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ABSTRACT

Rice, as one of the major cereal crops, is severely affected by water deficit in many regions. To better
understand zinc role under drought stress, a hydroponic trial was conducted in the Bogor Agricultural
University greenhouse where daytime temperature were 34°C to investigate the effects of zinc on plant
growth, antioxidant enzyme activities, and malondialdehyde content in two rice cultivars IR64 and
INPAGOS under drought stress. Rice seedlings were grow on modified Yoshida nutrient solution with
three different zinc concentrations, i.e., 0.15, 0.3 and 0.6uM and one control. The results showed that zinc
promoted rice growth subjected to drought by increasing leaf length, plant height and root length in both
rice cultivars except leaf length of INPAGOS prior drought stress. Superoxide dismutase and catalase
activities were significantly increased in IR64. In INPAGO5, increase of catalase activity was not
significant, whereas superoxide dismutase activity was significantly increased. Peroxidase activity was less
in INPAGOS than that of IR64. Malondialdehyde accumulation resulting from lipid peroxidation was
significantly reduced in root cell of both cultivars under zinc treatment after 8 days of drought. These
results suggest that zinc application increased antioxidant enzyme activities and resistance to drought
stress. Among zinc concentrations applied, 0.3uM seems more beneficiary for rice to overcome drought
stress. An adequate zinc concentration could be useful in preventing any damage in case of short period

of drought.
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INTRODUCTION

Rice (Oryza sativa L.) is an important food
crop around the world which feeds more than half
the world’s population (Khush, 2005). It is culti-
vated under various climatic conditions such as the
tropics, subtropics, semi-arid tropics and temperate
regions. An adequate water and nutrient supply
promote rice growth and increase its grain yields in
guantity and quality. However, plants including
rice are exposed to several environmental constrai-
nts that hinder their growth and development.
Among these, drought is one of the most dangerous
and causes severely damages at the cellular, tissue,
organs level and even the whole plant. It severely
limits plant growth and development which lead to
crop losses by deregulating plant defense systems,
modifying plant physiological, biochemical, (Upa-
dhyaya and Panda, 2004; Upadhyaya et al., 2008)
and molecular processes during vegetative and
reproductive phases. Most environmental stresses
including drought increase the production of
reactive oxygen species (ROS). Plant cell memb-
ranes are damaged due to an accumulation of
malondialdehyde (MDA) resulting from lipid
peroxidation (Dhindsa et al., 1981). Among many

plant defense systems against environmental
stresses, antioxidative defenses, osmotic adjust-
ment (Mahajan and Tuteja, 2005) and gene expre-
ssion are major mechanisms that help plant to
tolerate drought stress. Antioxidant enzymes such
as catalase (CAT), peroxidase (POX), and super-
oxide dismutase (SOD) act through detoxification
of ROS from plant cells and maintain the balance
between plant antioxidative defense and the
oxidative generation (Gill and Tuteja, 2010).

Zinc plays a crucial role in many functions of
plants, animals and human. Zinc-deficiency in
plants reduces crop yields, and the quality of crop
products is severely affected (Alloway, 2008). As
one of the essential microelements in plant, zinc is
a component of carbonic anhydrase and a stimu-
lator of aldolase (Satcher et al., 2011; Tsonev and
Lidon, 2012), nitrogen metabolism, cell multipli-
cation, pollen formation, photosynthesis, auxin and
carbohydrate synthesis, maintenance of the
integrity of biological membranes, resistance to
infection by certain pathogens, nucleic acid and
lipid metabolism in plants (Marschner, 1986;
Pahlsson, 1989; Alloway 2008). Some previous
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investigations on various plant species such as
cotton (Wu et al., 2015), sunflower (Eslami and
Dehghanzadeh, 2014), red cabbage (Hajiboland
and Amirazad, 2010), winter wheat (Karim et al.,
2012), safflower (Movahhedy-Dehnavy et al.,
2009), tea (Upadhyaya et al., 2013) showed the
relevant role that zinc plays in drought tolerance.
Although in plant zinc is important, it is highly
toxic and impairs plant growth and development at
high concentration. An adequate zinc supply is
necessary in order to maintain its function in plants.
However, several factors such as neutrality to
alkaline soils, high phosphate status, low organic
matter content, acidic soil of low total zinc status,
calcareous soils, permanently wet (waterlogged)
under paddy rice, high bicarbonate and/or
magnesium in soil or in irrigation water remain the
main causes of its deficiency in crops and soil
(Alloway, 2008).

