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ABSTRACT

In the present investigation, exogenous application of 24-epibrassinolide (24-epiBL) to Raphanus sativus L. cv. ‘Pusa chetki’ seedlings,
under copper (Cu) stress showed the synthesis of various polyamines (PAs). Cu metal treatment alone enhanced production of putrescine
(Put), spermidine (Spd) and spermine (Spm) significantly over control values. However when metal treatment was supplemented with
different concentrations of 24-epiBL, total PA content showed a significant decrease under Cu stress. Put/Cadaverine (Cad) ratio showed
maximum rise when seedlings were treated with 10”7 M 24-epiBL alone whereas a maximum increase in the Put/Spd ratio was found in
10" M 24-epiBL treatment alone and the minimum ratio was recorded in Cu and 10° M 24-epiBL combination treatment. Besides these,
24-epiBL also altered the activities of peroxidase, catalase and superoxide dismutase. The shoot and root growth reduced by Cu metal

treatment was restored to normal values by 24-epiBL.

Keywords: antioxidative enzymes, 24-epibrassinolide (24-epiBL), polyamine (PA)
Abbreviations: BR, brassinosteriods; Cad, cadaverine; 24-epiBL, 24-¢pibrassinolide; PA, polyamine; Put, putrescine; Spd, spermidine;

Spm, spermine

INTRODUCTION

Brassinosteriods (BRs) are a recently explored group of
phytohormones which occur ubiquitously throughout the
plant kingdom. They have been reported to play an essential
role in plant growth and development, cell elongation, cell
division, vascular differentiation and reproductive develop-
ment (Sasse 2003; Clouse 2008). They confer resistance to
plants against various biotic and abiotic stresses (Haubrick
and Assmann 2006; Jagger et al. 2008). These steroids were
reported to improve plant resistance to various environmen-
tal stresses like salinity (Ali et al. 2007), thermal stress

(Kurepin ef al. 2008), and heavy metal stress (Almeida ef al.

2005; Hayat ef al. 2007). However, the exact mode of BRs’
action is yet to be explored, to study whether BRs are
implicated in the modulation of plant responses to oxidative
stresses by stimulating activities of antioxidative enzymes
(Hayat et al. 2007) or by interacting with other phytohor-
mones like auxins (Halliday 2004), gibberellins (Jagger et
al. 2005), cytokinins and ethylene (Arteca and Arteca 2008)

and polyamines (PAs) (Pang et al. 2007; Tassoni et al. 2008).

PAs like Put, Cad, Spd and Spm are low molecular
weight organic cations, found in a wide range of organisms
from bacteria to plants and animals (Kuznetsov et a/ 2007;
Pang et al. 2007; Tassoni et al. 2008). They have been
reported to be actively involved in the regulation of a large
number of physiological processes like embryogenesis, cell
division, morphogenesis and development (Groppa and
Benavides 2008; Kumar ef al. 2008). They are now accep-
ted as an important component of plant stress responses
(Ruben et al. 2006, Groppa and Benavides 2008). The
changes in the endogenous titers of PAs have been associ-
ated with the retardation of senescence, osmosis and salinity
(Pirintsos et al. 2004; Tang et al. 2005; Shevyakova et al.
2006; Liu et al. 2007; Wen et al. 2008) and heavy metal

stresses (Shevyakova et al. 2006; Liu and Moriguchi 2007,
Zapata et al. 2008; Kuznetsov et al. 2007). They also have a
strong capacity for scavenging free radicals and reactive
oxygen species generated by various stresses, thus proving
their strong antioxidant nature (Ha ez al. 1998).

Heavy metals are major environmental contaminants in
soils and water habitats as their uptake and accumulation in
plants might introduce them into the food chain (Chary ef al.
2008). Among these heavy metals, copper (Cu) is widely
distributed in nature and is an indispensable element re-
quired for normal plant growth. However, higher concentra-
tions of Cu lead to phytotoxicity due to its pleiotropic im-
plication in numerous physiological activities (Kopittke ez
al. 2007). Cu toxicity is mediated by the formation of free
radicals (Luna et al. 1994) and by the catalysis of the
Haber-Weiss reaction (Halliwel and Guteridge 1984).

