, 1993;
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He et a., 2008; Pereira e a., 2011). In a study
conducted in China, it was observed that nearly
0.73% of the total Cd taken in by six rice cultivars
was trandocated to the grain in which embryo
showed five times more average Cd concentration
than that in chaff and polished rice (Liu et d., 2007).
Most of the heavy metd is kept outside the cells in
the apoplastic environment by roots. This system is
used as a part of defense drategy againg metd
abundance by many plants, which depend on Cd
binding to anionic groups of cdl walls (Ernst et .,
1992). However, it is not considered as a generd
system; for example, in maize roots, Cd cumulatesin
both cell wall and soluble fraction of the cells, whilst
in pea roots it cumulates largely in the soluble
fraction (Lozano-Rodriguez e d. 1997).
Furthermore, just an insignificant reposition of Cd
occursin cell walls of Silene vulgaris roots (Verkleij
et d., 1990). The cdls which transfer Cd from roots
to the shoots are positioned in the vascular bundles
of vascular plants (Prasad, 1995). The conductance
of Cd from roots to the shoots occurs via xylem,
driven by transpiration from the leaves (Figure 1,
Uraguchi et d., 2009). In consequent studies,
measurement of ‘®Cd dispensation ratios between
rice grain and legumes illustrated that in the panicle
neck, phloem is the main Cd transport path into the
grains (Tanaka et d., 2007).

s
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Figure 1. Schematic illustration of Cd transport inrice
based on Uraguchi and Fujiwara (2012).
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Table 1. QTL analysis of cadmium concentration in rice.

Population/type Parents Marker interval Marker Reference

Chromosome 3

Koshihikari/ Kasalath (CSSLs) japonical/indica  S1513 and R663 RFLP Ishikawa et al.
(2005b)

Chromosome 4

Kasalath/Nipponbare (BILS) indica/japonica RM515-G235 RFLPand SSR  Kashiwagi et a.

RM93-C513 (2009)

Chromosome 6

Koshihikari/ Kasalath (CSSLs) japonicalindica  R2171-R2549 RFLP Ishikawa et al.
(2005h)

JIX17/ ZY Q8 (DH) japonical/indica  CT115-CT506 RFLPand SSR  Xueet a. (2009)

CT380B-G294

Chromosome 7

Cho-Ko-Koku/ Akita 63 (F2) indica/japonica RM6776-RM5436  SSR Tezukaet a. (2010)

JX17/ ZY Q8 (DH) japonical/indica  RGb528-RG769 RFLPand SSR  Xueet al. (2009)

Chromosome 8

Koshihikari/ Kasalath (CSSLs) japonical/indica  C390-C1121 RFLP Ishikawa et al.
(2005b)

Chromosome 11

Kasalath/Nipponbare (BILS) indica/japonica C189-C50 RFLPand SSR  Kashiwagi et al.
(2009)

CSSLs: chromosome segment substitution lines, BILs: backcross inbred lines; DH: doubled haploid lines; F,:
population; RFLP: restriction fragment length polymorphism, SSR: simple sequence repeat.

Significant differences in the uptake and
trandocation of Cd among cultivars in rice have
been reported (Arao and Ae, 2001, 2003; Arao and
Ishikawa, 2006; Cui et al., 2008; Ishikawa et al.,
2005a; Pereira et d., 2011; Wu et d., 2006). The
variability in the capacity of plants to accumulate
heavy metals has been related to variations in their
root morphology (Hemphill, 1972; Schierup and
Larsen, 1981). The latter reported that a plant
possesses multiple thin roots would accumulate
more metals than one with few thick roots.

I dentification of quantitativetrait loci for cadmium
accumulation

Identification of quantitative trait loci for Cd
concentration on chromosomes 3, 6 and 8 in
brown rice was first reported by Ishikawa et al.
(2005b) using chromosome segment substitution
lines (CSSLs) derived from cultivars Koshihikari
and Kasalath (Table 1). After Ishikawa et al.
(2005b) report, several studies conducted QTL
analyses to detect the responsible transporter gene
for these processes (Ueno et al., 2009; Ishikawa et
a., 2010; Tezuka et al., 2010). Kashiwagi et al.
(2009) located three QTLs for Cd concentration in
the upper plant parts of rice on chromosome 4
(two QTLS) and chromosome 11 (one QTL) using
backcross inbred lines derived from a cross
between Kasalath/Nipponbare. By using a similar
approach with the JX17/Z2YQ8 double haploid
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population, Xue et al. (2009) identified two QTLs
for root Cd concentration on chromosome 6 and
one QTL for shoot Cd concentration on
chromosome 7 (Table 1).

In study by Tezuka et al. (2010), a single
recessive gene increasing Cd transocation
detected on qCdT7 of Cd hyperaccumulator indica
rice variety Cho-Ko-Koku. They aso found that
the higher rate of Cd accumulation in Cho-ko-
koku plants was owing to the higher rate of Cd
translocation rather than higher uptake of the
metal. The gene (OsHMA3) responsible for this
QTL was aso identified, isolated and
characterized from the Anjana Dhan/Nipponbare
population (Ueno et a., 2010). OsHMA3 gene is
localized at the tonoplast of al root cells and
encodes a transporter belonging to the Pip-type
ATPase family, which is responsible for the Cd
sequestration in the vacuoles of root cells in rice
(Ueno et a., 2010). The gene expressesin low Cd
accumulating cultivar, whilst that from the high
Cd accumulating cultivar is not functional (Ueno
et a., 2010). The loss of function of OSHMAS in
rice cultivar Anjana Dhan owing to an amino acid
mutation at position 80 results in high root to
shoot translocation of Cd. As above mentioned,
rice Cd uptake is greatly influenced by different
soil properties and symbiosis of other heavy
metals. Hence, candidate QTLs for Cd
accumulation should be identified and evaluated in
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different soil environments to corroborate their
stability across environmental conditions (Abe et d.,
2011).

