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ABSTRACT

Biotic systems face immense environmental hazards such as accumulation of heavy metals, particularly
in agricultural ecosystems that might cause deterioration of yield and quality of crops. In this study, we
evaluated the role of silicon (Si) in alleviating the heavy metal (Cd) stress tolerance in cotton by analyzing
the induced Physio-chemical changes. Cotton plants were grown in hydroponic culture with three
different Cd levels (0, 1 and 5 pM) along with two Si treatment levels (0 and 1 mM). The data showed that
Cd alone reduced the plant growth as well as the efficiency of antioxidant activity as compared to control
plants. Plant growth, gas exchange characteristics (net photosynthetic rate, stomatal conductance,
transpiration rate, water use efficiency) chlorophyll contents, and carotenoids as well as the performance
of antioxidant enzymes were improved by the exogenous application of Si. The adverse effects of Cd on
plant growth were alleviated by the exogenous application of Si. It was observed that Si effectively
mitigated the adverse effects of Cd on cotton plants and markedly enhanced the growth, biomass and
photosynthetic parameters while decreased the contents of malondialdehyde (MDA), hydrogen peroxide
(H20,) and electrolytic leakage (EL). The antioxidant enzyme activities in cotton leaves and roots
increased significantly, when Si was added to control as well as Cd stressed plants. In conclusion, Si
improved the growth and photosynthesis attributes of cotton plants by mitigating the adverse effects of
Cd stress through reduced EL, MDA and H,0, contents and improved activities of antioxidant enzymes.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Heavy metals with a density higher than 5.0 g cm~2 such as
cadmium (Cd), lead (Pb), chromium (Cr), silver (Ag) and mercury
(Hg) etc., are important environmental pollutants, mainly where
there are high anthropogenic activities. Soil pollution by heavy
metals is an important environmental concern for the agricultural
sector VacullK et al, (2009) over the past several decades,
especially in the developing countries (Tandy et al, 2006;
Saifullah et al.,, 2009). Agricultural lands that have been polluted
due to the heavy metal accumulation were proved to have highly
adverse effects on soil biological activity, fertility, plant metabo-
lism, biodiversity, and the health of humans and animals (Wagner
1993; Nawrot et al., 2006; Jarup and Akesson 2009; Ali et al.,
20114, b). Even in low concentrations can cause serious threats to
all living organisms via their accumulation in soil and water.
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Heavy metals are well known growth inhibitors and can cause
detrimental effects on plant growth, develop phototoxic responses
and decrease the productivity and quality of agricultural crops (Ali
et al., 2012, 2013a).

Cadmium (Cd) is one of the most toxic environmental pollu-
tant, which is quite toxic even in minute concentration. It enters
the environment principally from industrial processes, mining
operations, municipal wastes, and phosphate fertilizers (Wagner,
1993; Clemens, 2006). Upon exposure to Cd stress, inhibition
occurs in most of the physiological and biochemical processes of
plants, such as chlorophyll synthesis, photosynthesis and nutrient
uptake resulting in retardation of growth and low yield (Ali et al.
2013b; Sanita and Gabbrielli, 1999). As a non-redox metal, Cd is
unable to take part in Fenton-type reactions, but can produce
reactive oxygen species (ROS) and cause oxidative stress in
plants (Schiitzendiibel and Polle, 2002; Zhang et al., 2009).
ROS molecules are highly toxic compounds that can oxidize most
of the lipids, proteins and nucleic acids causing death of the cell
due to lipid peroxidation, membrane damage, and inactivation of
enzymes.
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Silicon (Si) is the second most abundant element both on the
surface of the earth and in the soil (Gong et al., 2006). The
unavailability of Si to plants is due to its combination with other
compounds to form silicates or oxides (Richmond and Sussman,
2003). Silicon is not considered as an essential element but it has
been found to minimize the various biotic and abiotic stresses
(Richmond and Sussman, 2003; Ma, 2004; Ma.and.Yamaji, 2006)
and has beneficial effects on growth and development of many
plants, particularly of gramineous plants and some cyperaceous
plants (Richmond and Sussman, 2003; Epstein 1994, 1999; Liang
et al, 2007; Ma et al, 2001). For example, Si enhances plant
resistance to fungi, pests as well as to the drought stresses. Si also
helps in mediating the adverse effects of heavy metal stresses such
as chromium (Cr) (Ali et al., 2013c) aluminum (Al) (Baylis et al.,
1994; Liang et al., 2001; Hammond et al., 1995), boron (B) (Gunes
et al,, 2007a; Inal et al., 2009) and zinc (Zn) (Kaya et al., 2009).
These beneficial effects of Si to plants are attributed to both
soluble Si and Si deposited in the various plant tissues. Large
amount of Si that deposited in tissues may act as a physical barrier
that increases the rigidity and strength of the plant tissues (Ma,
Yamaji, 2006). Soluble Si plays an active role in stimulating some
defense reaction mechanisms and enhancing host resistance to
plant against the diseases. (Fauteux et al., 2005).

