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Abstract

The present study investigated differences in cadmium resistance of two wheat (Triticum aestivum L.) cultivars. The
cvs. RAJ 4161 (Cd resistant) and PBW 343 (Cd sensitive) were treated with 200 mg(Cd) kg™ (soil) for 3, 5, 7, and 10 d.
The effect of the Cd stress was estimated by measuring growth parameters, accumulation of cadmium, sulphur, and
glutathione (GSH), and by expression of some defence genes [phytochelatin synthase (PCS), glutathione reductase
(GR), and ascorbate peroxidase (4PX)]. The Cd treatment resulted in a significant reduction in plant growth and in an
increase in the accumulation of S and GSH. Further, the expressions of PCS, GR, and APX were also mostly enhanced.
The PCS was upregulated significantly in roots of RAJ 4161 (0.6-fold) and downregulated (0.9-fold) in PBW 343 on
day 3 of the Cd treatment. In RAJ 4161, the expressions of APX and GR recorded a maximum increase of 2.1- and
2.4-fold in roots and leaves, respectively, after 10 d of the stress. The results show that a different ability of RAJ 4161
and PBW 343 to modulate mRNA expression after the Cd treatment was related to their Cd tolerance.

Additional keywords: defence genes, glutathione content, real-time RT-PCR, sulphur, Triticum aestivum.

Introduction

Heavy metal contamination has a large share in the
environmental pollution (Chen ef a/. 2007). Cadmium is a
non-essential heavy metal and is placed among the top
twenty toxins (Morel 2008). Various natural and
anthropogenic activities including sewage discharges,
phosphate fertilizers, industrial effluents, mining, Ni-Cd
batteries, and volcanic eruptions contribute to its release
and accumulation in arable lands (McLaughlin and Singh
1999, Yadav 2010). Cadmium exerts an adverse impact
on plants, and its toxicity is related to inhibition of
photosynthesis, activation or inhibition of many enzymes,
disturbances in plant-water relations, and formation of
free radicals. All these eventually lead to impaired growth
and development (Skorzynska-Polit et al. 2010,
Valentovicova et al. 2010, Parmar et al. 2013). Plants in
turn evoke a multitude of biochemical responses, viz., an
increase in activity of antioxidative enzymes, binding of
heavy metals to the cell wall or their accumulation in cell

organelles via chelating agents, repair of damaged tissues
or enzymes, and synthesis of osmolytes to maintain
homeostasis (Pereira et al. 2002, Castiglione ef al. 2007,
Jozefczak et al. 2012).

Phytochelatins (PCs) are heavy metal binding
peptides which act as crucial chelating agents
sequestering heavy metals into vacuoles thereby
rendering them non-toxic (Mishra et al. 2006, Yadav
2010). The PCs are synthesized from GSH and related
thiols by glutathione vy-glutamylcysteinyl transferase
(y-ECS) commonly called phytochelatin synthase (PCS)
(Tomaszewska et al. 1996) which is activated by a range
of heavy metals including Cd, As, and Pb (Cobbett and
Goldsbrough 2002, Clemens et al. 2009).

Besides PCs, the ascorbate-glutathione (AsA-GSH)
cycle ameliorates oxidative stress caused by Cd exposure
(Seth et al. 2012), and glutathione reductase (GR) helps
in maintaining a GSH content to ensure proper
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functioning of the AsA-GSH cycle (Szarka et al. 2012).
Thus, AsA-GSH cycle related genes GR and APX are
fundamental to the protection mechanism of plants
against Cd stress.

