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Abstract

Cadmium (Cd) toxicity is one of the major abiotic stresses that adversely affect the growth, development,
productivity of crop plants. It is highly soluble in water and therefore is an extremely powerful pollutant. Cadmium
disturbs the function of chloroplasts by accumulating to higher levels in aerial parts. It inhibits the enzymes needed
for chlorophyll biosynthesis as well as enzymes for carbon dioxide fixation i.e Ribulose-1, 5-biphosphate
carboxylase (RUBPCase) and phosphoenol pyruvate carboxylase (PEPCase). Proline acts as an osmolyte for
osmotic adjustment. It reduces the reactive oxygen species levels generated by Cd stress and protects the plasma
membrane integrity of crop plants. Moreover nitrate assimilation is inhibited by Cadmium which is a potential
inhibitor of photosynthetic process. By replacing molybdenum, cadmium inhibits nitrate reductase activity and
thereby decreases the nitrate assimilation by plants.
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Introduction

Growth, development, productivity of crop plants is adversely affected by Cd toxicity which is one of the major
abiotic stresses. Cd is highly toxic and has greater solubility in soil and water and thus acts as powerful pollutant
affecting plant growth adversely (Nazar et al., 2012). Photosynthesis electron chain PS Il is inhibited, enzyme
structure altered by Cd toxicity by interacting with sulfhydryl groups, lipid peroxidation inhibition of ATPase
activity, disruption of channels and transporters (Van Assche and Clijsters, 1990). Cd can affect the plants from very
beginning of their life cycle i.e., seed germination to production of grains. The activity of enzymes needed for the
chlorophyll biosynthesis and CO, fixation is inhibited by the Cd by disturbing the function of chloroplast (Boddi et
al., 1995; Krupa and Baszynski 1997) as the higher levels of Cd accumulates in the aerial organs (Pence et al.,
2000). Superoxide anion (O,), hydroxyl (OH) free radicles and H,0, are the ROS formed due to high concentration
of Cd (Dixit et al., 2001). Plants metabolic reactions is damaged due to the production of reactive oxygen species
(ROS), such as superoxide anion (O,") hydroxyl (OH") radicles and hydrogen peroxide (H,0,) as a result of excess
concentration of Cd (Takeda et al., 1995; Nazar et al., 2012). Oxidative DNA damage, DNA strand breaks, DNA-
protein cross links, chromosomal aberrations, disregulation of gene expression resulting in the increase in
proliferation, depressed apoptosis, and changed DNA repair are caused due to Cd toxicity (Nazar et al., 2012).
Photosynthesis is inhibited due to increased levels of Cd as it causes the inhibition of seed germination, cell growth,
plant growth as well as nutrient uptake which ultimately leads to retarded growth and productivity. The Calvin cycle
enzymes, photosynthesis and carbohydrate metabolism are disturbed due to accumulation of Cd and also causes
changes in the antioxidant metabolism, affects the stomatal opening by interacting with the water balance and lowers

the crop productivity. Chlorophyll biosynthesis, photosynthesis, stomatal behavior, enzymes of Calvin cycle and
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electron transport are very sensitive to Cd. and thiobarbituric acid reactive substances(TBARS) and electrolyte
leakage causing oxidative stress (Mobin and Khan et al., 2007) that causes decrease in growth and productivity by
imposing oxidative damage to the membrane, proteins, photosynthetic pigments, biomolecules such as, nucleic acids
and lipids and eventually causing death of plants.

Since the toxic effects of Cd on plant development, particularly on photosynthetic functions are known therefore
efforts have been made to counteract the toxicity of Cd. Among various strategies mineral nutritional input may
impart dual effects on plant functions as they benefit the plant or may reduce toxicity generated by Cd.

Worldwide problem and great threat to environment is metal contamination, as these metals accumulate in soils in
excess, and enters the food chain. Through anthropogenic activities Cd is a phytotoxic metal often added to
agricultural soils. Cd is highly toxic metal released into the environment by mining industrial activities, use of
fertilizers, sewage sludge, and atmospheric deposition affects plants due to its increased concentration in the
agricultural soil (di Toppi and Gabbrielli 1999). Cd has long biological half-life thus for the agricultural system it is
considered as the major environment problem. It is highly toxic even at at low concentration (Wagner 1993). At the
molecular level, Cd has been attributed to (1) displacement of essential metal ions from biomolecules (Rivetta et al.,
1997), (2) production of ROS by autoxidation and Fenton reaction (Van Assche and Clijsters 1990; Gallego et al.,
1996; Chaoui A et al., 1997) and (3) blocking of essential functional groups in biomolecules (Schutendubel and
Polle 2002).