The objective of this research was to inves-
tigate the effectiveness of zinc in alleviating the
adverse impacts of drought in rice. For this reason,
we hypothesized that zinc could reduce any
detrimental effects of drought in rice by increasing
the enzymatic activities and reducing lipid peroxi-
dation production. This research specifically deter-
mined zinc impacts on growth, some antioxidant
enzymatic activities, and malondialdehyde content
in two rice cultivars under drought stress.

MATERIALS AND METHODS

Plant growth conditions and treatments: Two
cultivars of rice IR64 and INPAGO5 seeds were
sterilized with 0.5% NaClO solution for 20
minutes, rinsed four times with deionized water,
soaked in distilled water at 27°C for 3 days for seed
imbibition, and germinated in petri dish in dark
condition at 27°C for 3 days. Rice seedlings of
uniform size were selected and transplanted to 2
liter container containing modified Yoshida solu-
tion in the greenhouse where daytime temperature
was 34°C . Each container contained 20 seedlings
and the experiment was repeated three times.

The composition of Yoshida nutrient solution
and the concentration of each element were as
follows: 40 ppm NHiNOs, 10 ppm NaH;POs-
2H,0, 40 ppm K,SOs, 40 ppm CaCl, 40 ppm
MgS0O4-7H20, 0.5 ppm MnClz-4H,0, 0.05 ppm
(NH4)6'MO7 024'4H40, 0.2 ppm H3BO3, 0.01 ppm
CUSO4'5H20, 2 ppm FeCI3-6H20, H,SO4 and
Citric acid (monohydrate) (Yoshida et al., 1976).
The concentrations of zinc in the nutrient solution
varied according to the treatments. The seedlings
were grown in three different concentrations of
zinci.e., 0.15, 0.3 and 0.6 uM and one control. The
pH of the solution was set to 5.0 until the seedlings
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were 21 days old. The culture solution was changed
two times per week. After 21 days, the seedlings
were transplanted to the nutrient solution contain-
ing 10 % PEG-6000 to simulate drought stress. The
longest duration of stress was 8 days. Fresh leaf and
root samples of both cultivars were collected at 0,
3 and 8 days of drought stress and stored at -80°C
for physiological and biochemical analysis.

Leaf length, plant height and root length
measurement: Leaf length, plant height and root
length were measured the first day of drought and
8 days after drought stress treatment by using a
ruler. Plant height was measured from the base of
shoot to the tip of longest leaf.

Superoxide dismutase enzyme activity: Super-
oxide Dismutase (SOD; EC 1.15.1.1) activity was
determined by following the method described by
Wau et al. (2014) with slight modification. Briefly,
0.125 g fresh leaf was ground on ice in 5 ml of
chilled extraction buffer containing 50 mM sodium
phosphate (pH 7.8), and the homogenate was
centrifuged at 3000 g for 15 min at 4°C. A reaction
mixture containing 1.5 ml 50 mM sodium phos-
phate (pH 7.8), 300 pl 130 mM methionine, 300 ul
750 uM nitro-blue tetrazolium (NBT), 300 ul 100
uM EDTA-Naz, 300 pl 20 uM riboflavin, 100 pl
enzyme extract and 100 ul distilled water was
illuminated for 15 min under fluorescent lamp and
the sample absorbance was read at 560 nm at 30
second interval for 3 min. One unit of SOD activity
was defined as the amount of enzyme correspon-
ding to 50% inhibition of the NBT reduction.
Catalase enzyme activity: Catalase (CAT; EC
1.11.1.6) activity assay was determined by
following the method used by Wu et al., (2014)
with little modification. 0.125 g fresh leaf was
ground on ice in 5 ml of chilled extraction buffer
containing 50 mM sodium phosphate (pH 7.8)
using mortar and pestle. The homogenate was
centrifuged at 3000 g for 15 min at 4°C. The absor-
bance of the reaction mixture containing 1.5 ml 50
mM sodium phosphate (pH 7.8), 300 ul 0.1 M
H20,, 200 pul enzyme extract and 1.0 ml distilled
water was read at 240 nm at 1 minute interval for
2 minutes.