In general, silicon has been recommended for improving the
resistance of plants to abiotic stresses, including heavy metal
toxicity. However, to our knowledge, the possible use of Si for
improving Cd stress tolerance in cotton plants has not been tested
so far. In this view, a hydroponic experiment was conducted to
find out the influence of Si treatments on plant growth, photo-
synthesis, chlorophyll contents, oxidative stress, antioxidant
enzymes, and electrolyte leakage and cd uptake under Cd stress.
The objective was to investigate that whether or not the exogen-
ous application of Si activate the protective responses in cotton
plants exposed to cadmium stress.

2. Materials and Methods
2.1. Experimental site

This study was carried out in wire house of Ayub Agricultural Research Institute
(AARI) and, in labs of Government College University Faisalabad and Nuclear
Institute for Agriculture and Biology (NIAB) Faisalabad, Pakistan.

2.2. Growth conditions

Healthy seeds of cotton genotype MNH 886 were immersed in concentrated
sulfuric acid solution for 15 min to remove the short fibers on the surface of the
seeds. Seeds were then rinsed with distilled water thoroughly and sown in 2 in.
layers of sterilized quartz sand trays were put in a growth chamber with a
photoperiod of 16 h light/8 h dark with light intensity of 400 + 25 pmol m~2s~ 1.
The light/dark temperature was set at 30 °C/25 °C with relative humidity at 85%.
After two weeks of sowing, the uniform seedlings were wrapped with foam at a
root shoot junction, and transplanted in thermopole sheets having evenly spaced
holes (15in.x 17 in. in size) floating on 40 L capacity iron tubs, lined with
polyethylene sheet containing modified Hoagland's solution. The basic nutrient
medium had composition: (Ca(NO3), 2.5 mM, MgSO, 1 mM, KCI 0.5 mM, KH,PO4
0.5 mM, FeCl3 0.1 uM, CuSO4 0.2 uM, ZnSO41 pM, H3BO3 20 uM, H,Mo0O,4 0.005 pM,
MnSO,4 2 uM). Continuous aeration was given through an air pump in the nutrient
solution by making bubbles. The solution was changed every week. Thereafter two
weeks of transplantation, Cd levels (control, 1 and 5 uM) were developed with
CdCl, and two levels of Si as sodium silicate (Na,SiO3) (control and 1 mM) with
three replicates were applied. Complete randomized design (CRD) was applied. By
adding 1 M H,SO,4 and NaOH, solution pH (6.0 + 0.1) was maintained.

2.3. Measurements of plant growth and biomass

Plants were harvested after five weeks of growth under Cd stress. Data
regarding shoot, root length, shoot, and root fresh and dry weight were recorded.

24. Leaf area

Leaf area was estimated with a leaf area meter (LI-2000, LI-COR, USA).

2.5. Gas exchange parameters

Five weeks after application of the treatment, photosynthetic rate (A), stomatal
conductance (gs), transpiration rate (E), water use efficiency (A/E) was determined
by using Infra-Red Gas Analyzer (IRGA) (Analytical Development Company, Hod-
desdon, England).