In hyperaccumulator plants, heavy metdl
concentrations are higher in the shoots than the roots
contrary to non-accumulator species, which
concentrate metals in their roots (Kirkham, 2006).
The tolerance of vascular plants to heavy metas
does not generally involve a redtricted uptake of
these dements by the roots. This suggests that
tolerant plants with a high ability of collecting heavy
metal ions in their root tissues have to renew the
most active parts of their below-ground biomass
more frequently than non-tolerant plants in normal
s0ils (Das et d., 1997). This is likely acceded by
trapping of these metals with metal-binding proteins.
Peroxidase induction is a common reaction of higher
plants to uptake of toxic levels of metas (Van
Assche and Clijsters, 1990). Cd resulted in
peroxidase activity in roots and leaves of Oryza
sativa, with roots showing 10-20 fold higher activity
than leaves (Reddy and Prasad, 1992).

Morphological and physiological responses of
riceto cadmium

Plant life cycle begins with seed germination.
Perturbation or inhibition of seed germination may
be one of the various Cd influences on adventure of
plant growth and segregation (He et al., 2008).
Cadmium binds the sulphydryl groups of proteins
and then denaturizes it through changing the
hydrogen-sulfur bond, which leads to the delay of
plants normal growth and development (Ainaet al.,
2007). It has been demonstrated that the effect of
Cd on rice germination relies on its concentration
and varies widely with genotypes. Wu et a. (2006)
showed that seed germination relatively stimulated
under low Cd concentration (0.01-1.5 puM Cd),
while sharply decreased under higher Cd
concentration (2.0 pM). Cadmium stress could
considerably cause growth reduction (Chao et dl.,
2011) and inhibit root, shoot, plumule and radicle
growth (He et a., 2008; Liu et a., 2007; Rascio et
a., 2008). Increasing Cd concentration decreased
the root dry matter (Hsu and Kao, 2005; Wu et al.,
2006) with 20% reduction in 100 mg kg-1 Cd
concentration treatment (Kukier and Chaney, 2002).
The decrease of root growth caused by Cd is
directly correlated with proline accumulation in
roots. It is known that growth is an energy
demanded process and as a result, proline level
increase caused by Cd is most probably performing
as a way to save energy through preventing root
growth (Chen and Kao 1995). However, in study by
Rascio et a. (2008), rice cultivar seed germination
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was not influenced by different concentrations of
Cd tested at 50, 100 and 250 pM of Cd(NO3),.

While the Cd reaches the rice leaves, it causes
serious damage. Leaf growth inhibits and blade
thickness decreases owing to the lower enlargement
of mesophyll cells (Rascio et a., 2008).
Furthermore, leaf conductance severely drops and
comes to be insensitive to light (Rascio et 4.,
2008), implying that stomata activity impairs
(Perfus-Barbeoch et a., 2002). In plants exposed to
Cd, the reduction in leaf area was not only because
of reduced cell size, but aso owing to the reduced
intercellular space (Prasad, 1995). Whilst Cd
induces alowered cell enlargement in leaf tissues, it
causes cell enlargement in tissues of the root apical
region (Rascio et a., 2008). Cadmium may
influence severa steps of the photosynthesis
activity (Pegliano et a., 2006). Decreased
chlorophyll content were observed in Cd treated
leaves (Hsu and Kao, 2003a; Wu et d., 2006;
Chang et al., 2012), whose chloroplastsillustrated a
lower number of thylakoids which resulted in the
decrease of photosynthesis rate due to the drop of
both CO, assimilation (because of the increase in
leaf resistance) and O, emission (Rascio et 4.,
2008). It has to be noted that a reduction in
photosynthesis rate may a&so occur by a
compromised minera nutrition, and it is evidenced
that Cd largely influences uptake and accumulation
of significant microelements (Hernandez et 4.,
1996; Ramos et al., 2002). Cadmium can deter the
uptake of manganese (Herndndez et al., 1998),
which is essentiad in the H,O photolysis by
photosystem Il. Cadmium can also interact with
manganese a the donor side of the photosystem,
hence impeding the photosynthetic electron flow
(Pagliano et d., 2006).

The most general symptom of Cd toxicity in
plants is chlorosis of the leaves (Das et a., 1997).
Chlorosis caused from excess Cd is nearly similar
to that from Fe deficiency (Chang et a., 2012).
Rice seedlings exposed to CdCl, at high (0.5-1.5
mM) and low (10-50 pM) concentrations show
chlorosis (Hsu and Kao, 2003b; Hsu and Kao,
2005) with longer period (more than 6 days) needed
to show chlorosis for rice seedlings treated with
low concentrations of CdCl, (Hsu and Kao, 20033).
While plants accumulate higher amounts of Cd in
roots and shoots, stronger chlorosis occurs together
with leaf necrosis (Kukier and Chaney, 2002).

