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Abstract Seeds of Cassia angustifolia Vahl., treated with ~ ETU Ethylene thiourea
various concentrations (0, 0.1, 0.15, 0.2 and 0.25 %) of GSH Reduced glutathione
Mancozeb, a broad-spectrum contact fungicide, were sown GR Glutathione reductase
in field conditions to study the effect of the treatments on ~ H,O, Hydrogen peroxide

lipid peroxidation, proline accumulation and modulation of =~ MDAR Mono-dehydroascorbate reductase
antioxidant system of seedlings obtained. Significant ~NADPH Reduced nicotinamide adenine dinucleotide

increase over the control was observed in treated plants for phosphate

thiobarbituric acid-reactive substances content (up to  NBT Nitroblue tetrazolium
207 %), proline content (96 %) and total glutathione con-  ROS Reactive oxygen species
tent (144 %), whereas the total ascorbate content decreased SOD Superoxide dismutase

by 44 %. Increased enzymatic activity was recorded for  TBARS  Thiobarbituric acid-reactive substances
ascorbate peroxidase (63 %), glutathione reductase
(154 %) and superoxide dismutase (109 %), whereas cat-
alase activity decreased by 58 % with 0.25 % Mancozeb
treatment. The changes observed were dose-dependent, Introduction
showing a strong correlation with the level of treatment.
Plants subjected to environmental stress often suffer from

Keywords Antioxidant defence system - oxidative damage, because the balance between the pro-
Enzyme activity - Lipid peroxidation - duction of reactive oxygen species (ROS) such as super-
Senna plant - Stress management oxide radical, hydrogen peroxide and hydroxyl radical, and

the quenching activity of antioxidants is upset (Scandalios
Abbreviations 1993). Pesticides are known to induce oxidative stress in
APX Ascorbate peroxidase plants (Asada and Takahashi 1987; Halliwell 1987; Bashir
CAT Catalase et al. 2007), either by overproduction of free radicals or by
DAS Days after sowing alteration in antioxidant enzymes. Plants have evolved
DHA Dehydroascorbate mechanisms to protect the cellular and subcellular systems
DHAR Dehydroascorbate reductase from the effects of ROS through modulation of enzymatic
EBDC Ethylenebisdithiocarbamate (like APX, GR, SOD, CAT) and non-enzymatic (like

ascorbate and glutathione) compounds. Changes in these
antioxidant compounds are indicative of oxidative stress
Communicated by G. Bartosz. caused by different stressors including fungicides (Wauc-

. . hope et al. 1992).
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effects on plants. Mancozeb, showing activity of ethyle-
nebisdithiocarbamate (EBDC), is a broad-spectrum contact
fungicide of the chemical family Pyrethroids and has
empirical formula Cy3H;9Cl F3NOs;. It is commonly used to
control a variety of diseases such as early and late blights,
rusts, black rots, downy mildews, black spots, gummy stem
blights and leaf molds, and applied to a wide range of food/
feed crops and sod farms. Mancozeb rapidly and sponta-
neously degrades to ethylene thiourea (ETU), which may
persist for long (Wauchope et al. 1992). The present study
was undertaken with Cassia angustifolia Vahl. to examine
the effects of Mancozeb, a frequently used contact fungi-
cide, in terms of oxidative stress figured in plant cells and
the consequent modulation of enzymatic and non-enzy-
matic components of antioxidant defence system of the
species.

Materials and methods

Certified healthy seeds of Indian Senna (C. angustifolia
Vahl.), procured from Indian Agricultural Research Insti-
tute, New Delhi, were sown in the Kharif season (July—
October) at the experimental field of Hamdard University.
Each plot (4 m x 1.5 m) carried five rows of seedlings
maintaining a 15-cm distance between rows and 10-cm
distance between plants of a row. The experiment was
conducted in three replications. Prior to sowing, seeds were
treated with five (0-0.25 %) Mancozeb concentrations
prepared in double distilled water, which were designated
as Control (0 %), Ty (0.10 %), T, (0.15 %), T3 (0.20 %)
and T4 (0.25 %). The control as well as the treated plants
were maintained at a uniform water supply. Sampling was
done at three stages of plant developmental, i.e., at pre-
flowering (45 DAS = days after sowing), flowering (75
DAS) and post-flowering (90 DAS) stages, from six plants
of each treatment raised in three sets. The samples were
either used immediately or stored in deep freezer (at
—80 °C) for use in future.