2.6. Determination of chlorophyll contents

Chlorophyll a, chlorophyll b, total chlorophyll and carotenoids were determined
spectrophotometrically (Metzner et al., 1965). After five weeks of Cd treatment,
the topmost fully expanded fresh leaves were weighed and dipped overnight in
85% (v/v) aqueous acetone for the extraction of the chlorophyll pigments. Super-
natant taken was centrifuged at 4000 rpm for 10 min and diluted with 85% aqueous
acetone to the suitable concentration for spectrophotometric measurements. The
disappearance was calculated at absorbance of 452.5, 644 and 663 nm alongside
blank of untainted 85% liquid acetone. Chl a, b, total chlorophyll and carotenoids
were analyzed using the following equations:

Chlorophyll a (ug/ml)=10.3*Egg3 —0.98"Ega4

Chlorophyll b (ug/ml)=19.7"Eg44—3:87*Ege3

Total chlorophyll= chlorophyll a+chlorophyll b

Total carotenoids (pg/ml)=4.2*E4s,.5—{(0.0264*chl a)+( 0:426*chl b)}

Finally, these pigment fractions were calculated as mg/g fresh weight.

2.7. Estimation of electrolyte leakage

Electrolyte leakage was estimated by using the method of Dionisio-Sese, Tobita
(1998). After five weeks of Cd treatment, leaves (1 g) were cut into small parts of
5 mm length and put in test tubes containing 8 ml deionized and distilled water.
The tubes were placed in a water bath at 32°C for two hours. The initial electrical
conductivity of the medium (EC;) was assessed. The samples were placed in an
autoclave at the 121 °C for 20 min to expel all electrolytes. Samples were cooled at
25°C and second electrical conductivity (EC;) was measured. Total electrolyte
leakage was calculated by using the following formula.

EL = (EC; /EC,) x 100

2.8. Assay of antioxidant enzymes

Anti-oxidant enzymes such as superoxide dismutase (SOD), guaiacol perox-
idase (POD), catalase (CAT), and ascorbate peroxidase (APX) of roots and leaves
were determined spectrophotometrically.

After five weeks of Cd treatment fresh samples (0.5 g) of leaves and roots were
ground with the help of a motor and pestle and homogenized in 0.05 M phosphate
buffer (pH 7.8) under chilled condition. The homogenized mixture was filtered
through four layers of muslin cloth and centrifuged at 12,000 x g for 10 min at 4 °C.

Superoxide dismutase (SOD, EC 1.15.1.1) activity was analyzed by the nitroblue
tetrazolium (NBT) method (Beauchamp and Fridovich, 1971) at 560 nm by calculat-
ing the photoreduction of NBT. The reaction mixture (3 ml) consisted of 50 mM
sodium phosphate buffer (pH 7.8), 13 mM methionine, 75 pM NBT, 10 uM EDTA,
2 mM riboflavin and enzyme extract (100 pl). Reaction was started by placing tubes
below two 15 W fluorescent lamps for 10 min.

Guaiacol peroxidase (POD, EC 1.11.1.7) activity was assayed according to method
of (Putter, 1974) with some modification. The reaction mixture (3 ml) consisted of
100 pl enzyme extract, 100 pl guaiacol (1.5%, v/v), 100 pl H,0, (300 mM) and 2.7 ml
25 mM potassium phosphate buffer with 2 mM EDTA (pH 7.0). Increase in the
absorbance due to oxidation of guaiacol was measured spectrophotometrically at
470 nm (¢=26.6 mM~'cm™1).

Catalase (CAT, EC 1.11.1.6) activity was determined by the method of (Aebi,
1984). The assay mixture (3.0 ml) was comprised of 100 ul enzyme extract, 100 pl
H,0, (300 mM) and 2.8 ml 50 mM phosphate buffer with 2 mM EDTA (pH 7.0). The
CAT activity was assayed by monitoring the reduction in the absorbance at 240 nm
as a consequence of H,0, disappearance (¢=39.4mM~"'cm™1).

Ascorbate peroxidase (APX, EC 1.11.1.11) activity was assayed according
to the method of (Nakano and Asada, 1981). The reaction mixture consisted of
100 pl enzyme extract, 100 pl ascorbate (7.5 mM), 100 ul H,0, (300 mM) and
2.7ml 25mM potassium phosphate buffer with 2mM EDTA (pH 7.0). The
oxidation of ascorbate was observed by the change in absorbance at 290 nm
(e=2.8mM~'cm~1).
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2.9. Malondialdehyde (MDA) content