Since PA synthesis is associated with various environ-
mental stresses, including heavy metals, and BRs are also
known to protect plants against heavy metal stress,therefore
the present study observes the effects of BRs (if any) on the
synthesis of PAs in Raphanus sativus L. plants (a model
plant for studying BR bioactivity) under Cu metal stress.

MATERIALS AND METHODS

Study material

The study material included seeds and seedlings of Raphanus sati-
vus L. cv. ‘Pusa chetki’. Seeds were procured from Punjab Agri-
culture University, Ludhiana, India.

Raising seedlings

Seeds were surface sterilized with 0.01% HgCl, and then rinsed
with distilled water 3-4 times. Seeds were grown in autoclaved
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Petri dishes lined with Whatman No. 1 filter paper at 20-25°C
with a 16-h photoperiod under fluorescent white light (175
umol/m%/s) in a controlled environmental growth chamber.

Metal treatments

Seeds were treated with different concentrations of 24-epiBL (107,
10 and 107" M) and 0.2 mM of Cu metal alone and in combina-
tion with 24-epiBL (10”7, 10 and 107" M). Controls were raised in
distilled water only.

On the seventh day, seedlings were harvested (3-3.5 cm long
hypocotyls). The concentration of Cu used was selected on the
basis of Inhibitory concentration (ICs).

Isolation and characterization of polyamines

The isolation and characterization of PAs was carried out by fol-
lowing the method proposed by Fontaniella ef al. (2001). 2 grams
(fw) of seedlings given treatment of 0.2 mM Cu-metal and un-
treated control seedlings were homogenized in pre-chilled pestle
and mortar with 5% perchloric acid (PCA) (v/v) and left to stand
at 4°C for 1 hr. The homogenized extracts were centrifuged at
15,000 r.p.m. for 25 min at 4°C. Supernatants were taken as a
source of free PAs and these were dried in vacuo at 45°C. The
residues were redissolved in 5% PCA (v/v) and stirred with insolu-
ble polyvinylpolypyrollidone (PVPP) at a ratio of 50 mg/ml for the
removal of polyphenolics and other impurities. The resulting solu-
tions were filtered through Whatman No. 1 filter paper and then
subjected to derivatization by dansyl chloride.

For derivatization, vials (5 ml) previously adjusted to pH 8.0
(using NaOH solution) were used for the derivatization reaction.
The reaction mixture consisting of 1 ml of sample, 1 ml of satu-
rated Na,CO; and 1 ml of dansyl chloride (75 mM in acetone)
were mixed vigorously and kept at room temperature for 16 hrs.
Dansylated PAs were extracted with 3 x 3.0 ml of benzene (HPLC
grade) after vortexing for 1 min. Benzene phase was dried at 40°C
under a stream of air. Once the derivatization process was over,
samples were cleaned by adding 1.2 ml of 5 mM KOH in metha-
nol (HPLC grade) as described by Seiler and Knodgen (1979).
Mixtures were left to stand for 1 hr at 45°C and then treated with
an aqueous mixture of 300 mg of KH,PO, and 300 mg of
Na,HPO,. PAs were extracted with 3 x 3.0 ml of benzene (HPLC
grade) and the benzene phase was dried. The residue was redis-
solved in 1 ml of methanol (HPLC grade) for the characterization
and quantification of PAs (putrescine (Put), cadaverine (Cad),
spermidine (Spd) and spermine (Spm), purchased from Sigma
Aldrich Ltd.) by reverse phase HPLC.

Analysis of polyamines

PAs (Put, Cad, Spd and Spm) were analyzed by a Waters 515
Chromatograph HPLC equipped with Waters (717) Plus Auto-
sampler and Photodiode Array Detector (2996). PAs were eluted in
a RP-C-18 column (15 cm x 4 mm i.d.), (5 uM particle size) re-
versed phased column at 30°C using a methanol water gradient.
Gradient elution was carried out using Methanol-Milli-Q water in
a linear gradient from 50: 50 (v/v) to 80: 20 (v/v) for 30 min. The
last proportion was maintained for 15 min until the end of the ana-
lysis. Flow rate of the mobile phase was maintained at 1 ml/min.
The detection of PAs was carried out by measuring the fluores-
cence intensity of samples and comparisons were made with the
peaks and retention times of standard PAs (Put, Cad, Spd and
Spm) (Figs. 1-3).