Thiobarbituric acid-reactive substances

Thiobarbituric acid-reactive substances (TBARS), consid-
ered as “oxidative damage products”, were determined in
leaf samples by the method of Heath and Packer (1968).
The concentration of TBARS was calculated using an
extinction coefficient of 155 mM ™' cm™' and expressed as
nmol TBARS g~ fresh weight.

Proline content

Proline content in leaf samples was estimated by the
method of Bates et al. (1973). The corresponding
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concentration of proline was determined against the stan-
dard curve of L-proline.

Enzyme assays

Activity of ascorbate peroxidase (EC 1.11.1.11) was
determined by the method of Nakano and Asada (1981), on
the basis of decrease in absorbance of ascorbate in super-
natant due to its enzymatic breakdown, as observed at
290 nm. The activity was calculated using the coefficient
of absorbance 2.8 mM ™' cm™'. One unit of enzyme indi-
cates the amount of enzyme necessary to decompose
1 pumol of ascorbate per min.

Activity of glutathione reductase (EC 1.6.4.2) was
determined by the method of Foyer and Halliwell (1976)
modified by Rao (1992). It was assayed through glutathione-
dependent oxidation of NADPH at 340 nm, and calculated
using the coefficient of absorbance of 6.2 mM ™' cm™'. One
unit of enzyme means the amount of enzyme necessary to
decompose 1 pmol of NADPH per min.

Activity of superoxide dismutase (EC 1.15.1.1) was deter-
mined by the method of Dhindsa et al. (1981). The activity was
assayed by the ability of SOD to inhibit photochemical
reduction of nitroblue tetrazolium (NBT). The amount of
enzyme required to bring about fifty percent reduction of NBT
was considered as one unit of enzyme activity.

Activity of catalase (EC 1.11.1.6) was determined by the
method of Aebi (1984) by monitoring the disappearance
of hydogen peroxide (H,O,) in supernatant and measuring
the decrease in absorbance at 240 nm. The activity
was calculated using the coefficient of absorbance
0.036 mM~' cm™'. One unit of enzyme is the amount of
enzyme necessary to decompose 1 pmol of H,O, per min.

Ascorbate content

Ascorbate content was determined by the method of Law
et al. (1983). The ascorbate (Asc) and total ascorbate
(Asc + DHA) were assayed separately and the absorbance
was recorded at 525 nm. A standard curve in the range of
0-100 nmol L™" of Asc was used for calibration. Values in
both cases were corrected for the absorbance by eliminat-
ing the supernatant in the blank prepared separately for
ascorbate and total ascorbate. The difference of the total
ascrbate and the ascorbate gave the amount of dehydro-
ascorbate (DHA).

Glutathione content

Glutathione content was estimated following the method of
Anderson (1985), using acid ninhydrin, glacial acetic acid
and toluene as chemical agents to be added to the super-
natant of the fresh leaf homogenate. Toluene layer was
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Table 1 TBARS content of leaves (nmol g~' fr. wt.), as recorded at various stages of growth of Cassia angustifolia plants raised from the
control and Mancozeb-treated seeds

Treatments (%)

Plant growth stages

Pre-flowering

Flowering

Post-flowering

Control 9.25 + 0.015 (0.0)

0.10 % 10.24 £ 0.027° (10.7)

0.15 % 16.32 & 0.015™" (76.43)
0.20 % 21.94 + 0.012*%€ (137.22)
0.25 % 22.04 + 0.015%%<9" (138.34)

10.34 + 0.21 (0.0)
13.44 + 0.021* (29.98)
20.64 + 0.018™" (99.61)
27.23 £ 0.011%>° (163.34)
31.76 + 0.0113%<¢ (207.15)

25.19 + 0.003 (0.0)
25.64 4 0.024* (1.78)
30.23 £ 0.014™° (20.01)
37.44 £ 0.014%"° (48.63)
40.14 + 0.024*°<4 (59.35)