Effect of cadmium toxicity on growth

Inhibition and abnormalities of growth in plants is caused due to Cd toxicity. The effect of various stressors is
monitored by measuring the growth of whole plant or plant parts. Plant growth is inhibited by high concentrations of
Cd (Anita et al., 1990) and alters plant metabolism even at low concentration (Van Assche and Clijsters 1990). It
has also been reported in many cereals and leguminous crops growth and processes of growth are inhibited due to
Cd (Dubey and Dwivedi, 1987; Singh et al., 1988). Cd inhibited root and shoot growth considerably but has
negligible effect on seed germination (Mishra et al., 1994). Due to Cd toxicity the main root becomes rigid, twisted
and brown while inhibition in the lateral root formation occurs (Krantev et al. 2008; Yadav 2010; Rascio and
Navari-1zzo 2011). Epidermal and cortical cell layers present in the apical region dividing in disordered manner and
their abnormal enlargement are the main reasons indicated. Because of altered physiological phenomena reduction
in the growth and biomass yield occurs which is mainly due to the increased levels of Cd in the growth media
(Demirevska-kepava et al., 2006). In many other cases also drop in root/shoot elongation has also been reported
(Gruenhage, 1985; Pahlsson, 1989). Decreased root hydraulic water conductance, root growth retardation,
suberization and damage to external and internal structures of root are the symptoms due to increased levels of Cd,
translocation of nutrients and normal absorption are also affected (Moral et al., 1994). Strong effect on
photosynthetic enzymatic activities occurs due to the high concentration of metal (Baszynski et al., 1980; Van
Assche and Clijsters, 1990).

In Ultisol at 100 and 200 pg Cd/g soil the yields of maize shoots grown showed reduction. The level of 100 Cd/g
soil and 200 Cd/g soil turned out to be highly toxic in the Ultisol and at these concentration visual toxicities started
to appear. Scorching of leaf tips, necrosis, interveinal whitening of leaves followed by withering and stunting of
plants were the toxicity symptoms showed by plants (Ramachandran and D’Souza, 1998).
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Effect of cadmium toxicity on photosynthesis

Photosynthesis, respiration, water and nutrient uptake are affected by exposure of Cd which results in plant growth
inhibition and even plant death (Baszynski et al. 1980; di Toppi and Gabbrielli 1999). Plant species like Brassica
juncea (Mobin and Khan 2007). Brassica napus (Baryla et al. 2001) andv Helainthus annus (Di Cagno et al.,
2001) signified that long term exposure of Cd inhibits the photosynthesis. Photosynthetic pigments, mainly the
biosynthesis of chlorophyll (Basznyksi et al. 1980) and are the primary site of action of Cd. The activities of
enzymes of chlorophyll biosynthesis and CO, fixation is inhibited thus disturbing the function of chloroplast (Boddi
et al. 1995; Krupa and Baszynski 1995) as the Cd is accumulated in the aerial organs at high levels (Pence et al.
2000), especially in the chloroplasts and also interferes in the pigment protein complexes aggregation of the
photosystems (Horvath et al., 1996). Internal chloroplast membranes has been observed to breakdown in Cd treated
rape seedlings (Filek et al., 2010).The Calvin cycle enzymes are restricted due to the presence of H,0, in the
chloroplast thus decreasing the carbon assimilation which results in the Cd-induced-ROS damaged chloroplast
(Takeda et al., 1995). Ribulose-1, 5-biphosphate carboxylase (RUBPCase) and phosphoenol pyruvate carboxylase
(PEPCase) which are the key enzymes of CO, fixation are the main targets of Cd toxicity. PSII electron transport
and especially oxygen evolving complex are also altered due to the influence of Cd (Clijters and Assche 1985).
Decrease in maximum photochemical efficiency of PSII and weakening of net CO, assimilation rate was observed
by increasing Cd concentrations from metal to 10 and 50 uM, which was supposedly due to Rubisco activity
decrease (Dias et al., 2013). It has been observed that there is reduction in the amount of chlorophyll in leaf of Zea
mays (Root et al., 1975). Decrease in the Chlorophyll a and b was also observed (Kalita et al., 1993). (Naguib et al.,
1986) reported in wheat and rice seedlings presence of Cd resulted in the symptoms of iron deficiency. Thus
decrease in iron uptake caused the inhibition of protein synthesis in turn resulting in chloroplast inhibition which
might have resulted in the reduction in chlorophyll content. With increasing concentrations of salt solution applied
Chlorophyll a and b contents decreased progressively. At higher Cd levels the pigment suffered extreme reduction
but the reduction in the chlorophyll content was observed at the lowest concentration. Heavy metals may interfere
with the structural components of chloroplasts, the synthesis of proteins thus resulting in the impairment of
chlorophyll development (Keshan and Mukherji, 1992).