Determination of protein contents and
antioxidative enzyme activities

1. Preparation of plant extracts

For the estimation of protein content and activities of guaiacol per-

oxidase (GPOX), catalase (CAT) and superoxide dismutase (SOD),

2 g of plant tissue was homogenized in pre-chilled pestle and
mortar with 6 ml of 100 mM potassium phosphate buffer (pH 7.0)
under ice-cold conditions. The homogenate was centrifuged at
15,000 x g at 5°C for 20 min and the supernatants were used for

determining protein content and enzyme activities.
2. Protein estimation

The protein content was determined by following Lowry’s method
(1951).

3. Guaiacol peroxidase (GPOX) (EC1.11.1.7) activity

Guaiacol peroxidase activity was determined by the method of
Putter (1974). The reaction mixture consisted of 3 ml of phosphate
buffer, 50 pl guaiacol solution, 100 pl of enzyme sample and 30 pl
of H,0, solution. The rate of formation of guaiacol dehydrogena-
tion product (GDHP) was determined spectrophometrically at 436
nm.

4. Catalase (CAT) (EC 1.11.1.6) activity

Catalase activity was determined as per the method of Aebi (1983).
The reaction mixture consisted 300 pl of enzyme extract, 1.5 ml of
phosphate buffer and 1.2 ml of H,O,. Decrease in absorbance per
min at 240 nm was recorded.

5. Superoxide dismutase (SOD) (EC 1.15.1.1) activity

Superoxide dismuatse activity was determined by the method of
Kono (1978). In this method, a reaction mixture containing 1.9 ml
of sodium carbonate buffer, 750 ul NBT and 150 pl Triton X-100
were placed in a test cuvette and the reaction was started by
adding 150 pl hydroxylamine hydrochloride. After 2 min, 70 pl of
enzyme extract was added. The percentage inhibition in the reduc-
tion rate of nitroblue tetrazolium (NBT) was recorded with increase
in absorbance at 540 nm.

Seedling growth

The effects of Cu on 7-days old Raphanus seedlings were deter-
mined. The growth was assessed in the terms of shoot length and
root length. Percent germination was calculated for the treated and
untreated seeds.

Experimental data

All the experiments were performed in triplicates. The data shown
are the means of three replicate experiments along with standard
error (n=3).

RESULTS
Endogenous titers of polyamines

The investigation recorded the presence of Put (38. 25 ng g
fw), Cad (57.24 ng g " fw), and Spd (184.92 pug g fw) in
control treatments, whereas Spm was not detected 1n the
controls. However the presence of Put (52 84 ng g ' fw),
Cad (5.96 pug g' fw), Spd (404.99 pg g' fw) and Spm
(1288.75 ng g fw) was reported in Raphanus seedlings
given treatment of 0.2 mM Cu metal. Seedlings, glven treat-
ments of different concentrations of 24-epiBL (107, 10°
and 10" M) alone showed varied pattern in the endogenous
contents of PAs, whereas Put quantity was 51gn1ﬁcantly en-
hanced under 107 M epiBL treatment (105.26pug g ' fw) as
compared to control (38.25 ug g " fw). Similarly 10 (73.70
Hg g fw) and 107" (47.56 ug g fw)M epiBL also showed
increase in Put level but to a lesser extent than 107 M epiBL
treatment Combrnatlons of 0.2 mM Cu-metal and 24-epiBL
(107, 10® and 10™"" M) showed decrease in the synthesis of
Put level. Maxmlum decrease was observed w1th 0.2mM of
Cu-metal and 10 M 24-epiBL (‘14 0l ugg fw) over com-
blnatlons of 10°M (44.72 pg g fw) and 107 M (60.37 pg
g fw) 24-epiBL and Cu-metal respectively (Table 1, Fig.
1).

Cad level found under metal stress was 5.96 ng g fw
which was much lower than 57.24 pg g fw observed in
control. Cad content was decreased in seedlings given treat-
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Table 1 Endogenous polyamine content (ug/g fw) in 7days old seedlings of Raphanus subjected to Cu-metal and 24-epiBL treatments.