Values indicate mean £ SE. Parentheses include percent variation

CD at 5 %: plant growth stages: 0.021, treatments: 0.027, treatment x growth stages: 0.047
* P < 0.001 vs control, ® P < 0.001 vs 0.10 %, ¢ P < 0.001 vs 0.15 %, ¢ P < 0.001 vs 0.20 %, " P < 0.05 vs 0.20 %

Table 2 Variation in proline content of leaves (lg g*1 fr. wt.), as recorded at various stages of growth of Cassia angustifolia plants, raised from
the control and Mancozeb-treated seeds

Treatments (%)

Developmental stages

Pre-flowering

Flowering

Post-flowering

Control 23.22 + 0.913 (0.0)
0.10 % 36.19 & 0.631* (55.81)
0.15 % 40.29 £ 0.093*°" (73.47)
0.20 % 43.64 + 0.168“><" (87.91)
0.25 % 45.50 £ 0.725>°%" (95.89)

76.41 + 0.19 (0.0)
77.43 £ 0.165* (1.34)
78.47 £+ 0.167""" (2.69)
80.44 + 0.193*"° (5.28)
86.31 £ 0.19*4 (12.94)

121.53 =+ 0.332 (0.0)
127.29 + 0.761% (4.73)
144.47 + 0.347*° (18.87)
152.50 + 0.439*P° (25.48)
161.37 + 0.853*"¢ (32.77)

Values indicate mean & SE. Parentheses include percent variation

CD at 5 %: plant growth stages: 0.613, treatments: 0.792, treatment x growth stages: 1.37
¢ P < 0.001 vs control, ** P < 0.05 vs Control, * P < 0.001 vs 0.10 %, " P < 0.01 vs 0.10 %, * P < 0.05 vs 0.10 %, © P < 0.001 vs 0.15 %,

P <0.05vs 0.15 %, 4 P < 0.001 vs 0.20 %, " P < 0.05 vs 0.20 %

separated from the mixture and the absorbance recorded at
520 nm on a Beckman’s spectrophotometer, using toluene
as blank.

Detailed procedures of all these techniques have been
described by Arshi et al. (2012) and Umar et al. (2011).

Statistical analysis

The data obtained were put to statistical test using the
software package SPSS version 14 (SPSS Inc, Chicago,
USA). One-way analysis of variance (ANOVA) was con-
ducted with a Tukey—Kramer multiple comparison post-
test. Values presented for each treatment and each devel-
opmental stage are mean + SE of three samples each with
three replicates.

Results

The content of TBARS increased with age of the plant. It
was enhanced significantly in the Mancozeb-treated plants,

showing a concentration-dependent response to the treat-
ment. The TBARS accumulated maximally with 0.25 %
Mancozeb concentration (T4), showing up to 207 %
increase over the control (Table 1).

Proline content also showed similar trend of variation,
increasing significantly with plant age as well as with
increase in Mancozeb concentration. The maximum effect,
up to nearly 96 %, appeared with 0.25 % mancozeb
application, as compared with the control (Table 2).

Activity of antioxidant enzymes, like ascorbate peroxi-
dase (APX), glutathione reductase (GR), catalase (CAT)
and superoxide dismutase (SOD) initially increased in
C. Angustifolia with growing age of the plant, attained the
maximum at flowering stage, and then declined sharply.
Application of Mancozeb significantly enhanced the
activity of APX, GR and SOD over the control, corre-
sponding to the dose applied. Percent variation from the
control was the maximum (by 63 % for APX, 154 % for
GR and 109 % for SOD) at pre-flowering stage with T4
treatment, although the highest activity (1.88 umol mg™"
protein min~' for APX, 0.824 pmol mg™~" protein min~"
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Fig. 1 Ascorbate peroxidase activity as observed in the control as
well as Mancozeb-treated plants of Cassia angustifolia sampled at
pre-flowering, flowering and post-flowering stages. Bar diagrams
show the level (mean + SE) of enzyme activity, while graphs depict
the percent variation from the control