Previous studies (Wu et a., 2006; Du et a.,
2009; Paul et d., 2011) showed that plant height
significantly reduced by high Cd level. Plant height
decrease by 64.7% was recorded in soil
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contaminated by Cd at concentrations ranging from
20 to 40 mg kg™ (Quynh et al., 2002). In another
study using pot-culture method, the effects of Cd
(0-1.5 mg kg™ dry soil weight) and other heavy
metals such as Cu (0-100 mg kg™ dry soil weight),
Pb (0-300 mg kg™ dry soil weight), As (0-30 mg
kg™ dry soil weight) and Zn (0-200 mg kg™ dry
soil weight) were studied on variety 616 of rice.
The average height of mature rice decreased in the
sequence, Cu > Zn > As > Pb > Cd compared with
the control. In other words, single Zn, As, Pb or Cd
treatment may prevent the growth of rice plants, but
single Cu treatment can promote the growth of rice
plants under the condition of the tested
concentration (Zhou et a., 2003).

In a pot experiment, Huang et a. (2008)
showed negative effects of Cd (with a concentration
of 150 mg kg™ according to the dry soil weight) on
rice grain yield by 6.2-8.9% reduction for Cd-
tolerant genotypes and 38.3-47.1% for the Cd-
susceptible ones compared with their respective
controls (no Cd addition) which was consistent with
other studies (Zhou et al., 2003; Hsu and Kao,
2005; Pereira et a., 2011). They identified grain
yield reduction as a consequence of the reduction in
panicles and spikelets per panicle which leads to a
decrease in matter production. Quynh et al. (2002)
reported 80% decline in the number of tillers and
the rice yield under Cd contamination. With
increasing Cd concentration in soil, yield, length
and weight of stems of both glutinous and
nonglutinous  rice  significantly  decreased
(Muramoto, 1990). However, in another study by
Yu et al. (2006), under ahigh (75.69-77.55 mg kg™)
and alow (1.75-1.85 mg kg™) Cd treatments, yield
was increased in some paddy rice cultivars and
decreased in othersin response to increased soil Cd,
implying that farmers cannot rely on yield
reduction as an index of toxicity of the grains.
Cadmium content in rice grain was negatively
correlated with the weight of grains (Ishikuro and
Yamada, 1997).

Alternative counter measures against Cd
contamination of field crops

Different measures are applying for minimizing
the absorption of Cd by agricultural crops
including:

(& Addition of different amendments
(Kirkham, 2006) such as phosphorous (Brown et
al., 2004), muck (Zhang et a., 2004), silicon (Shi et
d., 2005), zinc (Oliver et al., 1994; Choudhary et
d., 1995), chloride (Makino et a., 2006) and
industria by-products to soil (lllera et al., 2004),
i.e, Silicon reduced the toxicity of Cd in rice
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seedlings grew hydroponically under toxic levels of
Cd in growth chamber and relatively conquered the
decrease in growth because of Cd (Shi et d., 2005).

(b) Soil dressing:  an  efficient  soil
improvement method which impedes agricultural
products from contamination by Cd. Briefly, it
entails covering the contaminated soil with a 20-40
cm uncontaminated soil. The disadvantages of this
method are that the unit cost of soil dressing is high
and the materials are difficult to produce (Arao et
a., 2010).

(c) Water management (paddy field): when a
paddy field is submerged, the redox potential leads
to the reduction of sulfate ionsto sulfide ions which
may form complexes with Cd ions. Therefore,
immobilization of sulfide ions as insoluble salts
reduces the amount of Cd release into the water
(Cattani et a., 2008).

(d) Breeding and selection of low Cd
concentration rice cultivars: from variety to variety,
Cd absorption potential of paddy rice varies.
Different attempts have been done to generate new
low Cd absorption varieties through hybridization
of African and Japanese varieties and aso as it
discussed before by identifying the QTLs linked to
the Cd concentration in brown rice (Arao et a.,
2010).

(e) Phytoextraction: it is used to improve the
soil quality by growing the hyper accumulator
plants which absorb high amounts of Cd from soil.
By utilizing the functions of plants such as
sorghum, kenaf (which are considered to be able to
absorb high quantities of Cd) Cd can be absorbed
and therefore removed from Cd contaminated
agricultural land (Krémer, 2005; McGrath et d.,
2006; Pilon-Smits, 2005).

Conclusion

Understanding of Cd effect in rice yield and
yield components have been largely advanced.
There is a large discrepancy among the rice
cultivars in the absorption of Cd and some
interaction is found in absorption and transocation
between Cd and Cu, Fe and Zn. Breeding programs
are in progress to produce low-Cd cultivars of rice.
An improved knowledge in this area will help to
further clarify the molecular mechanisms that lie
beyond rice Cd tolerance.

References

Abdullah, A. B., S. Ito and K. Adhana. 2005.
Estimate of rice consumption in Asian
countries and the world towards 2050. Tottori
University, Japan, p. 28-42.

Abe, T., F. Taguchi-Shiobara, Y. Kojima, T.



Emir. J. Food Agric. 2015. 27 (1): 94-105
http://www.gjfa.info/

Ebitani, M. Kuramata, T. Yamamoto, M.
Yano and S. Ishikawa. 2011. Detection of a
QTL for accumulating Cd in rice that enables
efficient Cd phytoextraction from soil.
Breeding Sci. 61:43-51.

Adriano, D. C. 2001. Cadmium, In: Trace e ements
in terrestrial environments. biogeochemistry,
biocavailability, and risks of metas, 2nd ed.
Springer Verlag. pp. 263-314.

Aing, R., M. Labra, P. Fumagalli, C. Vannini, M.
Marsoni, U. Cucchi, M. Bracale, S. Sgorbati
and S. Citterio. 2007. Thiol-peptide level and
proteomic changes in response to cadmium
toxicity in Oryzasativa L. roots. Environ. Exp.
Bot. 59:381-392.