Peroxidase enzyme activity: Peroxidase (POX;
EC 1.11.1.7) enzyme activity determination follo-
wed the method as described by Kar and Mishra,
(1976) with slight modification. The leaf (0.125 g)
was homogenized with 5 ml of chilled phosphate
buffer pH 6.8 (0.1 M) on ice by using mortar and
pestle. The homogenate was centrifuged at 4°C for
15 min at 3000 g. 100 pl of enzyme extract (super-
natant) was added to 2.5 ml of 0.2 M pyrogallol,
and 250 ul of 1 % H20, was added to the mixture.
The absorbance was then read at 420 nm at 30
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second interval for 2 minutes after 4 minutes of
reaction at 25°C.

Malondialdehyde determination: Malondialde-
hyde content was determined by applying the
method of Quan et al., (2004) with slight modi-
fication. Malondialdehyde (MDA) concentration
was determined as follows: 0.1 g of fresh rice root
was homogenized in 5ml of 10% trichloroacetic
acid (TCA), centrifuged at 3600 g for 34 min at
25°C. Four milliliters of 0.6% thiobarbituric acid
(TBA) in 10% TCA were added to 2 ml of the
supernatant. The mixture was heated in boiling
water at 80°C for 40 min, and then cooled in an ice
bath. After centrifugation at 3600 g for 10 min, the
absorbance at 450, 532 and 600 nm was deter-
mined. The MDA content (umol g? FW) was
calculated by the following formula:

[M DA] = 6.45(A532 - Aeoo) - 0.56A45o

Where Auso, Asz2 and Aggo represent the absorbance
of the mixture at 450, 532 and 600 nm respectively.

Statistical analysis: Analysis of variance
(ANOVA) was performed using SPSS software
23.0 edition. The means comparison was analyzed
using Duncan Multiple Range Test with a = 0.05.

RESULTS

Leaf length: Before onset of drought (3 weeks
after germination without drought stress), leaf
length significantly increased in IR64 (P<0.05) as
the concentration of Zn increase. However, there
was no difference in leaf length between control
and 0.15uM Zn treatment, whereas the leaf length
at 0.30 and 0.60uM Zn was significantly higher
than that of the control. In INPAGOS, the leaf
length was not significantly different among treat-
ments (Figure 1a). After 8 days of drought (Figure
2a), leaf length significantly increased in all zinc
treatments in both cultivars (P<0.05) compared to
the control. The maximum length was reached for
treatments 0.3 and 0.6uM Zn in IR64, whereas in
INPAGOS the maximum length was reached for
treatment 0.6pM Zn.
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Plant height: Prior to the drought stimulation,
plant height insignificantly increased in IR64 as
compared to the control, whereas statistically, a
significant increase in plant height was recorded in
INPAGOS cultivar. Plant height maximum reached
for treatment 0.6 uM in both cultivars (Figure 1b).
As can be seen in Figure 2b, the increase in plant
height after 8 days of drought was observed in all
levels of zinc treatments in both cultivars compared
to the control. The maximum height reached at 0.3
UM in both cultivars INPAGOS and IR64.

Root length: Root length significantly increased
(P< 0.05) in both cultivars at all treatment levels in
which the maximum length was in 0.3 pM (Figure
1c) before drought stress treatment started (3 weeks
after germination). A particular attention of root
length measurement after 8 days of drought (Figure
2c) indicated that in both cultivars, there was an
increase in root length in all treatments as
compared to the control. However, the difference
in root length was only significant in INPAGO5
cultivar.