The stress responses of plants vary within plant
genera, species, and cultivars (Gaudet ef al. 2011).
Several Dbiotechnological approaches have exploited
targeting the overexpression of an Arabidopsis PCS
(AtPCS) gene in tobacco (Pomponi et al. 2006) and
Brassica (Gasic and Korban 2007) resulting in variable
responses to Cd stress ranging from its hyperaccumu-

Materials and methods

Seeds of two contrasting cultivars of wheat (Triticum
aestivum L.) RAJ 4161 (Cd tolerant) and PBW 343
(Cd sensitive), which were selected after screening
11 cultivars on the basis of growth parameters and Chl
content (Table 1 Suppl), were procured from the
Agricultural Research Station at the Banasthali
University, Rajasthan. These cultivars are high yielding
and suitable for cultivation in Rajasthan (Sharma 2013).
The selected cultivars were released by the Central
Variety Research Committee and developed as PBW 343
by the Punjab Agricultural University and as RAJ 4161
by the Swami Keshwanand Rajasthan Agricultural
University. The seeds were surface sterilized in 0.1 %
(m/v) HgCl, for 2 min and then washed several times
with distilled water and germinated on filter paper placed
in Petri plates supplied with 1/5 strength Hoagland’s
solution (Hoagland and Arnon 1950) in a growth
chamber for 5 d. Then, 10 - 12 healthy seedlings were
transferred to 15 cm diameter pots containing 200 g of
sterilized  Soilrite and grown under day/night
temperatures of 20/18 °C, a relative humidity of 60/70 %,
a 16-h 2photoperiod, and an irradiance of 160 = 20
umol m™ s, The pots were divided into two groups: one
group was used as control, and to the other CdCl,
(200 mg kg™") was added.

Root and shoot lengths, and plant dry mass (d.m.)
were measured at 3, 5, 7, and 10 d after the Cd treatment.
For estimation of photosynthetic pigments, plant material
(250 mg) was ground in chilled 80 % (v/v) acetone in the
dark. After centrifugation at 10 000 g and 4 °C for
10 min, the absorbances of the supernatant were taken at
645, 663, and 700 nm (UV-VIS spectrophotometer,
Shimadzu, Singapore). The Chl content was calculated
using a formula given by Porra et al. (1989).

The content of Cd in roots and leaves was determined
using an atomic absorption spectrophotometer (7hermo
scientific iCE 3000, Solaar House, Cambridge, UK),
following the method of Issac and Kerber (1971).
Samples were washed thoroughly with distilled water and
immersed in a 5 mM CaCl, solution for 5 min followed
by washing with deionised water several times and then
desorbed and blotted onto a filter paper. The samples
were oven-dried at 80 °C for 3 d. The root and leaf
samples (100 mg) were taken and ashed in a muffle
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lation to hypersensitivity. However, there is little
information on naturally existing variations in wheat
cultivars along with spatial differences in plant organs in
the Cd defence mechanism. The present study was
undertaken to record differences in plant growth, the
content of chlorophyll (Chl), Cd, sulphate, and GSH, and
expression of candidate genes (APX, GR, and PCS)
between two contrasting cultivars: Cd tolerant RAJ 4161
and Cd sensitive PBW 343. They were obtained after
screening 11 different wheat cultivars for Cd tolerance.

furnace at 480 °C for 4 h. Then, 2 cm® of 5 M HNO; was
added to the ashed samples and these were evaporated to
dryness on a sand bath at 230 °C. Thereafter, the samples
were placed in the furnace and heated to 400 °C for
15 min. Next, a 2 cm’® of concentrated HCI was added and
the solution was filtered through Whatman No. 42 filter
paper. Then, the volume of the acidified samples was
made to 20 cm’ using deionised water and absorbance
was read. A standard curve of CdCl, (Merck Biosciences,
Darmstadt, Germany) from 25 to 150 pug cm™ was used
for calculation.

The content of S was determined by the method of
Bhargava and Raghupati (1993). To 10 cm® of the plant
digest, 1 cm® of 0.5 % (m/v) gum acacia and 1 cm® of
6 M HCI were added and mixed thoroughly followed by
addition of BaCl, (0.5 g) and then allowed to stand for
1 min. The contents were then gently swirled and
absorbance was taken at 420 nm. The glutathione content
was estimated following the method of Anderson (1985).
Fresh plant samples (0.3 g) were homogenized in 3 cm’
of 5 % (m/v) sulfosalicylic acid at 4 °C. The homogenate
was centrifuged at 10 000 g for 10 min. To 0.5 cm’ of the
supernatant, 0.5 cm’ of a 0.1 M reaction buffer [0.5 mM
Na,EDTA and 50 mm’ of 3 mM 5'dithio-bis-
(2-nitrobenzoic acid); pH 7.0] was added. After 5 min,
absorbance was read at 412 nm.