Arao, T. and N. Ae. 2001. Screening of genotypes
with low cadmium content in soybean seed
and rice grains, In: W. Horst, M. K. Schenk,
A. Birkert, N. Claassen, H. Flessa, W. B.
Frommer, H. E. Goldbach, H. W. Olfs, V.
Romheld, B. Sattelmacher, U. Schmidhalter,
S. Schubert, N. von Wirén, and L.
Wittenmayer (Eds.), pp. 292-293. Plant
nutrition: food security and sustainability of
agro-ecosystems through basic and applied
research. Fourteenth International Plant
Nutrition Colloquium. Germany, Hannover.

Arao, T. and N. Ae. 2003. Genotypic variations in
cadmium levels of rice grain. Soil Sci. Plant
Nutr. 49(4):473-479.

Arao, T. and S. Ishikawa. 2006. Genotypic
differences in cadmium concentration and
distribution of soybeans and rice.  Japan
Agric. Res. Quart. 40:21-30.

Arao, T., S. Ishikawa, M. Murakami, K. Abe, Y.
Magjima and T. Makino. 2010. Heavy metal
contamination of agriculturd soil and
countermeasures in Japan. Paddy Water Env.
8:247-257.

Baker, A. J. M., K. Ewart, G. A. F. Hendry, P. C.
Thorpe and P. L. Waker. 1990. The
evolutionary basis of cadmium tolerance in
higher plants. In: J. Barcelo (Ed.), pp. 23-29.
Proceedings of the Fourth Internationa
Conference on Environmental Contamination
Barcelona. CEP Consultants Ltd, Edinburgh.

Barancikova, G., M. Madaras and O. Rybar 2004.
Crop contamination by selected trace
elements. J. Soil Sediment. 4:37-42.

Baryla, A. P. Carrier, F. Franck, C. Coulomb, C.

100

Sahut and M. Havaux. 2001. Leaf chlorosisin
oilseed rape plants (Brassica napus) grown on
cadmium-polluted soil: causes and
consequences for photosynthesis and growth.
Planta 212(5-6):696-709.

Brennan, R. J. and R. H. Schiestl. 1996. Cadmium
is an inducer of oxidative stress in yeast.
Mutat. Res. 356:171-178.

Brown, S., R. Chaney, J. Hallfrisch, J. A. Ryan, and
W. R. Berti. 2004. In situ soil treatments to
reduce the phyto- and bioavailability of lead,
zinc, and cadmium. J. Environ. Qual. 33:522-
531

Cattani, 1., M. Romani and R. Boccelli. 2008.
Effect of cultivation practices on cadmium
concentration in rice grain. Agronomy for
Sustainable Devel opment 28:265-271.

Chaney, R. L., J. A. Ryan, Y. M. Li, R. M. Welch,
P. G. Reeves, S. L. Brown and C. E. Green.
1996. Phyto-availability and bio-availability in
risk assessment of Cd in agriculturd
environments. In: Proceedings of the OECD
Workshop on Sources of Cadmium in the
Environment, Stockholm, Sweden, Oct. 15-22,
1995. OECD, Paris, France. p. 49-78.

Chaney, R. L., J. S. Angle, M. S. Mclntosh and R.
D. Reeves. 2005. Using hyperaccumulator
plants to phytoextract soil Ni and Cd.
Zeitschrift Fur Naturforschung C-a. J. Biosci.
60:190-198.

Chang, Y. C., Y. Y. Chao, and C. H. Kao. 2012.
Therole of iron in stress response to cadmium
in rice seedlings. Crop, Environment and
Bioinformatics 8:175-183.

Chao, Y. Y., C. Y. Hong, C. Y. Chen and C. H.
Kao. 2011. The importance of glutathione in
defence against cadmium-induced toxicity of
rice seedlings. Crop Env. Bioinform. 8:217-
228.

Chen, S. L. and C. H. Kao. 1995. Cd induced
changes in proline level and peroxidase
activity in roots of rice seedlings. Plant
Growth Regul. 17:67-71.

Choudhary, M., L. D. Bailey, C. A. Grant and D.
Leide 1995. Effect of Zn on the concentration
of Cd and Zn in plant tissue of two durum
wheat lines. Can. J. Plant Sci. 75:445-448.

Chugh, L. K. and S. K. Sawhney. 1999.
Photosynthetic activities of Pisum sativum
seedlings grown in the presence of cadmium.



Parviz Fasahat

Plant Physiol. Biochem. 37(4):297-303.

Clemens, S., M. G. Aarts, S. Thomine and N.
Verbruggen. 2013. Plant science: the key to
preventing slow cadmium poisoning. Trends
Plant Sci. 18(2):92-99.

Costa, G. J. C. Michaut and J. L. Morel. 1994,
Influence of cadmium on water relations and
gas exchanges, in phosphorus deficient
Lupinus albus L. Plant Physiol. Biochem.
32:105-114.

Cui, Y. J, Y. G. Zhuy, F. A. Smith and S. E. Smith.
2004. Cadmium uptake by different rice
genotypes that produce white or dark gains. J.
Environ. Sci. 16(6):962-967.

Cui, Y., X. Zhang and Y. Zhu. 2008. Does copper
reduce cadmium uptake by different rice
genotypes? J. Environ. Sci. 20:332-338.

Das, P., S. Samantaray and G. R. Rout. 1997.
Studies on cadmium toxicity in plants. a
review. Environ. Pollut. 98(1):29-36.

Davis, A. C., P. Wu, X. Zhang, X. Hou and B. T.
Jones. 2006. Determination of cadmium in
biological samples. Appl. Spectrosc. Rev.
41:35-75.