The level of lipid peroxidation in the leaf tissue was measured in terms of
malondialdehyde (MDA, a product of lipid peroxidation) content determined by the
thiobarbituric acid (TBA) reaction using the method of Heath and Packer (1968),
with minor modifications as described by Dhindsa et al., (1981) and Zhang and
Kirham (1994). A 0.25 g leaf sample was homogenized in 5ml 0.1% TCA. The
homogenate was centrifuged at 10,000 x g for 5min. To 1 ml aliquot of the
supernatant, 4 ml of 20% TCA containing 0.5% TBA was added. The mixture was
heated at 95°C for 30 min and then quickly cooled in an ice bath. After
centrifugation at 10,000 x g for 10 min, the absorbance of the supernatant at
532 nm was read and the value of the nonspecific absorption at 600 nm was
subtracted. The MDA content was calculated by using an extinction coefficient of
155mM~'em 1

2.10. Determination of soluble protein

The soluble protein content was analyzed according to Bradford (1976), using
Coomassie Brilliant Blue G-250 as dye and albumin as a standard.

2.11. Hydrogen peroxide contents

H,0, was extracted by homogenizing 50 mg leaf and root tissues with 3 ml of
phosphate buffer (50 mM, pH 6.5) (Jana and Choudhuri, 1981). To analyze H,0,
content, 3 ml of extracting solution was mixed with 1 ml of 0.1% titanium sulfate in
20% (v/v) H,SO4 and the mixture was centrifuged at 6000 x g for 15 min. The
intensity of the yellow color of the supernatant was measured at 410 nm. H,0,
content was computed by using the extinction coefficient of 0.28 ymol~'cm~.

2.12. Estimation of cadmium (Cd) concentration

After five weeks of treatment, cotton plants were harvested and washed
thoroughly with tap water, distilled water and deionized water. Plant samples
were separated into roots, stem and leaves dried at 80 °C in an oven for 48 h, and
ground into powder. Each sample (0.5 g) was dry-ashed at 450 °C in muffle furnace
for 10 h, and digested in 10 mL of 1 M HCl for 12 hs, and centrifuged at 3600 rpm
for 15 min. Concentrations of Cd in root, stem and leaves were determined by a
flame atomic absorption spectrometry (Nov Aa 400 Analytik Jena, Germany).

Table 1
Effect of different concentrations of cadmium (Cd) (0, 1 and 5 uM) and Si (0 and
1 mM) on growth characteristics of cotton plants.

Treatments Plant height  Root length  Leaf area Number of leaf
(cm) (cm) (cm?) plant—!

Ck 56.69 +1.20a 43.49+0.88a 71.74+2.70a 27+1a

Sio 59.56 +2.40a 46.33 +2a 76.03 +2.25a 28.67 + 1.76a

Cd1 32,61 +£2.60c 29.29+1.21c 46.66 +4.00c 16 4 2.30c

Cd1+Si1 4250+ 1.45b 3516+2.32b 57.66+ 1.85b 19.66 + 1.76b

Cd5 14.71 £ 1.20e  14.00 + 0.57e 27.00 £ 3.51e 11 + 1.52d

Cd5+Si1 22 +115d 20.67 +1.45d 38.33 +2.02d 14.66 + 1.70cd

Values show the means of three replicate + SE. Means followed by same small
letters are not significant different at P < 0.05 by using the Tukey test.

Table 2

2.13. Statistical analysis

All values reported in this experiment are mean of three replicates. Analysis of
variance (ANOVA) was done by using a statistical package, SPSS version 16.0 (SPSS,
Chicago, IL) followed by Tukey test between the means of treatments to determine
the significant differences.

3. Results
3.1. Plant growth characteristic

The growth of plant in term of plant height, root length,
number of leaves plant~! and leaf area was decreased in the
presence of cadmium (Cd) in the nutrient medium at both Cd
levels (1 and 5 uM). Cd stress caused a significant reduction in
plant growth, Plant height, root length, number of leaves plant~!
and leaf area showed significant decrease as compared to control.
The adverse effects of Cd stress on the plant growth were
alleviated when Si was applied (Table 1). The application of Si
favored the growth of plant and got rid of the toxic effects
generated by cadmium. Si application markedly decreased the
inhibitory effect on plant growth that reflected as in increase of
plant height, root length, number of leaves plant~! and leaf area.
Exogenously applied Si alone also led to a slight increase in growth
as compared to control.