Effect of cadmium toxicity on proline

Free proline in plants forms a non-toxic Cd-protein complex (Sharma et al., 1998). Proline acts as an osmolyte for
osmotic adjustment and plays principal role in stabilizing subcellular structures. It reduces cytoplasmic acidosis and
maintaines appropriate NADP*/NADPH ratios compatible with metabolism (Hare et al., 1999) and may also act as
protein compatible hydrotrope (Srinivas and Balasubramanian 1999). Proline accumulation in plants in response to
heavy metals is to maintain the osmotic balance in the cells. Cell membrane is protected by the accumulation of
proline and thus protects against the oxidative damage (Singh et al., 2003).

Effect of cadmium toxicity on nitrogen metabolism

80% of the nutrients absorbed by plants is contributed by N which is an essential macronutrient and acts as
important component in structural, metabolic and genetic components. One of key enzyme of nitrogen assimilation
is nitrate reductase (NR) whose activity is regulated by nutritional and environmental factors (Srivastava, 1995).
Nitrate assimilation is inhibited by Cd which is a potential inhibitor of photosynthetic process. Inhibition of nitrate
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uptake and the activity of enzymes which are required in nitrate assimilation pathway by Cd toxicity have been
studied in many plants (Hernandez et al., 1997; Boussama et al., 2006). Cd inhibits the activities of NRand thus
decreasing the nitrate assimilation by plants (Chaffei et al., 2004; Wang et al., 2008). Gouia et al. (2000) treated
Phaseolus vulgaris (bean plant) with 100um concentration of Cd and reported decrease in NR acitivity by 80% after
7 days of exposure. Brassica juncea was treated with 100 mg kg™' Cd and exposed for 30 days which resulted the
decrease in NR acivity by 53% (Irfan et al., 2014). Furthermore, decrease in NR activity under different
concentrations of Cd has been reported in many crops which are mentioned in table 1. By inhibiting NR activity in
shoots Cd reduces the uptake of nitrate from roots to shoots (Hernandez et al., 1997; Chaffei et al., 2003). Reducing
the activity of existing enzyme molecules or by repressing the synthesis of enzyme, Cd reduces the NR activity.
(Campbell, 1988). Thus by replacing molybdenum Cd inhibits NRactivity and thereby affecting nitrate binding. The
conversion of nitrate to nitrite is done by NR which is the key enzyme. Decline in enzymatic activity because of Cd
has been reported in some plant systems (Chug et al., 1992). As the Cd concentration enhances, total protein in the
leaves is also enhanced (Mishra et al., 1994).

Table 1. Nitrate Reductase activity decreased in various crops exposed to variable
concentrations of cadmium

Cd concentration Exposure Plant species Decrease in NR | References
time activity %oage

100 puM 7 days Phaseolus 80 Gouia et al., 2000
vulgaris
(bean plant)

0, 50, 25 30 and 60 | Cicer arietinum _ Faizan et al., 2011

and 100 mg kg™ days L.

100 mg kg’ 30 days Brassica juncea | 53 Irfan et al., 2014

100 uM 4,80r12h Lycopersicon 21.7 Hayat et al., 2011
esculentum Mill.

100 uM 10- 25 day Arachis 20.87 - 79.41 Dinakar et al., 2009
hypogaea L.

50 mg kg™ 30 day Vigna mungo 98.3 Mohammad  Mobin

(2013)

50 uM 24 h Cucurbita pepo | 60 El-Shora and Ali

L. (2011)

Effect of cadmium toxicity on sugar

In growing seedlings of rice (Oryza sativa L.) cultivars Ratna and Jaya the changes in activities of sugar metabolism
and the content of sugar were studied in response to Cd. An increase in the content of total soluble sugars and
reducing sugars, and decrease in the content of non-reducing sugars was observed when treated with 100 uM or 500
uM Cd (NOs), in the growth medium for 5 to 20 days exposure. In shoots sugar content was greater than in roots
when treated with Cd. In maize total sugar content also decreased with increasing levels of Cd. At high Cd levels
there is decrease in net photosynthetic rate which might be the reason of decreased sugar content in maize as also
reported by (Wichman et al., 1983) and (Keul et al., 1979).with increased Cd levels protein content in maize
increased significantly which might be due to concentration effect because addition of Cd reduced the dry matter
yield.
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Discussion

It has long been recognized that the environmental pollutants have direct impact on the quality and productivity of
various plants. Cd is one of the environmental pollutant which directly or indirectly affects the mineral uptake
because of which almost every morpho-physiological and chemical processes in the plant were affected and thus
leads to an influence on growth, development and yield of the plants however the degree of impact is greatly
governed by the nutritional status of the plant and thus if the plants are provided with the appropriate amount of
nutrient elements, the damage caused by the Cd may be reduced.
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