for GR and 14.00 EU mg~' protein min~' for SOD) was
recorded at the flowering stage (Figs. 1, 2, and 3).
Catalase activity also exhibited similar trend of variation
with reference to plant age, i.e., a rise up to flowering stage
and then a sharp decline in post-flowering stage. However,
it showed a dose-dependent decrease under Mancozeb
stress; the maximum decline coming with 0.25 % con-
centration (T4). In this case, percent variation attained its
maximum (58 %) during post-flowering stage (Fig. 4).
The ascorbate and glutathione contents (non-enzymatic
antioxidants) exhibited similar variation trend with respect
to age of the plant, i.e., initial increase up to the flowering
stage followed by a sharp decline in the post-flowering
phase of the plant life. However, the two compounds dif-
fered in their response to Mancozeb treatment. The
ascorbate content decreased, whereas the glutathione con-
tent increased over the control under Mancozeb stress. The
maximum decline (over 44 %) in ascorbate content was
observed with 0.25 % Mancozeb treatment (T4) at the
post-flowering stage, followed by the flowering, and thus
leaving the minimum for pre-flowering stages (Table 3).
Likewise, the dose-dependent increase in response to the
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Mancozeb concentration (%)

Fig. 2 Glutathione reductase activity as observed in the control as
well as Mancozeb-treated plants of Cassia angustifolia sampled at
pre-flowering, flowering and post-flowering stages

Mancozeb stress also touched its vertex (nearly 144 %)
with T4 at the post-flowering stage. However, the mini-
mum variation was observed here at the flowering stage
(Table 4).

Discussion

Herbicides are known to generate activated oxygen species,
which possibly contribute to the toxic effects of these
herbicides (Asada and Takahashi 1987; Halliwell 1987).
Increase in lipid peroxidation rate is regarded as a general
response to many stresses like heavy metals (Ansari et al.
2009; Khan et al. 2009; Diwan et al. 2010a, b), high
salinity (Hernandez et al. 2000; Arshi et al. 2010), and low
temperature (Rodionov et al. 1973). Lipid peroxidation,
due to increased production of toxic oxygen-free radicals is
used as a marker of oxidative stress (Huggett et al. 1992;
Chagas et al. 2008). TBARS, the cytotoxic products of
lipid peroxidation, are the major TBA-reacting compounds
that indicate the magnitude of oxidative stress (Qadir et al.
2004; Qureshi et al. 2005, 2007; Bashir et al. 2007).
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Fig. 3 Superoxide dismutase activity as observed in the control as
well as Mancozeb-treated plants of Cassia angustifolia sampled at
pre-flowering, flowering and post-flowering stages

Increased concentration of TBARS in C. angustifolia due
to Mancozeb treatment confirms the occurrence of intra-
cellular oxidative stress.

One of the diverse roles of proline in plants is to protect
cellular functions by scavenging reactive oxygen species
(Delauney and Verma 1993). Since plants respond to a
variety of environmental stress by accumulating specific
metabolites such as proline (Babber and Varghese 1996;
Arshi et al. 2010), increased proline accumulation in pes-
ticide-treated plants indicates that pesticides cause stress
situations (Bashir et al. 2007), as do environmental aber-
rations. Proline may affect solubility of various proteins
and protect them against denaturation under stressful con-
ditions (Alia et al. 1994). Increase in proline content may
be linked to stimulated proline oxidation or impaired pro-
tein synthesis (Delauney and Verma 1993).

Ascorbate peroxidase protects the cell from oxidative
damage by detoxifying the toxic HO, (Morimura et al.
1996). The increase in APX activity due to Mancozeb
treatment is suggestive of its role in detoxification of H,O,
under pesticide-induced oxidative stress. GR usually
operates in cycle with APX; increased GR activity with
increase in concentration of Mancozeb possibly shows that
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Fig. 4 Catalase activity as observed in the control as well as
Mancozeb-treated plants of Cassia angustifolia sampled at pre-
flowering, flowering and post-flowering stages. Bar diagrams show
the level (mean £ SE) of enzyme activity, while graphs depict the
percent variation from the control