Superoxide dismutase enzyme activity: SOD
activity before drought stress was higher at the
control level as compared to other treatments in
INPAGOS, whereas it was low in IR64 (Figure 3a).
After 3 days of drought, SOD activity insignifi-
cantly increased in IR64 in all treatment levels
dropped in both cultivars; but in IR64 there was an
insignificant increase with 0.6uM Zn compared to
the control. In INPAGOS, there was no difference
of SOD activity among the treatments (Figure 3b).
According to the statistical analysis, SOD activity
significantly enhanced in both cultivars after 8 days
of water stress as compared to the control (P<
0.05). The SOD activity increased by 25, 59, and
50% in INPAGO5, whereas in IR64 it increased by
60, 60 and 73% at 0.15, 0.3 and 0.6uM as compared
to the control. The maximum activity was reached
in 0.6uM of zinc in IR64 and 0.3uM in INPAGOS5
(Figure 3c) which indicate that zinc significantly
increased SOD activity in both cultivars after 8
days drought stress.
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Figure-1: Zinc application effect on leaf length (a), plant height (b) and root length (c) in two rice cultivars INPAGO5
and IR64 before drought in modified Yoshida solution (0, 0.15, 0.3 and 0.6 uM Zn). Bars represent
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Figure-2: Zinc application effect on leaf length (2), plant height (b) and root length (c) in two rice cultivars INPAGO5

and IR64 after 8 days of drought in modified Yoshida solution (0, 0.15, 0.3 and 0.6 uM Zn). Bars

represent standard error of mean. Dissimilar letters indicate difference between treatments.
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Figure-3: Zinc application effect on SOD activity in two rice cultivars INPAGOS5 and IR64 before drought (a), 3
days (b) and 8 days (c) of drought in modified Yoshida solution (0, 0.15, 0.3 and 0Zn ). Bars represent
standard error of the mean. Dissimilar letters indicate difference between treatments.

Catalase enzyme activity: Prior to the drought
stimulation, CAT activity was higher in 0.3uM Zn
treatment in IR64, whereas in INPAGOS, 0.6uM
Zn showed a higher activity of CAT (Figure 4a). In
IR64, there was a significant increase of CAT
activity in 0.3 and 0.6uM Zn treatments (P <0.05)
after 3 days of water stress, whereas in INPAGOS5,
the activity of CAT was slightly increased as
compared to the control (Figure 4b). As shown in
Figure 4c, catalase activity significantly increased
in IR64 (P< 0.05) in all treatments after 8 days of
drought stress, whereas in INPAGOS5, the increase
in cata-lase activity was not significant. It increased
by 19, 29%, in INPAGOS at 0.3 and 0.6uM Zn dec-
reased by 5% at 0.15uM Zn, and in IR64, it
increased by 42, 65 and 55% at the treatments of
0.15, 0.3 and 0.6uM Zn respectively compared to
the control. The highest activity was obtained at 0.3
and 0.6uM in IR64 and INPAGOS respectively.
Zinc increased catalase activity in both rice
cultivars.

Peroxidase enzyme activity: An increase in POX
activity in both cultivars was noted before the
drought stimulation started (Figure 5a). This
increase was only significant in IR64. The greater
POX activity was reached at 0.6uM Zn treatment
in both cultivars. As showed in Figure 5b, after 3
days of drought stress, there was a significant
difference in POX activity in INPAGOS5 cultivar.
The highest POX activity reached with 0.3uM Zn
treatment in IR64 and INPAGOS5 compared to the
control. At the end of drought stress (Figure 5c),
the increase of POX activity was not significant in
both cultivars. The activity of POX was decreased
by 23 and 6% at 0.15 and 0.6uM Zn respectively,
and increased by 10% at 0.3uM Zn in INPAGO5
compared to the control. However, in IR64, POX
activity was increased by 36, 56 and 48% at 0.15,
0.3 and 0.6uM Zn respectively. Zinc only increased
POX activity in IR64 cultivar.
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Figure-4: Zinc application effect on CAT activity in two rice cultivars INPAGOS5 and IR64 before drought (a), 3
days (b) and 8 days (c) of drought in modified Yoshida solution (0, 0.15, 0.3 and 0.6uM Zn). Bars
represent standard error of the mean. Dissimilar letters indicate difference between treatments.
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Malondialdehyde content: The results showed  drought and the use of zinc. It was recorded a
that before drought treatment (Figure 6a), MDA  significant decrease in MDA accumulation after 8
content was lower in INPAGOS5 in all treatmentsas ~ days of drought in both cultivars in all zinc
compared to the control. After 3 days of drought  treatments compared to the control (P< 0.05).
(Figure 6b), a reduction in MDA content was MDA content decreased by 19, 23 and 36% in
observed in all treatments in IR64, whereas in INPAGOS and by 13, 32 and 32% in IR64 at 0.15,
INPAGOS, it was observed an increase in MDA 0.3 and 0.6uM Zn respectively. The minimum
content in all treatments except 0.6uM Zn treat- MDA Zn treatment in both cultivars. Zinc consi-
ment. As can be seen in Figure 6¢c, MDA content  derably reduced MDA content in both rice cultivars
was significantly influenced in both cultivars by  after 8 days of drought stress.
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Figure-5: Zinc application effect on POX activity in two rice cultivars INPAGOS5 and IR64 before drought (a), 3
days (b) and 8 days (c) of drought in modified Yoshida solution (0, 0.15, 0.3 and 0.6uM Zn). Bars
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DISCUSSION