Du, Q., M. Chen, R. Zhou, Z. Chao, Z. Zhu, G.
Shao and G. Wang. 2009. Cd toxicity and
accumulation in rice plants vary with soil
nitrogen status and their genotypic difference
can be partly attributed to nitrogen uptake
capacity. Rice Sci. 16(4):283-291.

Ellis, K. J. S. H. Cohn and T. J. Smith. 1985.
Cadmium inhalation exposure estimates: their
significance with respect to kidney and liver
cadmium burden. J. Toxicol. Env. Hedth
15:173-187.

Ermngt,W. H. O., J. A. C. Verklgi and H. Schat.
1992. Metad tolerance in plants. Acta Bot.
Neer. 41:229-248.

Es’haghi, Z., M. Khalili, A. Khazaeifar and G. H.
Rounaghi. 2011. Simultaneous extraction and
determination of lead, cadmium and copper in
rice samples by a new pre-concentration
technique: Hollow fiber solid phase
microextraction combined with differentia
pulse anodic  stripping  voltammetry.
Electrochim. Acta 56:3139-3146.

Fasahat, P., A. Abdullah, K. Muhammad and R.
Wickneswari. 2013. Expression of a key gene
involved in the biosynthetic pathway of

101

vitamin E in red pericarp and white rice
grains. Int. Food Res. J. 20:3395-3401.

Fasahat, P., A. Abdullah, K. Muhammad and R.
Wickneswari.  2012.  Identification  of
introgressed aien chromosome segments
associated with grain qudity in Oryza
rufipogon x MR219 advanced breeding lines
usng SSR markers. Genet. Mol. Res.
11:3534-3546.

Gao, S, K. K. Tanji, S. C. Scardaci, and A. T.
Chow. 2002. Comparison of redox indicators
in a paddy soil during rice-growing season.
Soil Sci. Soc. Am. J. 66(3):805-817.

Garrett, R. G. 2000. Natural sources of metas to
the environment. In: J. A. Centeno, P. Collery
and G. Vernet (Eds.), pp. 508-510. Metalsions
in biology and medicine. John Libbey
Eurotext Ltd, France.

Hinedy, T. D., K. E. Redberg, R. |. Pietz and E. L.
Ziegler. 1984. Cadmium and zinc uptake by
corn (Zea mays L.) with repeated applications
of sewage dludge. J. Agric. Food Chem.
32:155-163.

He J. Y., C. Zhy, Y. F.,, Ren, Y. P. Yan, C. Cheng,
D. A. Jiang and Z. X. Sun. 2008. Uptake,
subcellular distribution, and chemical forms of
cadmium in wild-type and mutant rice.
Pedosphere 18(3):371-377.

Hemphill, D. D. 1972. Availability of trace
elements to plants with respect to soil-plant
interaction. Ann. NY. Acad. Sci. 199:46-61.

Herndndez, L. E., A. Carpena-Ruiz, A. Gérate.
1996. Alterations in the minera nutrition of
pea seedlings exposed to cadmium. J. Plant
Nutr. 19(12):1581-1598.

Hernéndez, L. E., E. Lozano-Rodriguez, A. Garate
and R. Carpena-Ruiz. 1998. Influence of
cadmium on the uptake, tissue accumulation
and subcellular distribution of manganese in
pea seedlings. Plant Sci. 132(2):139-151.

Horvéth, G., M. Droppa, A. Oravecz, V. |. Raskin
and J. B. Marder. 1996. Formation of the
photosynthetic apparatus during greening of
cadmium-poisoned barley leaves. Planta
199(2):238-243.

Howden, R., P. B. Goldsbrough, C. R. Andersen
and C. S. Cobbett. 1995. Cadmium-sensitive,
cadl mutants of Arabidopsis thaliana are
phytochelatin  deficient. Plant  Physiol.
107(4):1059-1066.



Emir. J. Food Agric. 2015. 27 (1): 94-105
http://www.gjfa.info/

Hsu, Y. T. and C. H. Kao. 2003a. Changes in
protein and amino acid contents in two
cultivars of rice seedlings with different
apparent tolerance to cadmium. Plant Growth
Regul. 40:147-155.

Hsu, Y. T. and C. H. Kao. 2003b. Role of abscisic
acid in cadmium tolerance of rice (Oryza
sativa L.) seedlings. Plant Cell Environ.
26:867-874.

Hsu, Y. T. and C. H. Kao. 2005. Abscisic acid
accumulation and cadmium tolerance in rice
seedlings. Physiol. Plant. 124:71-80.

Huang, D. F., L. L. Xi, L. N. Yang, Z. Q. Wang and
J. C. Yang. 2008. Comparison of agronomic
and physiological traits of rice genotypes
differing in cadmium-tolerance. Acta Agron.
Sin. 34(5):809-817.

limura, K. 1981. Heavy metal problems in paddy
soils, In: K. Kitagishi and 1. Yamane (Eds.),
pp. 37-50. Heavy metal pollution in soils of
Japan. Japan Scientific Societies Press, Tokyo.

Illera, V., F. Garrido, S. Serrano and M. T. Garcia-
Gonzdalez. 2004. Immobilization of the heavy
metals Cd, Cu and Pb in an acid soil amended
with gypsum and lime-rich industria by-
products. Eur. J. Soil Sci. 55:135-145.

Inahara, M., Y. Ogawa and H. Azuma. 2007.
Countermeasure by means of flooding in latter
growth stages to restrain cadmium uptake by
lowland rice. Japan. J. Soil Sci. Plant Nuitr.
78(2):149-155.