either (1) the Asc—Glu cycle was operative at a high rate to
detoxify the ROS, or (2) the reduced glutathione pool was
maintained at a high level to ensure synthesis of phyto-
chelatins (Cobbett 2000; Stolt et al. 2003) and inactivate
pesticides by conjugate formation. Our observations on GR
activity confirm some earlier reports of GR upregulation
during oxidative stress (Reddy et al. 2005). Superoxide
dismutase (SOD) also plays a significant role in mitigating
and repairing the damage caused by the ROS (Bowler et al.
1992). The increased SOD activity in Mancozeb-treated
plants could be because of a de novo synthesis of enzy-
matic protein (Slooten et al. 1995; Allen et al. 1997). Many
other stressors have a similar effect on SOD (Anjum et al.
2008, 2011, 2012; Khan et al. 2009; Diwan et al. 2010a, b;
Hameed et al. 2011).

Catalase metabolizes peroxides liberated in peroxisomes
on conversion of glycolate during photorespiration. It cat-
alyzes conversion of hydrogen peroxide to water and
oxygen, using either an iron or manganese cofactor (Che-
likani et al. 2004). The significant dose-dependent decrease
in CAT activity at different stages of plant development
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Table 3 Variation in total ascorbate content (m mol g~ fr. wt.), as recorded at various stages of growth of Cassia angustifolia plants raised

from the control and Mancozeb-treated seeds

Treatments (%) Developmental stages

Pre-flowering Flowering Post-flowering
Control 8.09 £ 0.009 (0.0) 10.87 =+ 0.006 (0.0) 5.34 + 0.003 (0.0)
0.10 % 7.30 + 0.015% (9.83) 8.32 + 0.013* (23.42) 4.09 £ 0.01* (23.45)
0.15 % 7.25 + 0.027% (10.37) 8.03 + 0.015*° (26.03) 3.80 + 0.006™° (28.69)
0.20 % 6.58 + 0.032*"° (18.65) 7.42 £+ 0.013%° (31.7) 2.99 + 0.01%>° (43.85)
0.25 % 6.13 £ 0.021*>4 (24.16) 6.88 =+ 0.02*><9 (36.67) 2.96 =+ 0.054*5° (44.56)

Values indicate mean £ SE. Parentheses include percent variation

CD at 5 %: plant growth stages: 0.027, treatments: 0.035, treatment x growth stages: 0.062
* P < 0.001 vs control, ® P < 0.001 vs 0.10 %, ¢ P < 0.001 vs 0.15 %, * P < 0.001 vs 0.20 %

Table 4 Variation in total glutathione content (nmol g{1 fr. wt.), as recorded at various stages of growth of Cassia angustifolia plants raised

from the control and Mancozeb-treated seeds

Treatments (%) Developmental stages

Pre-flowering Flowering Post-flowering
Control 648.33 £+ 1.66 (0.0) 836.32 £+ 2.4 (0.0) 428.66 + 0.88 (0.0)
0.10 % 771.99 + 2.00* (19.07) 1,194.33 £ 2.02% (42.8) 575.66 + 2.96 (34.52)
0.15 % 889.66 + 1.76*° (37.22) 1,271.00 £ 1.15*° (51.97) 616.66 + 3.18*" (43.85)
0.20 % 1,195.66 + 2.9 (84.42) 1,538.66 & 0.33*" (83.97) 877.33 + 1.45*°¢ (104.66)
0.25 % 1,474.32 £ 0.67*> (127.4) 1,597.66 £ 3.18**¢ (91.03) 1,045.32 & 3.18*"4 (143.85)

Values indicate mean & SE. Parentheses include percent variation

CD at 5 %: plant growth stages: 2.62, treatments: 3.38, treatment x growth stages: 5.86
2 P <0.001 vs control, ° P < 0.001 vs 0.10 %, € P < 0.001 vs 0.15 %, ¢ P < 0.001 vs 0.20 %

could be due to disturbed enzyme synthesis or assembly of
enzyme subunits (MacRae and Fergusam 1985; Somashe-
karaiah et al. 1992). Alternatively, a flux of superoxide
radicals could inhibit CAT activity (Kono and Fridovich
1982). In any case, the situation confirms that pesticides
cause ROS formation (Scandalios 1992, 1993; Bashir et al.
2007). Intensity of stress, time of assay after stress, and
induction of new isozymes may affect CAT activity (Shim
et al. 2003).