Treatments Putrescine Cadaverine Spermidine Spermine Total (ng/g fw)
Control 38.25°+1.40 57.24°+£2.1 184.92°+ 8.1 n.d. 280.41
0.2 mM Cu 52.84*+2.98 5.96"+0.021 404.99" +20.9 1288.75+£25.9 1752.54
107M epiBL 105.0*" + 3.40 0.358""+0.02 721%+ 1.1 n.d. 112.568
10°M epiBL 73.70% £ 2.87 13.82* +0.98 63.25**+53 n.d. 150.77
10""M epiBL 47.56+2.09 7.07* £ 0.87 193.56°+9.7 nd. 248.19
Cu+ 107 M epiBL 60.37*+3.90 8.65"+0.98 242.24* £ 13.6 2.98°+0.08 314.24
Cu + 10° M epiBL 4472 £2.67 0.36™+0.03 7.30™ +0.98 899.22°+10.5 951.601
Cu + 10" M epiBL 14.01*° + 1.45 2.24*+0.21 16.24*°+1.78 1127.25°+20.9 1159.74
Data presented as mean+SE
(" indicate statistically significant differences from control and metal treatment at p< 0.05)
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Fig. 1 HPLC chromatogram of a mixture of polyamine standards (putrescine, cadaverine, spermidine and spermine) characterized at 254 nm.

ment of 24- ep1BL alone (107, 10 and 107" M) more signi-
ficantly at 107 M 24- eplBL (0.358 pug g' fw). A similar
trend was recorded in seedlings, given combinations of Cu
metal and 24-epiBL, with con51derable decrease found in
comblnatlon of Cu metal with 10° M 24-epiBL (0.361 pg
g fw).The Spd content got enhanced significantly in the
seedlings given 0.2 mM Cu-metal treatment (404 9 ug g’

fw) when compared with control (184 pg g fw) (Table 1,
Fig. 2). The treatments of 24-epiBL alone revealed reduc—
tion in Spd synthesis from 190 34 ug g fw in case of 10

M 24- eplBLto 6325 ug g fw(lO M) and 7.21 pg g fw
in 107 M 24-epiBL concentration. The combinations of 0.2
mM Cu-metal with different concentrations of 24-epiBL
indicated still lower content of Spd, significant reduction in

Cu-metal with 10® (7.30 pg g” fw)and 10" (16.24 ug g’
fw) M 24-epiBL was observed. However the combination of
Cu metal with 107 M 24- eplBL showed an enhancement in
Spd level to 242.24 g g fw (Table 1, Fig. 3).

The Spm which was not detected in control seedlings
was reported in seedlings undergone Cu-metal stress, level
of Spm found was 1288.75 pg g' fw. But no Spm was
found in the seedlings given treatments of 24-epiBL alone
(107,107 and 10™"" M). A decrease in Spm content was re-
corded in seedlings where Cu metal treatment was sup-
plemented with 24-epiBL (107, lO and 107" M) this re-
duction was maximum (2.98 pg g"' fw) in 107 M 24-epiBL
over metal treatment alone.

Auto-Scaled Chromatogram

200

400 600 800 10.00

1200 14.00
Minutes

16.00 18.00 2000 2200 2400 26.00 28.00 30.00

Fig. 2 HPLC chromatogram of control samples for endogenous polyamines (putrescine, cadaverine and spermidine) quantified and characterized

at 254 nm.
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Fig. 3 HPLC chromatogram of Cu-metal treated samples for endogenous PAs (putrescine, cadaverine, spermidine and spermine) quantified and

characterized at 254 nm.

Polyamine ratios

Cu metal treatment lowered the value of Put/Spd ratio from
0.206 in control to 0.130 in seedlings under metal stress. A
significant increase in Put/Spd ratio (14 563) was recorded
for seedlings given treatment of 107 M 24-epiBL alone.
This ratio further got enhanced when seedlings were given
treatments of combination of Cu metal with 10° M 24-
epiBL (6.126) over control seedlings (Table 2). The Spd/
Spm ratio got lowered under metal stress alone and in com,
blnatlon w1th different concentrations of 24-epiBL (107,107
and 10" M). Maximum reduction was found in seedhngs
given treatment of Cu metal and 10° M 24-epiBL (0.0081).
However evident decrease in Put/Cad ratio (0.668 to 8.865)
was found in seedlings under Cu-metal effect when com-
pared to control. The Put/Cad ratio recorded a considerable
increase under the influence of 24-epiBL (Table 2). This
rise (293.29) was evident in concentration of 107 M 24-
epiBL alone. The same trend was observed in seedlings
given treatments of Cu metal in combination with 24-epiBL,
with maximum enhancement (123.878) at Cu-metal in com-
bination with 10 M 24-epiBL.