This study showed that zinc improved rice
growth by increasing leaf length, plant height and
root length after drought (Fig.2). It seems that zinc
up-regulates the synthesis of some plant growth
regulators such as auxin, gibberellin and cytokinin
which are involved in cell division, expansion and
elongation in different part of plant. It has been
shown that application of gibberellin (GA3) and
kinetin increased rice growth under water stress
conditions (Khan et al., 2016a). Khan et al.,
(2016b) reported that application of different
ZnS0O4 concentrations on Brassica junceae signify-
cantly increased root length, plant height under
water deficit. Wu et al., (2015) noted that the cotton
growth could be improved by zinc under drought.
It has also been shown that zinc foliar application
increased plant height under drought stress
(Thalooth et al., 2006).

Various environmental stresses affect the phy-
siological, biochemical and molecular processes of
plants. Plant exposure to environmental stresses
such as drought, heavy metal, salinity, cold, high
light, and extreme temperature leads to overpro-
duction of reactive oxygen species in plant cells.
ROS compounds are highly toxic and cause oxida-
tive damage at cellular level. To prevent or repair
these damages, plant cells increase antioxidant
activities. SOD, CAT and POX are some of anti-
oxidant enzymes present in plant that play a crucial
role in detoxification of ROS compounds. SOD is
the first key enzyme that plays a full role of protec-
ting the plant cell membrane against super-oxide
anion O, (Gratao et al., 2008). SOD converts
superoxide anion (O2) to hydrogen peroxide
(H202) which is then converted by CAT to water
and oxygen molecule (Bowler et al., 1992;
Willeken et al., 1997) for preventing the cellular
damages under any environmental stresses that
generate overproduction of ROS. In this study, it
was found that SOD and CAT activities increased
in both rice cultivars after 8 days of drought stress
(Fig.3c, 4c¢). Zinc effect on POX activity was more
effective in IR64 cultivar than in INPAGO?5 after 8
days of drought stress (Fig.4c). The increase in
SOD activity is related to an increase of free radical
production especially superoxide anion. The
increase in SOD and CAT activities showed that
zinc reinforced antioxidative defense system in
both rice cultivars so that they can easily detoxify
all excess of free radicals from plant cell to better
tolerate drought and reduce its harmful effects on
growth and metabolism process. Zinc concen-
trations of 0.3 and 0.6uM efficiently enhanced the
ability of antioxidant enzymes for reducing
oxidative damages. It could be deduced from this
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experiment that among the three antioxidant
enzymes assayed, SOD and CAT were more
involved in ROS-scavenging. However, in IR64
cultivar, zinc increased POX activity. Zhang et al.,
(2014) found that zinc finger protein 36 gene
(ZFP36) increased some enzyme activities such as
superoxide dismutase and ascorbate peroxidase for
increasing rice plants tolerance against water stress
and oxidative stress. It has been showed that SOD,
POX and CAT activities were increased under
drought stress with zinc application in wheat and
common bean (Yavas and Unay, 2016; Sharaf et
al., 2016). zZinc foliar application on sunflower
(Helianthus annuus L.) under water deficit
increased SOD activity (Zafar et al., 2014).
Similarly, in cotton and corn, zinc application
significantly increased the activities of SOD and
CAT under drought stress (Moghadam et al., 2013;
Wu et al., 2015). Weisany et al., (2012) reported
that zinc application increased CAT and POX
activities in soybean (Glycine max L.) under
salinity stress. Zinc application increased SOD
activity in tobacco (Yu et al., 1998).
Malondialdenyde is the product of lipid per-
oxidation that indicates cell membrane damages
during stresses (Moore and Roberts, 1998). A
weak plant defense system is the cause of the
permanence overproduction of ROS during
environmental stresses that lead to high MDA
accumulation and then cell membrane desta-
bilization, which loses its properties and functions.
In that condition, cells are exposed to any external
attack that delays their metabolism, so that cell
regeneration becomes a major problem to the plant.
This experiment revealed that zinc deficiency in
rice nutrition increased MDA accumulation during
drought stress (Fig.5c). This accumulation could
accelerate plant leaves senescence. Unlike control,
MDA content significantly decreased in both
cultivars in all zinc treatments. However, it was
lower in 0.3 and 0.6uM treatments in both cultivars
as compared to 0.15uM treatment and control. This
decline in MDA accumulation was related to the
enzyme activities which scavenged oxidative stress
by reducing its influence on cell membranes. It also
shows zinc-efficiency in both rice cultivars that are
exposed to drought stress. Elimination of ROS
excess from the tissue by enzyme activities avoids
MDA accumulation in the plant cells. Zinc plays a
relevant role in prevention or inactivation of ROS
compounds, protection and stabilization of cell
membrane against harmful effects of environ-
mental stresses. This finding is in agreement with
that of Wu et al., (2015) who found that MDA
content was lower in zinc application in cotton than
zinc-deficient under PEG-6000 simulated drought
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stress. Zinc application reduced lipid peroxidation
in soybean under salinity stress (Weisany et al.,
2012).