Gene expressions in various Cd treated plant samples
were detected based on a qRT-PCR using specific
primers. For this, total RNA was extracted from roots and
leaves (250 mg each) using a TRIzol reagent (Life
Technologies, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The total RNA was then
diluted using nuclease free water and quantified by
measuring absorbance at 260 nm using the formula:
concentration [ug cm'3] = Ay X 40 x dilution factor. The
purity of the RNA was checked by calculating an
absorbance ratio at 260 and 280 nm (Ae/Azgo> 1.8). The
cDNA was prepared using a M-Mull reverse
transcriptase kit (Merck Genei, Bangalore, India). Total
RNA (5 pg) was treated with Dnase I (Merck Genei,
Bangalore, India) at 25 °C for 15 min and then at 75 °C
for 5 min. Then, 3 pg of the total RNA was used for
reverse transcription and a volume was made up to 9 mm’
using nuclease free water. A random hexamer (2 mm’)



was added and spun down at 1 000 rpm and incubated at
65°C for 10 min followed by incubation at room
temperature for 2 min. Different reagents were added in
an indicated order as follows: 1 mm’ of an RNase
inhibitor, 1 mm’ of 100 mM dithiotreitol, 4 mm’ of a
5% assay buffer, 2 mm’ of a 10 mM dNTP mix, 1 mm’ of
M-MuLV reverse transcriptase and 1 mm® of nuclease
free water; mixed gently and spun slowly at 1000 rpm for
15 s. The tubes were incubated at 37 °C for 60 min. The
reaction was terminated by heating at 70 °C for 15 min.
Primer pairs specific to Triticum aestivum GR (TIGR
database accession number TC250996), APX (NCBI acc.
No. AF093752.1), and PCS (NCBI acc. No. EF555121.1)
cDNA (sense primer 5 -ACCTGTTGCTCTGATGGA
GG-3’ and antisense primer 5-TCGGTATCAGCATCA
ACCAC-3’; sense primer 5-TTGGGCTGTTGGAGA
TGTTA-3" and antisense primer 5 -CTCTGGTTTGGT
CGGTTCAT-3"; sense primer 5'CTACTGATAAGG
CATTGTTGGAT-3"and antisense primer 5-TGATCC
GTGGTGTGAAGC-3", respectively) were used. Primers
for wheat /8s rRNA (TIGR database accession number
TC250996) gene cDNA (sense primer, 5 -GGCTAC
CACATCCAAGGAA-3" and antisense primer, 5-CTA
TTGGAGCTGGAATTACCG-3") were used as internal
control (Nicot et al. 2005). All the qRT-PCR experiments
were conducted in three replicates and repeated twice.

Results

After the Cd treatment (200 mg kg), growth inhibition
was significantly pronounced in roots and shoots of
PBW 343 and progressively increased with time
(Table 1). The inhibition in the roots and shoots was 11
and 13 % in RAJ 4161 whereas 38 and 41 % in PBW 343

GENE EXPRESSION UNDER CADMIUM STRESS

The expressions of PCS, GR, and APX were determined
following the method of Rivera-Becerril ef al. (2002) at
various time intervals (3, 5, 7, and 10 d) after the Cd
treatment. For the qRT-PCR, 2mm’ of 1:10 diluted
cDNA was mixed with a SYBR Green PCR master mix
(Qiagen Gmbh, Hilden, Germany), 5 pmol of a forward
primer and 5 pmol of a reverse primer in a final volume
of 20 mm’. Template controls were analyzed for all
genes. The PCR was performed using a Rotor Gene Q
Real-Time system (Qiagen Gmbh, Hilden, Germany) with
the following conditions: an initial activation step at
94 °C for 4 min, denaturation at 94 °C for 15 s, annealing
at 58 °C for 15 s, and extension at 70 °C for 20 s. Melt
curve analysis of the PCR product was carried out at
72 °C for 1 min and ramped from 75 to 95 °C with a rise
by 1 °C every 5 s. The specificity of the reaction was
confirmed by a melt curve and gel electrophoresis.
Relative gene expressions were calculated in terms of
fold changes using the ACt method.