Concentration of non-enzymatic cellular antioxidants,
such as ascorbate and glutathione, changes under oxidative
stress. Causes of depletion or decline of ascorbate content
include Mancozeb-caused disturbance with glutathione
(GSH)-independent DHAR, structural integrity of MDAR
or activity of PS-I. On the other hand, enhanced GSH level
under Mancozeb stress is suggestive of an active GSH
participation in detoxification of oxygen species and free
radicals. On the basis of similar observations, Nair et al.
(2012) have concluded that Triadimefon, a triazole fungi-
cide, increases the antioxidant capacity of Ocimum tenui-
florum by enhancing the response of various components of
antioxidant defence system.
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Conclusion

Our results suggest that a prolonged plant exposure to
pesticides enhances lipid peroxidation rate, indicating
degradation of cell membrane system, which would disturb
the key metabolic processes in plants and enhance ROS
production. The induced oxidative stress in C. angustifolia
showed positive correlation with Mancozeb concentration
applied, as was evident from the modulation of some
enzymatic and non-enzymatic components of antioxidant
defence system, to protect the plant from oxidative damage
by ROS. The decline in CAT activity was indicative of
disturbance in the synthesis or assembly of subunits of the
enzyme.

Author contribution All authors have made equal con-
tribution. U Majid and Mahmooduzzafar have been con-
cerned mainly with the experimental work and artwork
(drawing of Figures). TO Siddiqi and M Igbal have planned
and supervised the experiment, applied statistical treatment
and developed the paper manuscript for submission to the
journal.



Acta Physiol Plant (2014) 36:307-314

313

Acknowledgments The corresponding author was a visiting pro-
fessor at Plant Production Department, College of Food & Agricul-
tural Sciences, King Saud University, Riyadh (Saudi Arabia), when
this study was completed.

Conflict of interest All the four authors have contributed equally
towards the development of this manuscript. We declare that we have
no clash of interest.

References

Aebi H (1984) Catalase in vitro. Methods Enzymol 105:121-126

Alia K, Prasad VSK, Pardhasaradhi P (1994) Effect of zinc on free
radicals and proline in Brassica and Cajanus. Phytochemistry
39:45-47

Allen RD, Webb RP, Schake SA (1997) Use of transgenic plants to
study antioxidant defenses. Free Radic Biol Med 23:473-479

Anderson ME (1985) Determination of glutathione and glutathione
disulfide in biological samples. Methods Enzymol 113:555-570

Anjum NA, Umar S, Ahmad A, Igbal M (2008) Responses of
components of antioxidant system in mung bean genotypes to
cadmium stress. Commun Soil Sci Plant Anal 39:2469-2483

Anjum NA, Umar S, Igbal M, Khan NA (2011) Cadmium causes
oxidative stress in mung bean by affecting antioxidant enzyme
system and ascorbate-glutathione cycle metabolism. Russ J Plant
Physiol 58:92-99

Anjum NA, Ahmad I, Mohmood I, Pacheco M, Duarte AC, Pereira E,
Umar S, Ahmad A, Khan NA, Igbal M, Prasad MNV (2012)
Modulation of glutathione and its related enzymes in plants’
responses to toxic metals and metalloids—a review. Environ Exp
Bot 75:307-324

Ansari MKA, Ahmad A, Umar S, Igbal M (2009) Mercury-induced
changes in growth variables and antioxidative enzymes activities
in Indian mustard (Brassica juncea L.). ] Plant Interact
42:131-136

Arshi A, Ahmad A, Aref IM, Igbal M (2010) Effect of calcium
against salinity-induced inhibition in growth, ion accumulation
and proline contents in Cichorium intybus L. ] Environ Biol
31:939-944

Arshi A, Ahmad A, Aref IM, Igbal M (2012) Comparative studies on
antioxidative enzyme action and ion accumulation in soyabean
cultivars under salinity stress. J Environ Biol 33:9-20