CONCLUSION

This research reveals that zinc reduces the
harmful effects of drought stress in rice by increa-
sing the antioxidant enzyme activities. In addition,
0.3uM zinc concentration seems more advanta-
geous for rice under and without drought stress.
Zinc may be used in adequate concentration
especially in the regions in need for improving the
guantity and quality of rice grain yield, and also for
preventing any damage that can occur in rice plant
during water deficit in short term.
Acknowledgements: The research was funded by
the Laboratory of Plant Physiology and Molecular
Biology, Departmentof Biology, Bogor Agricultural
University, Bogor, Indonesia and partially funded
by PMDSU Research Project 2016, Indonesian
Ministry of Research, Technology, and Higher
Education, contract # 330/SP2H/LT/DPRM/IX/
2016, c.qg. Dr. Miftahudin.

REFERENCES

Alloway, B.J., Zinc in soils and crop nutrition. 2"
Edition . International Zinc Association Brus-
sels, Belgium and International Fertilizer
Industry Association Paris, France 10-46
(2008).

Bowler, C., M.V. Montagu and D. Inzé, Supe-
roxide dismutase and stress tolerance. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 43: 83-
116 (1992).

Dhindsa, R.S., P. Plumb-Dhindsa and T.A. Thorpe,
Leaf senescence: correlated with increased
levels of membrane permeability and lipid
peroxidation, and decreased levels of super-
oxide dismutase and catalase. J. Exp. Bot. 32
(1): 93-101 (1981).

Eslami, M. and H. Dehghanzadeh, The effect of
zinc on yield and yield components of
sunflower (Helianthus annuus L.) under
drought stress. Sci. J. Crop. Sci. 3 (6): 61-65
(2014).

Gill, S. S. and N. Tuteja, Reactive oxygen species
and antioxidant machinery in abiotic stress
tolerance in crop plants. Plant Physiol
Biochem. 48: 909-930 (2010).

Gratao, P.L., C.C. Monteiro, A.M. Antunes, L.
Peres and R.A. Azevedo, Acquired tolerance
of tomato (Lycopersicon esculentum cv.
Micro -Tom) plants to cadmium-induced
stress. Ann. Appl. Biol. 153 (3): 321-333
(2008).