The results are expressed as arithmetic means and
standard deviations of six replicates. All experimental
data were analyzed by SPSS v. 16. Two way interactions
were performed between the cultivars and Cd concentra-
tions using a generalized linear model. Significant
differences of the measured parameters were analyzed
using Tukey’s post hoc multiple-comparison test.

after 10 d of the Cd treatment. In PBW 343, slight
browning and branching roots were observed at longer
durations of the stress treatment (7 d and 10 d). The
content of Chl a decreased upon the Cd treatment in both
the cultivars, however, merely 17 % in RAJ 4161 but

Table 1. Effects of Cd on plant growth parameters at 3, 5, 7, and 10 d after treatment with 200 mg(Cd) kg'(soil) in wheat cvs. RAJ
4161 and PBW 343. Means + SD, n = 6. Values followed by different letters are significantly different (P < 0.05) according to

Tukey’s test.

Parameter Cultivar Cd [mg kg"l] 3d 5d 7d 10d
Root length PBW 343 0 17.5 +£0.90a 18.9 +0.42ab 20.0 +0.34ab 20.3 +0.47c
[cm] 200 74 +0.11a 11.5 +0.18b 113 +0.38d 12.7 +£0.91c
RAT 4161 0 17.1 +0.57a 19.7 +0.28b 21.5 +1.02b 22.6 +0.79b
200 163 +0.07a 17.6 +£0.92b 19.8 +0.54b 20.1 +0.65¢
Shoot length ~ PBW 343 0 11.8 +0.95a 144 +0.22b 182 +0.72¢ 244 +0.39d
[em] 200 7.2 +0.05a 8.7 +0.56a 12.7 £0.77b 144 +0.54c
RAJ 4161 0 142 +0.39a 15.6 +0.90a 25.1 +0.44b 26.8 +0.25¢
200 13.6 £ 0.13a 13.2 +0.05b 204 +1.52¢ 23.2 +0.74d
Root d.m. PBW 343 0 0.005 + 0.001a 0.006 + 0.001a 0.006 + 0.001a 0.007 £ 0.001b
[g plant] 200 0.004 + 0.001a 0.004 + 0.001a 0.006 + 0.002b 0.006 + 0.001b
RAJ 4161 0 0.007 £ 0.001a 0.007 £ 0.001a 0.007 £ 0.001a 0.007 £ 0.001a
200 0.005 £ 0.001a 0.006 + 0.001a 0.006 + 0.001a 0.006 £ 0.001a
Shoot d.m. PBW 343 0 0.013 +£0.001a 0.016 % 0.002b 0.016 £ 0.002b 0.021 + 0.003¢
[g plant™] 200 0.006 + 0.001a 0.012 £ 0.003b 0.014 +0.001¢ 0.015+0.001c
RAJ 4161 0 0.014 £ 0.002a 0.016 £ 0.003b 0.018 + 0.002¢ 0.017 £ 0.002d
200 0.015 £ 0.001a 0.016 % 0.002b 0.016 £ 0.001b 0.017 + 0.002¢
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Table 2. Effects of Cd on chlorophyll (Chl) a, Chl b, and Chl a/b ratio at 3, 5, 7, and 10 d after treatment with 200 mg(Cd) kg™ (soil)
in wheat cvs. RAJ 4161 and PBW 343. Means * SD, n = 6. Values followed by different letters are significantly different at P < 0.05

according to Tukey’s test.