3.2. Plant biomass

Table 2 delineates the biomass of cotton under Cd stress treated
without or with Si. A significant difference was observed in plant
biomass in terms of leaves shoot and root fresh and dry weight
under Cd stress in comparison to the control with increasing Cd
concentration. However, follow-up treatment to the stressed
plants Si (1 mM) significantly countered the inhibitory effect of
Cd more efficiently as compared to those which did not receive Si
treatment. The response of plants to cadmium stress was avoided
by Si application which markedly improved the growth of plants.
Similarly, the plants treated with Cd were smaller in comparison
with the plants treated with Cd+Si. The growth-promoting effect
of Si was greater in plants treated with Cd.

3.3. Chlorophyll contents

Chlorophyll content expressed as chlorophyll a, chlorophyll b,
total chlorophyll and carotenoids value in cotton leaves is illu-
strated in Table 3. Cd treatments greatly influenced the chlorophyll
contents. After the treatment at both level (1 and 5 uM) chlor-
ophyll a, chlorophyll b, total chlorophyll and carotenoids value
decreased as compared with those of plants grown without Cd
stress. However plants receiving Si supply imposed positive
impact on chlorophyll contents than that of the control ones.
The plants treated with Si in combination with Cd (1 and 5 pM)

Effect of different concentration of cadmium (Cd) (0, 1 and 5 pM) and Si (0 and 1 mM) on biomass of cotton plants.

Treatments Fresh weight (g) Dry weight (g)
Leaf Stem Root Leaf Stem Root

Ck 15.14 £ 0.70a 13.66 + 1.20a 4.04 +0.22a 2.76 £ 0.19a 3.01 £0.16a 11+0.1a
Sio 14.88 + 1.56a 14.20 + 1.56a 4.08 +£0.19a 2.79 +0.18a 3.02+0.15a 114+ 0.10a
cd1 7.29 + 0.53¢ 7.31 + 1.45¢ 2.51 +£0.19¢ 1.51 £0.03c 1.72 + 0.26¢ 0.56 + 0.05¢
Cd1+Si1 9.59 + 0.95b 9.69 + 1.76b 3.16 + 0.26b 1.98 +£0.11b 217 £0.17b 0.7 £ 0.12b
cd5 3.74 4+ 0.14e 3.16 + 0.08e 1.63 +0.27d 0.75 +0.08e 0.94 +0.12d 0.26 + 0.02e
Cd5+Sil 6.11 +0.48d 536 +0.33d 1.98 + 0.19cd 118 £ 0.01d 1.27 +0.18d 0.42 +0.08d

Values show the means of three replicate + SE. Means followed by same small letters are not significant different at P<0.05 by using the Tukey test.
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Table 3
Effect of different concentrations of cadmium (Cd) (0, 1 and 5 uM) and Si (0 and
1 mM) on chlorophyll contents of cotton plants.

Treatments Chl a Chl b Total Chl Carotenoids
(mgg™")  (mgg ") (mgg™ ") (mgg™")
Ck 0.61 +£0.01a 0.33+0.012a 0.95 + 0.02a 0.35+0.02a
Sip 0.65+0.02a 0.36 +£0.015a 0.994+0.01a 0.36 + 0.035a
Cd1 0.37 +£0.01c  0.18+0.031c 0.51 + 0.02bc 0.18 + 0.029¢
Cd1+Si1 0.45+0.01b 0.25 +0.006b 0.69 +0.008b  0.26 + 0.011b
Cd5 0.21 +0.02e 0.08 +0.003e 0.27 4+ 0.024d 0.07 + 0.016¢
Cd5+Si1 0.30+0.01d 0.13+0.008d 0.43 +0.027c 0.12 + 0.014d

Values show the means of three replicate + SE. Means followed by same small
letters are notsignificant different at P<0.05 by using the Tukey test.

Table 4
Effect of different concentration of cadmium (Cd) (0, 1 and 5 pM) and Si (0 and
1 mM) on gas exchange parameters of cotton plants.

