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Abstract 
Plants have an excellent ability to take up and gather heavy metals from their ambient surrounding. It 

is a well known fact that high level of heavy metals affects different physiological and metabolic processes 
in plants. In the present study, changes in soluble peroxidase and ionically bound cell wall peroxidase 
activity along with accumulation of copper (Cu) in seedlings of Brassica juncea (L.) Czern. were 
investigated. It was found that Cu inhibited root growth and reduced fresh biomass, while increased soluble 
peroxidase, ionically bound cell wall peroxidase activity and metal accumulation in roots. Through present 
study, it is concluded that root growth inhibition by Cu is associated with increment in metal accumulation 
in seedlings that induced metabolic adaptations to heavy-metal stress. 
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Introduction 
Copper is an essential trace element, 

considered necessary for the normal growth and 
development of plants. Cu participates in 
membrane structure, metalloproteinase enzymes, 
and plastocyanin in chloroplasts membrane 
(Marschner, 2005). Both deficiency and 
overabundance of Cu inhibit the plant growth and 
spoil important cellular processes (Fariduddin et 
al., 2009; Jain et al., 2009). At cellular level, Cu 
plays an indispensable role in cell wall 
metabolism, signalling to the transcription and 
protein trafficking machinery, iron mobilization, 
oxidative phosphorylation and the biogenesis of 
molybdenum cofactor (Gratao et al., 2005; Yruela, 
2005; Krämer and Clemens, 2006; Pilon et al., 
2006; Puig et al., 2007). The sensitivity of plants 
to heavy metals depends on an interconnected 
network of molecular and physiological 
mechanisms (Kashirad, 1970; Hall, 2002; Cho et 
al., 2003; Kundu et al., 2011). The extremes of 
physiological responses of plants to heavy metals 
are accumulators and excluders. Excluders have 
large amounts of metal in their roots and check 
metal from entering to their aerial parts over a 
broad range of metal concentration in the soil. 
Hyper-accumulators concentrate heavy metals in 
above-ground tissues in levels exceeding those in 
the soil with concentration ratio more than six 
(Baker, 1981). 

Reactive oxygen species (ROS) are 
considered as the chief source of damage to cells 

undergoing biotic and abiotic stresses (Mittler, 
2002; Vaidyanathan et al., 2003; Candan and 
Tarhan 2003; Gara et al., 2003). ROS are 
extremely cytotoxic and can seriously react with 
vital bio-molecules such as proteins, lipids, 
nucleic acid; these can cause protein denaturation, 
lipid peroxidation and DNA mutation (Mittler, 
2002; Quiles and Lopez, 2004). Plants have 
developed various protective antioxidant 
mechanisms to remove or reduce deleterious 
effects of ROS (Mittler, 2002; Beak and Skinner, 
2003; Candan and Tarhan, 2003). In response to 
reduced growth rate an increased rate of 
peroxidase activity has been reported in many 
plant systems (Chen and Kao, 1995; Lee and Lin, 
1995; Cosgrove, 1997). Monomeric precursors of 
lignin are enzymatically dehydrogenated in the 
cell wall to phenoxy radicals (Lee et al., 2007). 
These radicals polymerize impulsively, yielding a 
complex net of cross-linking among proteins, 
polysaccharides and monolignols (Iiyama et al., 
1994). Peroxidases have been concerned in these 
cross-linking reactions (Lewis and Yamamoto, 
1990; Polle et al., 1994). 

It has been well recognized that abiotic and 
biotic stresses are accountable for the boost in cell 
wall lignification (Chazen and Neumann, 1994; 
Katerji et al., 1997) which would be associated 
with decreased nutrient content and subsequent 
plant growth (Guenni et al., 2002). For the reason 
that cell wall peroxidases (CWP) are associated 
with the generation of hydroxyl radicals in cell 
walls mediating extension growth (Liszkay et al., 
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2003). Lin and Kao (1999, 2001) have reported an 
increase in ionically bound cell wall peroxidase 
activity is linked with growth inhibition of rice 
seedling roots caused by NaCl. Simultaneously, 
Chen et al. (2000) reported an increase in cell wall 
peroxidase activity in response to Cu stress. 
However, not much has been known about 
changes in ionically bound CWP activity related 
to growth responses under heavy metal stress 
conditions. Accordingly, to test the hypothesis that 
a rise in ionically bound CWP activity is 
associated with growth inhibition and plays some 
role in tolerance of plants against heavy metal 
stress in plants. The objective of the present work 
was to investigate changes in soluble peroxidase 
and CWP activity along with Cu accumulation in 
seedlings of B. juncea. 
 