Parameter Cultivar Cd [mg kg'] 3d 5d 7d 10d
Chla PBW 343 0 1.5+0.10a 1.7+0.12a 1.8+ 0.14ab 1.8+0.12¢
[mg g (fm)] 200 1.1 +0.20a 1.2+0.16b 1.2 £0.23b 1.1+0.18a
RAJ 4161 0 1.8 +0.04a 1.7+ 0.03ab 1.8+ 0.16ab 2.0+0.23¢
200 1.7+0.25a 1.6+0.18a 1.740.17a 1.6+ 0.08a
Chl b PBW 343 0 0.3+0.01a 0.4 +0.03b 0.4 +0.03b 0.4 +0.00b
[mg g (f:m)] 200 0.2 £0.04a 0.3 +0.02a 0.3+0.0la 0.3+0.03a
RAT 4161 0 0.4 £ 0.08a 0.3 £0.04a 0.3 £0.05a 0.4 £ 0.05b
200 0.4+0.01a 0.3 +0.03a 0.3 +0.04a 0.3 +0.05a
Chl a/b PBW 343 0 52 43 42 45
200 45 4.4 3.8 3.7
RAJ 4161 0 5.1 52 5.9 5.6
200 5.4 5.7 5.9 4.9

significantly (42 %) in PBW 343 after 10 d of the stress
(Table 2). The ratio of Chl a/b decreased from 3 d to 10 d
of the Cd treatment in both the cultivars: from 5.4 to 4.9
in RAJ 4161, and from 4.5 to 3.7 in PBW 343. This
suggests a great damage to Chl a.

Uptake of Cd in wheat was cultivar dependent and a
higher accumulation was recorded in PBW 343 than in

RAJ 4161 (Table 3). The content of Cd in roots and
leaves of PBW 343 was 201.3 and 35.6 pg g'(d.m.) as
compared to 127.7 and 10.5 pg g'(d.m.) in RAJ 4161
after 10 d of the Cd stress.

The content of S also increased upon the Cd treatment
in roots and leaves of both the cultivars. The increase was
more pronounced in roots: cv. RAJ 4161 recorded an

Table 3. The content of GSH, cadmium, and sulphur in roots and leaves of wheat cvs. PBW 343 and RAJ 4161 at 3, 5,7, and 10 d
after treatment with 200 mg(Cd) kg (soil). Means + SD, n = 6. Values followed by different letters are significantly different at

P < 0.05 according to Tukey’s test.

Parameter Cultivar Organ Cd[mgkg'l 3d 5d 7d 10d
GSH PBW 343 root 0 1.5+0.12a 2.2+0.84b 2.9+0.02b 2.1+0.81c¢
[ng ¢ ' (fm.)] 200 1.9+0.12a 2.5+ 0.08bc 2.9+0.71c 2.4 +0.18ab
leaf 0 3.0+ 0.05a 3.2+0.08a 3.2+0.07a 3.7+0.08b
200 3.4+0.05a 3.7+0.13b 3.9+ 0.05b 4.1 40.08b
RAJ 4161  root 0 1.740.07a 1.9 £ 0.10ab 2.0 +0.08ab 2.1+ 0.06¢
200 25+0.11a 2.9+0.21b 3.2+0.22b 3.5+ 0.01c
leaf 0 3.5+0.35a 3.6+0.87a 3.7+0.07a 3.8+0.18a
200 3.9+0.08a 4.2 +0.19ab 44+0.11bc 4.6 +0.33¢
Cadmium PBW 343 root 0 03+04la 1.8 +0.82a 1.9+0.21a 1.8+0.67a
[ug g (d.m.)] 200 35.0+£9.09a 100.8 +3.12b 153.3+2.07c  201.0+2.76d
leaf 0 0.1+0.03a 0.3 +0.30a 0.3+0.25a 0.7+0.78a
200 5.9+0.26a 18.9+ 0.85b 26.6 +3.12¢ 35.6 £ 4.59d
RAJ 4161  root 0 0.1+0.32a 0.7+0.53a 0.8+0.2la 0.9+0.3la
200 58+4.13a 63.3+7.28b 92.5 + 8.66¢ 127.9 + 6.90¢
leaf 0 0.1+0.20a 0.2+0.19a 0.6+0.22a 0.6 £0.35a
200 0.8+0.15a 7.4+ 0.8b 9.7 +2.76b 10.6 +2.13b
Sulphur PBW 343 root 0 2601 + 14.6a 2649 +32.9a 2777 + 43.5b 2865 + 87.5b
[ng g'(d.m.)] 200 2630+ 6.9a 2703 £21.7a 2939 +26.2b 3102 £ 54.9¢
leaf 0 1411 + 14.6a 1678 + 33.9a 1796 + 13.3a 1823 + 67.8a
200 1420+ 9.8a 1833 +24.6b 1920 + 28.9b 2008 + 32.3b
RAJ 4161  root 0 2617+ 11.4a 2681 + 13.8a 2802 + 18.3a 2996 + 78.3b
200 2979 +23.2a 3070 £ 10.6a 3123 +22.8a 3547 + 36.4b
leaf 0 1579 + 21.4a 1692 +35.2a 1892 +17.9ab 2102 + 56.5b
200 1653+ 9.6a 1841 £20.2ab 2027 + 10.6b 2397 + 54.9¢
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18 % increase as compared to 8 % in PBW 343 after 10 d
of the stress (Table 3). The GSH content displayed
marked differences in roots and increased by 26 and 40 %
in PBW 343 and RAJ 4161, respectively, during the
course of experiment. However in leaves, a rise in GSH
content was similar in both the cultivars (Table 3).