Table 2 Polyamine ratios of 7-days old Raphanus seedlings subjected to
Cu-metal and 24-epiBL treatments.

Treatments Put /Cad ratio Put/Spd ratio Spd / Spm ratio
Control 0.668" 0.206 184.920°
0.2mM Cu 8.860° 0.130 0.314°

107 M epiBL 293.290"° 14.563 7210

10°M epiBL 5.332%° 1.165 63.250

10" M epiBL 6.720° 0.245*° 193.560"

Cu+ 10" M epiBL  6.970° 0.2492 81.288"
Cu+10° M epiBL  123.878° 6.126° 0.00811*°

Cu+ 10" MepiBL 6.254° 0.8626"" 0.01440°

(“® indicate statistically significant differences from control and metal treatment
at p< 0.05)

Antioxidative enzyme activities

Radish metabolism was significantly affected by exogenous
application of 24-epiBL. This effect was observed with
changes in the activities of antioxidative enzymes. The
guaiacol peroxidase (GPOX) activity was reduced signifi-
cantly from (0.28 U/mg protein fw) in control seedlings to
0.068 U/mg protein fw in seedlings under Cu stress (Table
3). The GPOX activity was not significantly increased
under the influence of 24-epiBL. On the other hand, activity
of CAT was lowered from 0.16 U/mg protein fw (control) to
0.072 U/mg protein fw (Cu-metal treatment) (Table 3). The
CAT activity got enhanced under the effect of 24-epiBL
alone, with small rise (0.18 U/mg protein fw) in 10™"" M 24-
epiBL. The combination of Cu metal and 24-epiBL showed
restoration of CAT activity (0.21 U/mg protein fw) signi-
ficantly in seedlings given treatments of Cu metal and 24-
epiBL™ (107 M) combination. The superoxide dismutase
(SOD) activity got enhanced from 3.4 U/mg protein fw
(control) to 8.08 U/mg protein fw (Cu-metal) (Table 3). But
a considerable decrease in SOD activity was recorded under
the influence of 24 -epiBL, more significantly (2.3 U/mg
protein fw) at 10”7 M 24-epiBL. However SOD activity got
enhanced when metal stress was supplemented by 24-epiBL
(107, 10° and 10" M). Maximum increase in SOD activity
(9.9 U/mg protein fw) was observed for seedlings treated
with Cu metal in combination with 107 M 24-epiBL. A sig-
nificant reduction in protein content from 20.25 mg/fw
(control) to 10.23 mg/fw (Cu-stress) had been recorded. 24-
epiBL treatment increased protein content cons1derably
with maximum increase (738 43 mg/fw) at 10" M 24- epiBL.
Similarly, 24-epiBL (107, 10® and 10" M) treatment in
combination with Cu metal increased protein content
(Table 3) over metal stress alone.

Table 3 Effect of Cu-metal and 24-epibrassinolide treatments on protein contents (mg/g fw) and specific activities (U/mg fw) of antioxidative enzymes.

Treatments Protein content Guaiacol Peroxidase Catalase Superoxide dismuatse
(mg/g fw) (U/mg fw) (U/mg fw) (U/mg fw)