Ishihara, T., E. Kobayashi, Y. Okubo, Y.
Suwazono, T. Kido, M. Nishijyo, H.
Nakagawa and K. Nogawa. 2001. Association
between cadmium concentration in rice and
mortality in the Jinzu River basin, Japan.
Toxicol. 163:23-28.

Ishikawa, S., N. Ae, M. Sugiyama, M. Murakami
and T. Aran. 2005a. Genotypic variation in
shoot cadmium concentration in rice and
soybean in soils with different levels of
cadmium contamination. Soil Sci. Plant Nuitr.
51:101-108.

Ishikawa, S., N. Ae and M. Yano. 2005b.
Chromosomal regions with quantitative trait
loci controlling cadmium concentration in
brown rice (Oryza sativa). New Phytol.
168:345-50.

Ishikawa, S. 2005. Promising technologies for
reducing cadmium contamination in rice, In:

102

K. Toriyama, K. L. Heong and B. Hardy
(Eds.), pp. 381-384. Rice is life: scientific
perspectives for the 21st century. Proceedings
of the World Rice Research Conference,
Tsukuba, Japan, 5-7 November 2004.
International Rice Research Ingtitute, Los
Bafios, Philippines.

Ishikawa, S., T. Abe, M. Kuramata, M. Y amaguchi,
T. Ando, T. Yamamoto, M. Yano. 2010. A
major quantitative trait locus for increasing
cadmium-specific concentration in rice grain
is located on the short arm of chromosome 7.
J. Exp. Bot. 61:923-934.

Ishikuro, T. and N. Yamada. 1997. Difference in
cadmium accumulation in hulled grains of
paddy rice among position in the ear. Japanese
J. Soil Sci. Plant Nutri. 68(6):629-633.

Issa, A. A., R. Abdel-Basset and M. S. Adam.
1995. Abolition of heavy meta toxicity on
Kirchneiella [unaris (chlorophyta) by calcium.
Ann. of Bot. 75:189-192.

Jin, T., G. F. Nordberg, T. Ye, M. Bo, H. Wang, G.
Zhu, Q. Kong and A. Bernard. 2004.
Osteoporosis and renal dysfunction in generd
population exposed to cadmium in China
Environ. Res. 96:353-359.

Kdlis, E. J. J, E. J. M. Temminghoff, A. Visser and
W. H. Van Riemsdijk. 2007. Metal uptake by
Lolium perenne in contaminated soils using a
four-step approach. Environ. Toxicol. Chem.
26(2):335-345.

Kashiwagi, T., K. Shindoh, N. Hirotsu and K.
Ishimaru. 2009. Evidence for separate
trandocation pathways in  determining
cadmium accumulation in grain and aerial
plant partsinrice. BMC Plant Biol. 9:8.

Kikuchi, T., M. Okazaki, K. Toyota, T.
Motobayashi and M. Kato. 2007. The input—
output balance of cadmium in a paddy field of
Tokyo. Chemosphere 67(5):920-927.

Kirkham, M. B. 2006. Cadmium in plants on
polluted soils: Effects of soil factors,
hyperaccumulation, and amendments.
Geoderma 137:19-32.

Kramer, U. 2005. Phytoremediation: novel
approaches to clearing up polluted soils. Curr.
Opin. Biotech. 16:133-141.

Kukier, U. and R. L. Chaney. 2002. Growing rice
grain with controlled cadmium concentrations.
J. Plant Nutr. 25(8):1793-1820.



Parviz Fasahat

Liu, J., M. Qian, G. Cai, J. Yang and Q. Zhu. 2007.
Uptake and trandocation of Cd in different
rice cultivars and the relation with Cd
accumulation in rice grain. J. Hazard Mater.
143:443-447.

Liu, W., Y. S Yang, Q. Zhou, L. Xie, P. Li and T.
Sun. 2007. Impact assessment of cadmium
contamination on rice (Oryza sativa L.)
seedlings a molecular and population levels
using multiple biomarkers. Chemosphere
67(6):1155-1163.

Lozano-Rodriguez, E., L. E. Hernandez, P. Bonay
and R. O. Carpena-Ruiz. 1997. Distribution of
cadmium in shoot and root tissues of maize
and pea plants. physiological disturbances. J.
Exp. Bot. 48(306):123-128.

Makino, T., K. Sugahara, Y. Sakurai, H. Takano, T.
Kamiya, T. Sasaki, T. ltou and N. Sekiya.
2006. Remediation of cadmium contamination
in paddy soils by washing with chemicals:
selection of washing chemicals. Environ.
Pollut. 144:2-10.

McGrath, S. P., E. Lombi, C. W. Gray, N. Caille, S.
J. Dunham and F. J. Zhao. 2006. Field
evaluation of Cd and Zn phytoextraction
potential by the hyper accumulators Thlaspi
caerulescens and  Arabidopsis  halleri.
Environ. Pollut. 141:115-125.

McLaughlin, M. J. and B. R. Singh. 1999.
Cadmium in soils and plants, In: M. J.
McLaughlin and B. R. Singh (Eds.). pp. 1-7.
Developments in Plant and Soil Sciences.
Kluwer Academic Publishers, Dordrecht.

Monni, S., C. Uhlig, E. Hansen and E. Magedl.
2001. Ecophysiological  responses  of
Empetrum nigrum to heavy meta pollution.
Environ. Pollut. 112(2):121-129.

Muramoto, S. 1990. Comparison of meta uptake
between glutinous and non-glutinous rice for
cadmium chloride, oxide and sulfide at the
criticd levels. Bull. Environ. Contam.
Toxicol. 45:415-421.