Asada K, Takahashi M (1987) Production and scavenging of active
oxygen in photosynthesis. In: Kyle DJ, Osmond CJ, Arntzen CJ
(eds) Photoinhibition: topics in photosynthesis. Elsevier,
Amsterdam, pp 227-287

Babber VSS, Varghese TM (1996) Correlation between proline
accumulation and salt tolerance in chickpea (Cicer arietinum,).
J Indian Bot Soc 75:259-262

Bashir F, Mahmooduzzafar, Siddigi TO, Igbal M (2007) The
antioxidative response system in Glycine max (L.) Merr exposed
to Deltamethrin, a synthetic pyrethroid insecticide. Environ
Pollut 147:94-100

Bates LS, Waldren RP, Teare ID (1973) Rapid determination of free
proline for water stress studies. Plant Soil 39:205-207

Bowler C, Montagu MV, Inze D (1992) Superoxide dismutase and
stress tolerance. Annu Rev Plant Physiol Plant Mol Biol
43:83-116

Chagas RM, Silveira JAG, Ribeiro RV, Vitorello VA, Carrer H
(2008) Photochemical damage and comparative performance of
superoxide dismutase and ascorbate peroxidase in sugarcane
leaves exposed to paraquat-induced oxidative stress. Pesti
Biochem Physiol 90:181-188

Chelikani P, Fita I, Loewen PC (2004) Diversity of structures and
properties among catalases. Cell Mol Life Sci 61:192-208
Cobbett CS (2000) Phytochelatins and their roles in heavy metal
detoxification. Plant Physiol 123:825-832

Delauney AJ, Verma DPS (1993) Proline biosynthesis and osmoreg-
ulation in plants. Plant J 4:215-223

Dhindsa RH, Plumb-Dhindsa P, Thorpe TA (1981) Leaf senescence
correlated with increased level of membrane permeability, lipid
peroxidation and decreased level of SOD and CAT. J Exp Bot
32:93-101

Diwan H, Khan I, Ahmad A, Igbal M (2010a) Induction of
phytochelatins and antioxidant defence system in Brassica
juncea and Vigna radiata in response to chromium treatments.
Plant Growth Regul 61:97-107

Diwan H, Ahmad A, Igbal M (2010b) Chromium-induced modulation
in the antioxidant defense system during phenological growth
stages of Indian mustard. Int J Phytoremed 12:142-158

Foyer CH, Halliwell B (1976) The presence of glutathione and
glutathione reductase in chloroplasts; A proposed role in
ascorbic acid metabolism. Planta 133:21-25

Halliwell B (1987) Oxidative damage, lipid peroxidation and antiox-
idant protection in chloroplast. Chem Phys Lipids 44:327-340

Hameed A, Qadri TN, Mahmooduzzafar, Siddiqi TO, Igbal M (2011)
Differential activation of the enzymatic antioxidant system of
Abelmoschus esculentum L. under CdCl, and HgCl, exposure.
Brazilian J Plant Physiol 23:45-55

Heath RH, Packer L (1968) Photoperoxidation in isolated chloro-
plasts. In: kinetics and stoichiometry of fatty acid peroxidation.
Arch Biochem Biophys 125:189-198

Hernandez JA, Jimenez ZA, Mullineaux PM, Sevilla F (2000)
Tolerance of pea (Pisum sativum L.) to long-term salt stress is
associated with induction of antioxidant defences. Plant Cell
Environ 23:853-862

Huggett RJ, Kimerle RA, Mehrle PM Jr, Bergman HL (1992)
Biomarkers: biochemical, physiological, and histological mark-
ers of anthropogenic stress. Lewis Publishers, Boca Raton

Khan I, Ahmad A, Igbal M (2009) Modulation of antioxidant system
for arsenic detoxification in Indian mustard. Ecotoxicol Environ
Saf 72:626-634

Kono Y, Fridovich I (1982) Superoxide radical inhibits catalase.
J Biol Chem 257:5751-5754

Law MY, Charles SA, Halliwell B (1983) Glutathione and ascorbic
acid in spinach (Spinacia oleracea) chloroplast. Biochem J
210:899-903

MacRae EA, Fergusam IB (1985) Changes in catalase activity and
concentration in plants in response to low temperature. Physiol
Plant 65:51-56