Treatments Net Transpiration Water use  Stomatal
photosynthetic  rate efficiency conductance
rate (mmolm~2s~1) (mmolm~2s~1)
(nmolm~2s71)

Ck 11.01 +0.77a 2.73 +0.20a 447 +0.22a 2.86+0.03a

Sip 11.65 + 1.16a 2.78 +0.11a 484 +0.26a 2914 0.06a

Cd1 6.29 +0.36¢ 1.49 + 0.06¢ 2.594+015¢c 1.35+0.03c

Cd1+ Sil 8.27+0.37b 1.92 +0.24b 3.64+032b 1.84+0.02b

Cd5 2.15+0.10e 0.61 + 0.06e 147 +0.07d 0.67 + 0.10e

Cd5+ Sil 4,09 +0.04d 1.08 + 0.04d 2.24+40.25¢ 1.006 + 0.08d

Values show the means of three replicate + SE. Means followed by same small
letters are not significant different at P<0.05 by using the Tukey test.

showed a significant increase in chlorophyll contents when
compared with their corresponding planets under Cd stress.

3.4. Gas exchange attributes

According to the chlorophyll fluorescence parameters viz net
photosynthetic rate (Pn), stomatal conductance (gs), transpiration
rate (E) and water use efficiency (Pn/E), the photosynthesis
processes decreased their normal activities under cadmium supply
in nutrient medium, and a serious damage occurred to photo-
system (Table 4). A slight decrease in the gas exchange parameters
with increasing Cd stress was observed and this decrease in the
activity of gas exchange attributes was more obvious at 5 pM as
compared to the plants under control condition.. Application of Si
significantly prohibited the stress condition and improved the
activity of the gas exchange parameters in comparison to their
corresponding control condition plant.

3.5. Antioxidant enzymes and protein contents

Antioxidative enzymes play a key role in oxidative stress
management. Therefore, the present parameters were evaluated
to find out the effects of Si application on the enzyme activities in
Cd-stressed cotton. Cadmium stress led significant alteration in
antioxidant defense in leaves and roots of cotton plants (Fig. 1 A-H).
Decline in the activities of antioxidant enzymes (SOD, POD, CAT
and APX) was observed in cotton plants due to the imposition of
Cd stress than those in non-stressed plants. However, in silicon
treated Cd stress plants, antioxidant enzyme (SOD, POD, CAT and
APX) activities enhanced, as compared with Cd stressed plants.
It means, exogenously applied Si caused an increase in antioxidant
enzyme activity in Cd stressed plants.
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Fig. 1. Effect of different concentrations of cadmium (Cd) (0, 1 and 5 uM) and Si (0
and 1 mM) on superoxide dismutase (SOD) of leaf (A) root (B), guaiacol peroxidase
of leaf (C) root (D), catalase (CAT) of leaf (E), root (F), ascorbate peroxidase (APX) of
leaf (G) and root (H) and protein content of leaf (I), root (J) in cotton plants. Values
show the means of three replicate + SE. Means followed by same small letters are
not significant different at P<0.05 by using the Tukey test.
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The evaluation of protein contents also indicated significant
effects of Si treatment on Cd stressed and unstressed plants (Fig. 1
I, ]). The observations on Cd stressed cotton plants revealed that
protein contents decreased with rising concentrations of metal.
Minimal protein contents were observed when treated with the
5 uM Cd. Application of Si showed significant increase in soluble
protein contents in comparison to Cd treated plants. The treatment
with 1 mM Si resulted in a significant increase in protein when
compared to the control. The protein contents were also higher in
Cd treated plants along with Si (1 mM) treatment than Cd alone.

3.6. Oxidative stress and electric conductivity

The effect of Cd and Si on oxidative stress is presented in Fig. 2
(A-D). It was observed that MDA and H,0, contents of cotton
plants increased in response to Cd Stress. It means, in Cd treated
plants oxidative stress significantly increased in leaves and roots
as compared to the control. However, Si application significantly
reduced the oxidative stress under Cd-stressed in cotton plants.
Membrane stability decreased highly significantly with increasing
Cd stress level in cotton plants (Fig. 2E, F). An increase in the
electrolyte leakage under both Cd stress levels was observed. The
electrolyte leakages of roots and leaves treated with Si were

Malondialdehyde (uMg™ FW) >

Ck Si Cd1 Cd1+Si Cd5 Cd5+Si

Hydrogen peroxide (uMg™' FW) ()

Ck Si Cd1 Cd1+Si Cd5 Cd5+Si

Electrolyte leakage (%) Tl

Cd1 Cd1+Si Cd5 Cd5+Si

Ck Si

significantly reduced as compared to the control showing an
improvement in the membrane stability

3.7. Cadmium contents

Cd contents in roots stem and leaves are presented in Fig. 3. The
degree of increase in uptake in all three plant parts viz. root, stem
and leaves were dependent on dose. Cd concentrations increased
with increasing Cd concentration in the nutrient medium. Cad-
mium concentration was significantly higher in roots irrespective
of cadmium levels followed by stem and leaves. Silicon addition
significantly declined Cd concentrations in all three plant parts at
the two levels of Cd applied. Moreover the use of Si also restricted
the translocation of Cd from roots in the aboveground parts of the
plants.