Nordberg, G. F. 2004. Cadmium and health in the
21st Century - historical remarks and trends
for the future. Biometals 17(5):485-489.

Oliver, D. P, R. Hannam, K. G. Tiller, N. S.
Wilhelm, R. H. Merry and G. D. Cozens.
1994. The effects of zinc fertilization on
cadmium concentration in wheat grain. J.
Environ. Qual. 23:705-711.

103

Pagliano, C., M. Raviolo, F. DalaVecchia, R.
Gabbridli, C. Gonn€lli, N. Rascio, R. Barbato
and N. La Rocca. 2006. Evidence for PSII
donor-side damage and photoinhibition
induced by cadmium treatment of rice (Oryza
sativa). J. Photochem. Phaotobiol. B. 84(1):70-
78.

Paul, S. K., C. Sasaki, N. Matsuyama and K. Kato.
2011. Effect of percolation pattern on yields
and accumulation of copper and cadmium in
the rice plants with soil dressing models. J.
Environ. Sci. Engineer. 5:1464-1473.

Perfus-Barbeoch, L., N. Leonhardt, A. Vavasseur
and C. Foredtier. 2002. Heavy metal toxicity:
cadmium permeates through calcium channels
and disturbs the plant water status. Plant J.
32(4):539-548.

Pilon-Smits, E. 2005. Phytoremediation. Annu.
Rev. Plant Biol. 56:15-39.

Pinto, A. P., A. M. Mota, A. de Varennes and F. C.
Pinto. 2004. Influence of organic matter on the
uptake of cadmium, zinc, copper and iron by
sorghum plants. Sci. Tota. Environ. 326:239-
247.

Prasad, M. N. V. 1995. Cadmium toxicity and
tolerance in vascular plants. Environ. EXxp.
Bot. 35(4):525-545.

Pereira, B. F. F., D. E. Rozane, S. R. Araljo, G.
Barth, R. J. B. Queiroz, T. A. R. Nogueira, M.
F. Moraes, C. P. Cabral, A. E. Boaretto and E.
Mdavolta. 2011. Cadmium availability and
accumulation by lettuce and rice. Rev. Bras.
Cienc. Solo 35(2):645-654.

Quynh, N. N., V. D. Khanh and N. H. Viet. 2002.
Effects of cadmium pollution of irrigation
water and soil on the growth and development
of rice plants. Department of Agriculture and
Forestry Extension, Ministry of Agriculture
and Rura Development-MARDI, Science &
Technology Journa of Agriculture and Rura
Development 3:227-230.

Ramos, |., E. Esteban, J. J. Lucena, A. Gérate.
2002. Cadmium uptake and subcellular
digtribution in plants of Lactuca sp. Cd-Mn
interaction. Plant Sci. 162(5):761-767.

Rascio, N., F. D. Vecchia, N. L. Rocca, R. Barbato,
C. Pagliano, M. Raviolo, C. Gonnelli and R.
Gabbridli. 2008. Meta accumulation and
damage in rice (cv. Viadone nano) seedlings
exposed to cadmium. Environ. Exp. Bot.



Emir. J. Food Agric. 2015. 27 (1): 94-105
http://www.gjfa.info/

62:267-278.

Reddy, G. N. and M. N. V. Prasad. 1992. Cadmium
induced peroxidase activity and isozymes in
Oryza sativa. Biochem. Arch. 8:101-106.

Rehman Shah, F.U., N. Ahmad, K. R. Masood, J.
R. PerdtaVidea and F. D. Ahmad. 2010.
Heavy meta toxicity in plants. In: M. Ashraf,
A. Oztiirk Miinir and M. S. A. Ahmad (Eds.),
pp. 71-99. Plant adaptation and
phytoremediation. Dordrecht, New Y ork.

Rosas, |., M. E. Carbga, S. Gomez-Arroyo, R.
Belmont and R. Villaogos-Pietrini. 1984.
Cytogenetic effects on cadmium accumulation
on water hyacinth (Eichornia crassipes).
Environ. Res. 33(2):386-395.

Sanitd di Toppi, L. and R. Gabreilli. 1999.
Response to cadmium in higher plants.
Environ. Exp. Bot. 41(2):105-130.

Satarug, S., J. R. Baker, S. Urbenjapol, M. Haswell-
Elkins, P. E. Reilly, D. J. Williams and M. R.
Moore. 2003. A globa perspective on
cadmium pollution and toxicity in non-
occupationally exposed population. Toxicol.
Lett. 137(1-2):65-83.

Schierup, H. H. and V. J. Larsen. 1981. Macrophyte
cycling of zinc, copper, lead and cadmium in
the littoral zone of a polluted and a non-
polluted lake. I. Availability, uptake and
trandocation of heavy metas in Phragmites
australis (Cav.) Trin. Aquat. Bot. 11:197-210.

Shah, K., R. G. Kumar, S. Verma and R. S. Dubey.
2001. Effect of cadmium on lipid
peroxidation, superoxide anion generation and
activities of antioxidant enzymes in growing
rice seedlings. Plant Sci. 161(6):1135-1144.

Shi, X., C. Zhang, H. Wang and F. Zhang. 2005.
Effect of Si on the distribution of Cd in rice
seedlings. Plant Soil 272(1-2):53-60.

Simmons, R. W., P. Pongsakul, R. L. Chaney, D.
Sayasitpanich, S. Klinphoklap and W.
Nobuntou. 2003. The relative exclusion of
zinc and iron from rice grain in relation to rice
grain cadmium as compared to soybean:
Implications for human heath. Plant Soil
257:163-170.