The expressions of GR, PCS, and APX genes
increased more in both roots and leaves of RAJ 4161 than
of PBW 343. The expression of the PCS gene was
induced even at the first sampling time (3 d after the Cd
treatment) in RAJ 4161 whereas it was downregulated in
PBW 343. Thereafter, a marked increase of 2.8- and
0.7-fold was observed for RAJ 4161 as compared to
0.7- and 0.3-fold in PBW 343 in roots and leaves,

GENE EXPRESSION UNDER CADMIUM STRESS

respectively, after 7 d of the stress (Table 4).

The expression of GR also displayed upregulation of
0.4-fold in RAJ 4161 and 0.1-fold in PBW 343 roots after
3 d of the stress (Table 5). Later, the expression increased
to 3.1-fold in RAJ 4161 and 1.1-fold in PBW 343 roots
after 10 d of the Cd treatment. In contrast, the expression
pattern of GR in leaves was similar in both the cultivars, a
2.1-fold increase in RAJ 4161 and PBW 343 after 10 d of
the treatment (Table 4).

The expression of 4APX in roots and leaves increased
upon the Cd treatment. The APX expression in roots and
leaves of RAJ 4161 was 2.5-fold; however in PBW 343,
it was 0.6- and 1.3-fold after 10 d of the stress (Table 4).

Table 4. Expressions (log fold changes) of PCS, GR and APX genes in roots and leaves of wheat cvs. RAJ 4161 and PBW 343 at 3, 5,
7, and 10 d after treatment with 200 mg(Cd) kg™ (soil). Means + SD, n = 6. Values followed by different letters are significantly
different at P <0.05. Fold change = 2724 where ACtyeaed = Ct(target) - Ct(normalizer), ACtqou01 = Ct(target) - Ct(normalizer),

A(ACt) = ACt(treated) - ACt(control). Log fold change = log A(ACY).

Gene Cultivar  Root

3d 5d 7d 10d

Leaf
3d 5d 7d 10d

PCS PBW 343

-0.9+0.23a 0.4+0.11ab 0.7+0.26ab 0.5+0.15b -0.80+0.25a 0.2 +0.09¢c

0.3£0.09 -0.2+0.05b

RAJ 4161 0.6+0.09a 23+032d 28+032b 1.6+£023c 0.04+00la 0.2+0.08b 05+02lc 1.1+£0.17d
GR PBW 343 (0.1+0.04a 0.1+0.02a 04+060a 1.1+0.12b 0.03+0.0la 0.5+026b 1.6+0.09¢c 2.1+0.05d