4. Discussion

In the previous investigation, alleviation of metal toxicity by
addition of Si has been extensively found in many plant species
(Ali et al., 2013c; Gunes et al., 2007a; Wang et al., 2000) and all of
those results revealed that Si application could promote plant

Malondialdehyde (uMg™! Fw) U0
@

Ck Si Cd1 Cd1+Si Cd5 Cd5+Si

Hydrogen peroxide (uMg™' FW) O

Ck Si Cd1 Cd1+Si Cd5 Cd5+Si

Electrolyte leakage (%) T1

Ck Si

Cd1 Cd1+Si Cd5 Cd5+Si

Fig. 2. Effect of different concentrations of cadmium (Cd) (0, 1 and 5 pM) and Si (0 and 1 mM) on malondialdehyde of leaf (A), root (B), hydrogen peroxide of leaf (A) root
(B) and electrolyte leakage of leaf (A), root (B) in cotton plants. Values show the means of three replicate + SE. Means followed by same small letters are not significant
different at P<0.05 by using the Tukey test.
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growth under metal toxicity, the present study also supported the
conclusions.

Our present study showed that Cd treatments significantly
decreased the plant growth and development in cotton plants.
Cd inhibited gas exchange parameters (net photosynthetic rate
(Pn), stomatal conductance (gs), transpiration rate (E), water use
efficiency (Pn/E)), chlorophyll contents (chlorophyll a, b and total
chlorophyll) and carotenoids. Some such results were also
reported by many researchers that Cd inhibited yield, photosynth-
esis, and pigments in plants (Nwugol and Huerta, 2008; Wahid
et al.,, 2008). The result obtained showed that Cd toxicity disturbed
the biochemical and metabolic processes in cotton plants (Shi
et al., 2010; Nwugol and Huerta, 2008; Zhang et al., 2008; VacullK
et al,, 2009; Song et al., 2009). One of the main processes under-
lying Cd induced stress to plants is increased formation of ROS,
even though Cd does not generate ROS directly, but produce
oxidative burst by interfering the antioxidant defense system
(Foyer and Noctor, 2005b that promotes the MDA contents due
to lipid peroxidation (Krantev et al. 2008).

The present study showed that plant growth, biomass, chlor-
ophyll contents and photosynthetic parameters of cotton plants
were enhanced by the silicon addition under non-Cd stress
conditions, proving the positive and beneficial effects of Si on
cotton growth. The reason for this beneficial effect of Si is still
unclear. Similarly, many researchers reported beneficial effects of
silicon in many crops such as wheat, rice and sugarcane (Li et al.,
1989, Hammond et al., 1995, Epstein, 1994,1999; Liang, 1999, 2007;
Ma et al., 2001; Liang et al., 2005). Such beneficial impacts could
be indirect (for instance improved disease resistance) or direct
(improved nutrition). As silicon induced promotion in growth by
increasing cell wall extensibility in rice plants (Hossain et al.,
2002).

The results of our present study showed that silicon markedly
alleviated Cd- induced reduction in growth, biomass and photo-
synthetic parameters in cotton plants. The alleviating effects of
silicon on stresses like high temperature, chilling, diseases,
drought, salinity, heavy metals etc. have been intensively studied
(Hashemi et al., 2010; Jiao-Jing et al., 2009). Cadmium accumula-
tion among the three parts of the plant (root, shoot, and leaf)
increased by increasing the level of Cd concentrations in the
nutrient medium. We calculated that accumulation of cadmium
was greater in the root, and less was observed in the shoot of the
cotton plant. Mostly with highest resistance, the plants take up
less proportion of the total solution metal so have lower metal
contents in the upper ground parts of the plants (Yang et al., 1998).
It was reported by many scientists that silicon supplement would
enhance tolerance to toxic metals by reducing the uptake and
translocation of metals, including Cd, Mn and Zn (Shi et al., 2010;
Kaya et al., 2009; Song et al., 2009; Nwugol and Huerta, 2008;
Zhang et al., 2008).