Simmons, R. W., A. D. Noble, P. Pongsakul, O.
Sukreeyapongse, and N. Chinabut. 2008.
Andysis of field-moist Cd contaminated
paddy soils during rice grain fill alows
reliable prediction of grain Cd levels. Plant

104

Soil 302:125-137.

Singh, B. R. and M. J McLaughlin. 1999.
Cadmium in soils and plants. In: M. J.
McLaughlin and B. R. Singh (Eds.), pp. 257-
268.Developments in Plant and Soil Sciences.
Kluwer Academic Publishers, Dordrecht.

Smolders, E., K. van den Brande, A. Maes and R.
Merckx. 1997. The soil solution composition
as a predictor for metal availability to spinach:
a comparative study using 137Cs, 85Sr, *®Cd,
65Zn and 152Eu, In: T. Ando, K. Fujita, T.
Mae and H. Matsumoto (Eds.), pp. 487-492.
Plant nutrition for sustainable food production
and environment. Dordrecht, the Netherlands:
Kluwer Academic Publishers.

Tanaka, K., S. Fujimaki, T. Fujiwara, T. Yoneyama
and H. Hayashi. 2007. Quantitative estimation
of the contribution of the phloem in cadmium
transport to grains in rice plant (Oryza sativa
L.). Soil Sci. Plant Nutr. 53:72-77.

Tezuka, K., H. Miyadate, K. Katou, |. Kodama, S.
Matsumoto, T. Kawamoto, S. Masaki, H.
Satoh, M. Yamaguchi, K. Sakurai, H.
Takahashi, N. Satoh-Nagasawa, A. Watanabe,
T. Fujimura and H. Akagi. 2010. A single
recessive gene controls cadmium translocation
in the cadmium hyperaccumulating rice
cultivar Cho-Ko-Koku. Theor. Appl. Genet.
120(6):1175-1182.

Tudoreanu, L. and C. J. C. Phillips. 2004. Modeling
cadmium uptake and accumulation in plants.
Adv. Agron. 84:121-157.

Ueno, D., I. Kono, K. Yokosho, T. Ando, M. Yano
and J. F. Ma. 2009. A magjor gquantitative trait
locus controlling cadmium translocation in
rice (Oryza sativa). New Phytol. 182(3):644-
653.

Ueno, D., N. Yamgji, |I. Kono, C. F. Huang, T.
Ando, M. Yano and J. F. Ma 2010. Gene
limiting cadmium accumulation in rice
PNAS. 107:16500-16505.

Uraguchi, S., S. Mori, M. Kuramata, A. Kawasaki,
T. Arao and S. Ishikawa. 2009. Root-to shoot
Cd trandocation via the xylem is the major
process determining shoot and grain cadmium
accumulation in rice. J. Exp. Bot. 60(9):2677-
2688.

Uraguchi, S. and T. Fujiwara. 2012. Cadmium
transport and tolerance in rice: Perspectives
for reducing grain cadmium accumulation.



Parviz Fasahat

Rice5:5.

Van Assche, F. and H. Clijsters. 1990. Effects of
metals on enzyme activity in plants. Plant Cell
Environ. 13(3):195-206.

Vassilev, A. E. Chakalova, |. Yordanov and V.
Kerin. 1995. The effect of cadmium stress on
growth and photosynthesis of young barley
plants (H. wulgare L.). Structura and
functional changes. Bulg. J. Plant Physial.
21(4):12-21.

Verkleij, J. A. C., P. Koevoets, J. Van’t Riet, Y.
Mijdam, W. H. O. Ernst. 1990. Poly(y-
glutamylcysteinyl)-glycines or phytochelatins
and their role in cadmium tolerance of Slene
vulgaris. Plant Cell Environ. 13(9):913-921.

Wagner, G. J. 1993. Accumulation of cadmium in
crop plants and its consequences to human
health. Adv. Agron. 51:173-212.

Wang, H., G. Zhu, Y. Shi, S. Weng, T. Jin, Q.
Kong and G. F. Nordberg. 2003. Influence of
environmental cadmium exposure on forearm
bone density. J. Bone Miner. Res. 18:553-560.

Wright, D. A. and P. M. Welbourn. 1994. Cadmium
in the aquatic environment: a review of

105

ecological, physiological, and toxicologica
effectson biota. Env. Rev. 2:187-214.

Wu, F., J. Dong, G. Jia, S. Zheng and G. Zhang.
2006. Genotypic difference in the responses of
seedling growth and Cd toxicity in rice (Oryza
sativa L.). Agri. Sci. China 5:68-76.

Xue, D., M. Chen and G. Zhang. 2009. Mapping of
QTLs associated with cadmium tolerance and
accumulation during seedling stage in rice
(Oryza sativa L.). Euphytica 165:587-596.

Yu, H., J. Wang, W. Fang, J. Yuan and Z. Yang.
2006. Cadmium accumulation in different rice
cultivars and screening for pollution-safe
cultivars of rice. Sci. Total Environ. 370:302-
300.

Zhang, M. K., Z. L. He, D. V. Cdvert and P. J.
Stoffella. 2004. Leaching of minerds and
heavy metals from muck-amended sandy soil
columns. Soil Sci. 169:528-540.

Zhou, Q. X., X. Wang, R. L. Liangand Y. Y. Wu.
2003. Effects of cadmium and mixed heavy
metals on rice growth in Liaoning, China. Soil
Sed. Cont. 12:851-864.