Control 20.25°+ 1.1 0.28 £0.002 0.16 £ 0.02 340+0.2

0.2 mM Cu 9.38"+1.32 0.068 +0.009 0.072+£0.012 8.08"+0.89

10" M epiBL 21.38°+2.08 0.23+0.01 0.10+0.01 2.30+0.3

10°M epiBL 27.25°+£2.85 0.30+0.02 0.17+£0.02 3.10+0.25

10" M epiBL 29.12**+1.98 0.245 + 0.009 0.18£0.03 3.56+0.1

Cu+ 107 M epiBL 11.23*+£0.98 0.089 +0.005 0. 098 +0.002 5.60 +0.25

Cu + 10 M epiBL 13.67+1.21 0.091 +0.002 0.101 £0.02 7.30+1.01

Cu+ 10" M epiBL 18.91°+ 1.45 0.20 £+ 0.01 0.21 £0.01 9.90" + 0.99

Data presented as mean+SE

(" indicate statistically significant differences from control and metal treatment at p< 0.05)
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Table 4 Morphological parameters of 7 days-old Raphanus seedlings given
treatments of Cu-metal and 24-epibrassinolide.

But when metal treatment was supplemented with different
concentrations of 24-epiBL, remarkable reduction in the

Treatments Shoot length  Root length  Percent contents of PAs was recorded A significant decrease in Put
(cm) (cm) germination% level was found in 107! M 24- epiBL conc Maximum reduc—
Control 342°£032 6.60°+£098 98 tion in the contents of Cad and Spd was recorded in 10° M
0.2 mM Cu 2.65+0.2 341°+0.56 81 24-epiBL treatment. On the other hand, significant decrease
107 M epiBL 3.67°+0.9 493 +£0.87 98 in Spm content was recorded in 107 M 24-epiBL treatment.
10° M epiBL 3.72°£0.86  6.93°+£099 98 BRs treatment alone remarkably lowered the levels of
10" M epiBL 421°°+£0.78  7.32*°+£0.89 98 PAs, with srgnrﬁcant decrease observed in 10" M for Put
Cu+10"MepiBL  2.61+0.34 4.12*°+£0.54 92 and Cad and 10" M 24- -epiBL for Spd content, Spm was not
Cu+ 10° M epiBL 3.02+0.12 498*+049 94 detected when seedlings were given treatments of 24-epiBL.
Cu+ 10" MepiBL  3.31£03 6.32°£071 96 The enhanced titers of Spd and Spm under metal treatment

Data presented as mean+SE
(™" indicate statistically significant differences from control and metal treatment
at p< 0.05)

Seedling growth

The shoot and root length of Raphanus seedlings was mar-
kedly reduced in comparison to untreated control seedlings
(Table 4). Cu metal stress reduced the shoot length by
22.48% and root length by 48.33% when compared with
controls. However 24-epiBL treatment 1ncreased the shoot
and root length significantly at 107, 107 and 10" M 24-
epiBL conc and in combination with Cu metal. Maximum
increase was found in 10 M 24-epiBL alone with 8% and
5% enhancement in shoot and root length respectively.
Whereas combination of Cu metal with 10" M 24-epiBL
showed minimum decrease in shoot (3.21%) and root
(4.22%) length in comparison to metal treated seedlings.
Percent germination got decreased by 12% under Cu-metal
treatment, where as 24-epiBL treatment exogenously en-
hanced percent germination by 98%. In addition to these
effects Cu metal stress also resulted in poor root formation,
interveinal chlorosis and development of necrotic spots on
the leaf lamina.

DISCUSSION

Brassinosteriods (BRs) have been reported to regulate
growth and developmental processes (Clouse 2008). In the
present investigation seedling growth showed considerable
reduction under Cu metal stress. This reduction in terms of
shoot length was 22.48 and 48.33% for root length when
compared to control values. However, Cu metal when sup-
plemented with different concentrations of 24-epiBL re-
vealed improvement in shoot and root lengths. Maximum
improvement in shoot (3.21%) and root length (4.22%) was
recorded in seedlings treated with 107 M 24-epiBL when
compared to metal treated seedlings. PAs which are repor-
ted to play an important role in stress management showed
their significant involvement under Cu metal stress. It was
observed that Cu metal treatment resulted in the enhance-
ment of Put conc by 38% ad Spd level by 119% and it also
stimulated the synthesis of Spm which was not expressed in
untreated control plants. However only Put content was
lowered under metal stress by 89.58% over control values.