Materials and Methods 
 
Plant growth and culture  

B. juncea seeds were procured from the 
Krishi Vigyan Kendra, Banasthali University, 
Rajasthan, India. These seeds were stored in 
airtight desiccators containing fused CaCl2 for 
further use. Before use, seeds were surface 
sterilized with 5% sodium hypochlorite solution 
for 15 minutes and washed thoroughly 4-5 times 
with distilled water. These seeds were then 
germinated in glass Petriplates (10-cm diameter) 
lined with two sheets of autoclaved blotting paper 
soaked with 10 mL of distilled water at 30 ºC in 
the dark. Each Petriplate contained 30 seeds. The 
covers of Petri plates were removed on 3rd day and 
germinated seeds were transferred to light in 
thermo statistically controlled culture room 
maintained at 25 ± 2 ºC and at less than 50% 
relative humidity. Water of the Petriplates was 
replaced with Hoagland’s nutrient solution.  pH of 
the Hoagland’s nutrient solution was adjusted to 
6.4. Seedlings were placed in light (500 µmol m-2 
s-1) for 10/14 hours day/night daily.  

After 3 days growth, seedlings of uniform 
size were sorted out and transferred to hydroponic 
culture medium in plastic containers of 10×10 cm 
(height × width). The culture medium and 
conditions were maintained same as described 
above. The nutrient solution was bubbled with 
glass rod to provide sufficient oxygen and mixing 
of nutrients. Furthermore, medium was changed 
on every 3rd day to avoid any nutrient deficiencies 
to seedlings.  
 
 
 

Cu treatment  
When seedlings attained 2-3 leaf stage, Cu 

treatments (0, 10, 50 and 100 µmol) was given in 
the growth medium containing Hoagland’s 
nutrient solution for various experimental setups 
accordingly. Each pot contains 10 plants in 800 
mL of Hoagland’s nutrient solution. Duplicate of 
each concentration was taken so as to arrange the 
experiment in randomized design.  
 
Plant growth parameters 

Cu toxicity was determined by measuring 
the root elongation and plant biomass. Root length 
was measured before and after 5 days of Cu stress. 
Measurements of three plants per concentration 
per replicate were taken and each experiment was 
performed in triplicate. 
 
Soluble peroxidase and ionically bound cell 
wall peroxidase (IBCWP) 

Cell walls were prepared by homogenizing 
30 mg tissue in ice cold sodium acetate buffer (10 
mM, pH 6.0), using 100 µL of buffer per miligram 
of fresh weight of tissue (fresh wt.). Homogenate 
was mixed and centrifuged at 3000 g for 15 min at 
3 ºC. The supernatant was collected and used for 
assay of soluble peroxidase. Pellet was re-
suspended in the same buffer and centrifuged 
again. This washing procedure was repeated up to 
six times to ensure that all the soluble peroxidase 
had been washed out. Supernatant from final wash 
was assayed for peroxidase activity to confirm 
their reduction to a negligible level. Finally, 
washed pellet was used as cell wall fraction to 
extract ionically bound cell wall peroxidase. 

From cell walls, ionically bound cell wall 
peroxidase was extracted with 1 M NaCl. The 
washed pellet was re-suspended in 100 µL mg-1 
(fresh weight) in 100 mM sodium acetate buffer, 
pH 6, containing 1 M NaCl. The suspension was 
mixed carefully and incubated on ice bath for 60 
min with intermittent shaking. After incubation 
this sample was centrifuged at 3 ºC for 15 min at 
3000 g. The supernatant holds the salt extractable 
cell wall peroxidase; this fraction was believed to 
signify that fraction of peroxidase that is ionically 
bound to the cell wall in vivo (Bacon et al., 1997). 
 
Peroxidase assay  

Cell wall peroxidase was analyzed using 
substrate 3, 3’, 5, 5’-tetramethyl benzidine (TMB) 
following Bos et al. (1981). TMB was made up at 
20 mg mL-1 in DMSO (dimethylsulphoxide), and 
stored in aliquots at -20 ºC. sample (5 µL) was 
added to each assay tube followed by 100 µL of 
100 mM sodium acetate buffer, pH-6.0 containing 
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0.1 mg mL-1 TMB and 0.5µL mL-1 of 6% (w/v) 
H2O2 (hydrogen peroxide). Blend was incubated 
for 60 min and reaction was stopped by 100 µL of 
0.6 M sulphuric acid (H2SO4) and absorbance was 
recorded at 450 nm. There was no reaction in the 
lack of hydrogen peroxide. Enzyme activity was 
calculated by using extinction coefficient of a 
terminal oxidation product that absorb light at 450 
nm (Extinction coefficient = 5.9 × 104 M-1 cm-1).  
 