Our present results also showed that Cd decreased the soluble
protein in both roots and leaves of cotton plants. It may be due to
more oxidative damage that inhibited the protein contents (Gupta
et al, 2009). In the present investigation, increased reactive
oxygen species (ROS) was found under metal stress as indicated
by electrolyte leakage, MDA and H,O, contents. Plants generally
faced the oxidative damage when exposed to Cd and other metals
(Dixit et al. 2001; Erdei et al. 2002; Fargasova, 1994; Macfarlane,
2003). To meet and check the oxidative damage plants developed
complex antioxidant system. In the present study anti-oxidant
enzymes such as SOD, POD, CAT and APX in roots and leaves
decreased at both Cd levels (1 and 5 pM). The reduction in anti-
oxidant enzymes at higher Cd concentrations might be due to the
severe stress of oxidative damage to antioxidant enzymes, hence,
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the activity of enzymes was diminished (Mishra et al., 2006).
Alleviation of metals toxicity by Si was also related with protection
against oxidative damage caused due to oxidative stress. Si
alleviated B (Boron) stress in spinach, barley and tomato by
preventing oxidative damage (Gunes et al., 2007b). Similarly,
Song et al. (2009) reported that the alleviation of cadmium toxicity
by Si in pakochi plants was related to a marked and significant
increase in enzymatic and non-enzymatic antioxidants and
decrease in formation of lipid peroxidation (MDA). According to
Shi et al. (2005), tolerance against Mn toxicity in cucumber plants
was diminished by Si application. In the present investigation, the
exogenous addition of silicon in solution culture showed marked
beneficial effects on the reduction of producing MDA, H,0, and
electrolyte leakage, and the enhancement of anti-oxidant activities
of SOD, APX, POD and CAT under Cd Stress. From our results, it
might be suggested that silicon addition could markedly enhance
the capacity of defense against oxidative damage induced by Cd
toxicity in cotton seedlings.

In this investigation, Cd was less translocated from roots to
shoots in cotton plants. Mostly, the plants with highest resistance
took up a less proportion of the total solution metal and had the
lowest upper ground metal contents (Liu et al., 2004). But, exogen-
ous application of Si decreased the uptake of Cd in all three parts of
plants such as roots, stem and leaves and translocation of Cd in Cd
stressed plants as compared to Cd alone. The possible mechanisms
for inhibition of metal transport in plants by Si are mainly involved
in the two aspects: (1) Si deposits lignin in cell walls and induces
metal ions bound to cell walls, thus reduce translocation of metals
from roots to shoots (Ma.and.Yamaji, 2006). It was reported that Mn
stress tolerance enhancement in Cucumis sativus by Si was a result
of stronger binding of manganese to cell walls and a reduction of
Manganese contents within symplast (Rogalla, Romheld, 2002).
Similarly, it was observed that other metals such as Cd and Al
behaved in the same manner (Wang et al. 2000, Liang et al. 2001)
(2) the complex formation or co-precipitation of toxic metal ions with
Si. Hodson and Sangster (1993) reported that silicon could detoxify Al
toxicity in Sorghum bicolor by forming a complex with Al in the
medium and/or roots and ultimately inhibiting Al translocarion into
the root cortex. Similarly, Inal et al. (2009) reported that formation of
B-Si (boron-silicate) complexes in the soil led to lower boron avail-
ability and consequently lowered tissue boron concentration. In the
present study, Si-induced inhibition of Cd uptake and translocation in
cotton plants were also observed. Therefore, it can be supposed that Si
might also have the ability to form complex with Cd or induce Cd to
deposit in the cell walls, thus lowering Cd toxicity in cotton plants.

5. Conclusion

During the current investigation, we observed that the toxicity
of Cd could decrease the growth, biomass, pigments, photosyn-
thetic characteristics and protein contents due to increase in Cd
uptake, also by the formation of ROS and lowering the antioxidant
capacities. However, the application of Si improved the plant
growth and photosynthetic characteristics by lowering the reac-
tive oxygen species (ROS) damage through increased antioxidant
enzyme activities and by lowering uptake and accumulation of Cd.
From these observations, it was concluded that Si application can
improve the Cd stress tolerance in the cotton.
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