RAJ 4161 04+0.11a 24+0.16b 25£091b 3.1+0.14b 0.10£0.0la 0.5+023b 1.0+£0.16c 2.1+0.24d
APX PBW343 (0.1+0.03a 0.5+0.09ab 0.5+0.0lab 0.7+0.07b 0.02+0.00a 0.3+0.03b 0.6+0.03¢c 1.3+0.11d

RAJ 4161 0.5+0.09a 09+0.12b 1.5+0.06c 2.5+0.13d 0.40+0.03a 1.1+0.06b 2.1+0.19¢c 2.4+0.29d
Discussion

Intraspecific differences in wheat provide a basis for
unravelling the responses of Cd defence genes.
Decreases in root and shoot lengths and plant dry mass
were observed in the Cd treated plants as compared to
the control plants. The Cd exposed plants of cv. PBW
343 were more severely affected than those of cv. RAJ
4161. The decrease in plant growth was proportional to
the uptake of Cd. In the Cd treated plants, significant
differences in Cd accumulation were observed in the
two cultivars. It is concluded that the Cd accumulation
had a distinct correlation with the reduction in the
growth of T. aestivum. The results are in accordance
with other studies with Lepidium sativum, Brassica
juncea, and Lycopersicon esculentum (Gill et al. 2011,
2012, Gratdo et al. 2012). Reduction in root growth
appears to be due to Cd mediated cell damage,
inhibition of mitosis, restricted cell wall synthesis and
deposition of lignin in the cell wall (Pal et al. 2006).
Chl destruction and inhibition of its biosynthesis have
been known to be prime causes in leaf chlorosis in
plants growing in Cd treated soils (Xue et al. 2013). In
our study, 10 d of the Cd treatment caused the
reduction of Chl a content in cv. PBW 343 whereas
there was less decrease in Chl @ content in tolerant
cv. RAJ 4161.

In the current study, the increases in the content of
S and GSH were observed in both the cultivars. A
probable reason for this could be that the activity of an
S assimilation pathway enzyme, ATP sulphurylase,
increased after the Cd treatment (Herbette et al. 2006).
The results of the current study are in agreement with
the investigations of Bashir et al. (2013) who reported
that Cd treated Arabidopsis plants show a higher
content of S upon induction of ATP sulphurylase. The
GSH content was higher in tolerant cv. RAJ 4161 in
both roots and leaves as compared to cv. PBW 343. An
increase in GSH has been observed in various plants
such as Brassica juncea (Ferreira et al. 2002) and
soybean (Mendoza-Cézatl et al. 2008). The results
indicate that the regulation of GSH-related pathways
was effective in imparting Cd tolerance to RAJ 4161.

The PCS aids in chelation of Cd by root tissue, and
GR and APX help in ROS scavenging in leaves. The
PCS gene expression was noticeably higher in cv. RAJ
4161 upon the Cd treatment as compared to cv. PBW
343. Some other reports have postulated that a higher
expression of PCS is related to Cd tolerance (He et al.
2005, Li et al. 2009). The transcriptional up regulation
pattern confirms previous findings about Cd immo-
bilization in plant vacuoles (Cobbett 2000, Hirata ef al.
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2005). Despite a higher expression of PCS in the
tolerant cultivar, the results do not show a higher
accumulation of Cd in roots and its possible subsequent
translocation to leaves in RAJ 4161. It can be inferred
some excluder strategy in RAJ 4161. The expression of
a transporter gene (7aTM 20) in wheat is related to a
lesser accumulation of Cd (Kim et al 2008). In
addition, upregulation of some other transporter genes
(pleiotropic drug resistance and multidrug and toxin
extrusion) was observed, suggesting its involvement in
the export of Cd from rice plants (Ogawa et al. 2009).
Our data demonstrate that, as result of Cd
treatment, the transcriptions of GR and APX were
significantly enhanced in roots and leaves of wheat at
all sampling times. Moreover, these genes were
expressed more in the resistant cultivar. The expression
patterns of both the genes suggest that they played a
vital role in Cd defence. The high expression of APX
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