Morimura T, Ohya T, Ikawa T (1996) Presence of ascorbate-
peroxidizing enzymes in roots of Brassica campestris L. cv.
Komatsuna. Plant Sci 117:55-63

Nair VD, Gopi R, Mohankumar M, Kavina J, Panneerselvam R
(2012) Effect of triadimefon: a tiazole fungicide on oxidative
stress defense system and eugenol content in Ocimum tenuiflo-
rum L. Acta Physiol Plant 34:599-605

Nakano Y, Asada K (1981) Hydrogen peroxide is scavenged by
ascorbate specific peroxidase in spinach chloroplasts. Plant Cell
Physiol 22:867-880

Qadir S, Qureshi MI, Javed S, Abdin MZ (2004) Genotypic variation
in phytoremediation potential of Brassica juncea cultivars
exposed to Cd stress. Plant Sci 167:1171-1181

Qureshi MI, Israr M, Abdin MZ, Igbal M (2005) Responses of
Artemisia annua L. to lead and salt-induced oxidative stress.
Environ Exp Bot 53:185-193

Qureshi MI, Abdin MZ, Qadir S, Igbal M (2007) Lead-induced
oxidative stress and metabolic alterations in Cassia augustifolia
Vahl. Biol Plant 51:121-128

@ Springer



314

Acta Physiol Plant (2014) 36:307-314

Rao MV (1992) Cellular detoxification mechanisms to determine age
dependent injury in tropical plants exposed to SO,. J Plant
Physiol 140:733-740

Reddy AM, Kumar SG, Jyothsnakumari G, Thimmanaik S (2005)
Lead induced changes in antioxidant metabolism of horsegram
(Macrotyloma uniflorum (Lam.) Verdc.) and bangalgram (Cicer
arietinum L.). Chemosphere 60:97-104

Rodionov VS, Nyuppieva CA, Zakharova LS (1973) Changes in the
galacto-and phospho-lipid content of potato leaves, exposed to
low temperature. Fiziol Rast 20:525-531

Scandalios JG (ed) (1992) Molecular biology of free radical
scavenging systems. Current communications in cell and
molecular biology, vol 5. Cold Spring Harbour Laboratory
Press, Cold Spring Harbor

Scandalios JG (1993) Oxygen stress and superoxide dismutase. Plant
Physiol 101:7-12

Shim IS, Momose Y, Yamamoto AH, Kim DWA, Usui K (2003)
Inhibition of catalase activity by oxidative stress and its
relationship to salicylic acid accumulation in plant. Plant Growth
Regul 39:285-292

@ Springer

Slooten L, Capiiau K, VanCamp W, Van Montagu M, Sybesma C,
Inze D (1995) Factors affecting the enhancement of oxidative
stress tolerance in transgenic tobacco over expressing Mn-SOD
in the chloroplast. Plant Physiol 107:737-780

Somashekaraiah SV, Padmaji K, Prasad ARK (1992) Phytotoxicity of
cadmium ions on germinating seedlings of mung bean (Phase-
olus vulgaris): involvement of lipid peroxidation in chlorophyll
degradation. Physiol Plant 85:85-89

Stolt JP, Sneller FEC, Bryngelsson T, Lundborg T, Schat H (2003)
Phytochelatin and cadmium accumulation in wheat. Environ Exp
Bot 49:21-28

Umar S, Diva I, Anjum NA, Igbal M, Ahmad I, Pereira E (2011)
Potassium-induced alleviation of salinity stress in Brassica
campestris L. Central Eur J Biol 6:1054-1063

Wauchope RD, Buttler TM, Hornsby AG, Augustijn-Beckers PWM,
Burt JP (1992) Pesticide properties database for environmental
decision-making. Rev Environ Contam Toxicol 123:1-157



	Antioxidant response of Cassia angustifolia Vahl. to oxidative stress caused by Mancozeb, a pyrethroid fungicide
	Abstract
	Introduction
	Materials and methods
	Thiobarbituric acid-reactive substances
	Proline content
	Enzyme assays
	Ascorbate content
	Glutathione content
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgments
	References