suggests their active involvement in the amelioration of
stress generated by Cu metal than Cad and Put. These re-
sults also suggest that 24-epiBL may overcome the metal
stress by somehow down regulating the production of PAs.
The decrease in the titers of low molecular weight PAs by
24-epiBL was associated with the small number of amine
groups than high molecular weight Spd and Spm, clearly
indicating faster scavenging of oxidants or the free radicals
generated due to Cu-toxicity. Shevyakova et al. (2006) re-
corded enhanced production of Put and Spd temporarily and
gradual and constant increase in Spm content when leaves
and roots of Mesembryanthemum crystallinum were subjec-
ted to chloride salinity stress (Table 5). Apple callus subjec-
ted to salinity stress (NaCl 200mM) detected enhanced con-
tents of Put, Spd (Table 5) and Spm (Liu ez al. 2006). Pirins-
tsos et al. (2004) found increased levels of Put, Spd and
Spm in Pseudevernia furfuracea Zopf. and Evernia prunas-
tri L. grown in heavy metals polluted area (Table 5).The
increased Putrescine/Cadaverine ratio under Cu stress sig-
nified the importance of Put in Cu-stress management than
Cad (Table 2). Similar observations were recorded by Lin
and Kao (1999) observed enhanced production of Putres-
cine and significant increase in putrescine/cadaverine ratio
of detached rice leaves subjected to copper stress. The
reduction in cadaverine content has also been reported to
induce oxidative burst which led to enhanced activity of
superoxide dismutase (Kuznetsov et al. 2009). This may be
assumed by the increased superoxide dismutase enzyme
activity over other antioxidative enzymes in the present in-
vestigation. The reduced value of spermidine/spermine ratio
was another important observation, as Cu-stress stimulated
the synthesis of spermine which was not expressed under
control conditions. These results clearly suggest that Cu-
metal stress has been selective in the induction of PA syn-
thesis. This has also signified the extraordinary ability of
spermine in metal stress management than other PAs.

The decrease in the activities of guaiacol peroxidase,
catalase and glutathione reductase, under Cu-metal stress
was observed (Table 3). However significant enhancement
in the activity of superoxide dismutase was (Table 3) ac-
companied by increase in the endogenous titers of PAs,
which may be playing an important role in protecting the
plants against oxidative stress induced by Cu-metal.

Table 5 Comparative account of endogenous content of PAs (nm/g fw) in apple callus, Mesembrynthemum crystallinum L., Pseudevernia furfuracea

Zopf. and Evernia prunastri L. under salinity and heavy metal stresses.

Treatments Putrescine Cadaverine Spermidine Spermine Study material References
Control 3623.9°+£197.8 n.d. 58.3°+0.3 1.6°+0.1
NaCl (200 mM) 5097+ 773.5 n.d. 69.4°+2.0 12.1°+0.1 Apple callus (P) Liu et al. 2006
Control 13.2°£0.6 24.0°+1.3 58.8°+£24 90.1°+£4.2
NaCl (400 mM)
6h 5.5 £0.2 16.2°+£0.7 447+1.9 95.2+43
24 h 52+0.1 18.6+0.8 432+2.0 138.0*+ 6.2 Mesembrynthemum
48 h 49°+£0.1 11.4*+0.6 138.0°+ 6.2 110.1+£4.8 crystallinum L. (H) Shevyakova et al. 2006
Control 6.5% n.d. 16.6* 17.5% Pseudevernia
Sfurfuracea Zopf. (L)
Heavy metal pollution site  95.6* n.d. 92.2* 45.6* Evernia prunastri L. (L) Pirintsos et al. 2004

Data presented as mean+SE
(" indicate statistically significant differences from control and metal treatment at p< 0.05)
Abbreviations used: (P) plant, (H) halophyte, (L) lichen, (*) Pearson’s Coefficient of PAs with respect to controls.
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CONCLUSIONS

The present study indicates possible role of BRs in regu-
lating the synthesis of selective PAs in Raphanus seedlings
under Cu metal stress. Further enhanced activity of SOD
also helped in ameliorating metal stress in the seedlings.
The behavior of PAs and antioxidative enzymes under the
influence of metal alone and in combination of 24-epiBL
suggests the active involvement of BRs in stress protection
via regulating the production of PAs and antioxidative en-
zyme activities. It opens a future area to study regulation of
PAs in plants under metal stress by brassinosteriods.
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