Intracellular Cu content estimation  

Intracellular copper accumulation was 
estimated by the method of Bates et al. (1982). 
Plants were harvested and washed systematically 
with 20 mL of 2 mM EDTA solution and roots 
were separated. After oven drying at 80 ºC for 
overnight, dry weight was determined and 100 mg 
of dried plant material was digested in 5 mL of 
digestion mixture containing HNO3 (70 %) + 
H2O2 (30 %) + purified water in 1:1:3 ratio until 
the solution become colourless. Residues were 
dissolved in 2% (v/v) nitric acid to a final volume 
of 5 mL and Cu concentration was determined by 
atomic absorption spectrophotometer [AAS 
(Varian, Model No. 240 FS)]. The calculation of 
intracellular Cu was done on weight by weight 
(w/w) basis and results were reported in mg g-1 of 
sample. Merck Cu standard was used for 
quantification of intracellular Cu content. 
 
Statistical analysis 

Every treatment was run in triplicate for 
statistical validity. Data from this investigation 
were analyzed with standard statistical software 
(Sigma Plot 12.5) using means ± SE. The mean ± 
SE and exact number of experiments are given in 
figures. For equality of averages the Student’s t-
test was applied. Results were considered 
statistically significant at P≤0.05. 
 

Results and Discussion  
Growth parameters of B. juncea seedlings 

were analyzed by measuring fresh weight (Fig. 
1A) and root length (Fig. 1B), ionically bounded 
cell wall peroxidase (IBCWP; Fig. 1C), soluble 
peroxidase (Fig. 1D) and accumulation of Cu 
content (Fig. 1E) after 5 days of metal treatment. 
Decrease in fresh weight, root length and increase 
in ionically bounded CWP and soluble peroxidase 
activity can be correlated with increasing metal 
stress and its accumulation in root (Saathoff et al., 
2013). Augmentation in ionically bound CWP 
actions in roots of seedlings could reveal the 
alteration of mechanical properties of the cell wall, 
which in turn, can be interconnected with metal 

stress. Analogous to our results, activities of 
lignifying peroxidase were stimulated in response 
to copper-induced oxidative stress (Chen et al., 
2000; Jouili and El Ferjani, 2003). Likewise, the 
growth decline caused by Cu (Chen et al., 2002) 
was closely related with the improved activity of 
cell wall bound peroxidase. Like NAD(P)H 
oxidase and xanthine oxidase, cell wall bound 
peroxidases could also activate the oxidative burst 
in plants (Bolwell et al., 1998). The production of 
ROS in the apoplast can originate the oxidative 
cross-linking of cell wall components, such as 
hydroxyl proline-rich glycoproteins. The cross-
linking of structural proteins in the wall has been 
anticipated as a metabolism to restrict cell growth 
(Iiyama et al., 1994) and to limit cell elongation 
(De Cnodder et al., 2005).  

Plant metabolism must be extremely 
synchronized in order to permit successful 
combination of a different spectrum of 
biosynthetic pathways that are reductive in 
character. This regulation does not fully pass up 
reductive or photodynamic activation of molecular 
oxygen to generate reactive oxygen species (ROS) 
predominantly superoxide, H2O2 and singlet 
oxygen. Plant cells generate ROS, particularly 
superoxide and H2O2, as second messengers in 
several processes related with plant growth and 
development. Metal ions may trigger the 
generation of ROS either by direct transfer of 
electrons in single electron reactions concerning 
metal cations or as a result to metal inactivated 
metabolic reactions (Dietz et al. 1999; Foyer and 
Noctor, 2005). 
 

Conclusion  
We observed analogous results that exposure 

of B. juncea seedlings to Cu resulted decline in 
fresh biomass and root length while increase in 
ionically bound cell wall peroxidase (CWP) and 
soluble peroxidase activity with enhanced Cu 
accumulation in roots. This substantial heave in 
both CWP and soluble peroxidase activity in roots 
reveal the alteration of mechanical properties of 
cell. From present study, it can be suggested that 
CWP and soluble peroxidase play protective role 
against the metal stress. 
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Fig. 1 (A-E): Effects of copper on (A) Fresh weight (B) Root length (C) Ionically bound cell wall 
peroxidase (D) Soluble peroxidase and (E) Copper accumulation in roots of Brassica juncea seedlings on 
day 5 of the treatment. Vertical bars represent mean ± SE (n = 3). Vertical bar points marked with the letter 
a show significant increase, b significant decrease and c insignificant differences (P≤0.05) as determined 
by Student t-test. 
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