Hajiboland, R. and F. Amirazad, Drought tolerance
in Zn-deficient red cabbage (Brassica

Pak. J. Biotechnol.

oleracea L. var. capitata f. rubra) plants.
Hortic. Sci. 37 (3): 88-98 (2010).

Kar, M. and D. Mishra, Catalase, Peroxidase and
Polyphenol Oxidase Activities during rice leaf
senescence. Plant Physiol. 57 (2): 315-319
(1976).

Karim, M.R., Y.Q. Zhang, R.R. Zhao, X.P. Chen,
F.S. Zhang and C.Q. Zou, Alleviation of
drought stress in winter wheat by late foliar
application of zinc, boron, and manganese. J.
Plant Nutr. Soil Sci. 175: 142-151 (2012).

Khan, R., S. Gul, M. Hamayun, M. Shah, A.
Sayyed, Ismail, H.A Begum and H. Gul,
Effect of Foliar Application of Zinc and
Manganese on Growth and Some Biochemical
Constitu-ents of Brassica Junceae Grown
under Water Stress. American-Eurasian J.
Agric. and Environ. Sci. 16 (5): 984-997
(2016a).

Khan, S.U, A.R. Gurmani, Jalal-Ud-Din, A.
Qayyum, K.S. Abbasi, M. Liaquat and Z.
Ahmad, Exogenously applied gibberellic acid,
indole acetic acid and kinetin as potential
regulators of source-sink relationship, physio-
logical and yield attributes in rice (Oryza
sativa) genotypes under water deficit condi-
tions. Inter. J. Agric . Biol. 18 (1): 139-145
(2016b).

Khush, G.S., What it will take to feed 5.0 billion
rice consumers in 2030. Plant Mol. Biol. 59
(1): 1-6 (2005).

Mahajan S. and N. Tuteja., Cold, salinity and
drought stresses: an overview. Arch.
Biochem. Biophys. 444 (2): 139-158 (2005).

Marschner, H., Mineral nutrition of higher plants,
2" Edition. Academic Press, London. p 674
(1986).

Moghadam, H.R.T, H. Zahedi and A. Ashkiani,
Effect of zinc foliar application on auxin and
gibberellin hormones and catalase and super-
oxide dismutase enzyme activity of corn (Zea
mays L.) under water stress. Maydica. J. 58:
218-223 (2013).

Moore, K. and L. J. Roberts, Measurement of lipid
peroxidation. Free Radic. Res. 28: 659-671
(1998).

Movahhedy-Dehnavy, M., S.A.M. Modarres-
Sanavy and A. Mokhtassi-Bidgoli, Foliar
application of zinc and manganese improves
seed yield and quality of safflower (Cartha-
mus tinctorius L.) grown under water deficit
stress. Ind. Crops. Pro. 30 (1): 82-92 (2009).

Pahlsson, A.M.B., Toxicity of heavy metals ( Zn,
Cu, Cd, Pb) to vascular plants. Water, Air and
Soil pollution 47 (3): 287-319 (1989).



Vol. 14 (2) (2017)

Quan, R., M. Shang, H. Zhang, Y. Zhao and J.
Zhang, Improved chilling tolerance by trans-
formation with betA gene for the enhancement
of glycinebetaine synthesis in maize. Plant
Sci. 166 (1): 141-149 (2004).

Satcher, J.H., S.E. Baker, H.J. Kulik, C.A. Valdez,
R.L. Krueger, F.C. Lightstone and R.D. Aines,
Modeling, synthesis and characterization of
zinc containing carbonic anhydrase active site
mimics. Energy Proc. 4: 2090-2095 (2011).

Sharaf, E.M. A.M., A.R. Sofy, M.R. Sofy and A.S.
Mabrouk, Effect of zinc on antioxidant
enzyme activities of common bean under
drought stress. J. Biol. Chem. Research. 33
(2): 669-676 (2016).

Thalooth, A.T., M.M. Tawfik and H. Magda
Mohamed, A comparative study on the effect
of foliar application of zinc, potassium and
magnesium on growth, yield and some chemi-
cal constituents of mungbean plants grown
under water stress conditions. World J. Agric.
Sci. 2 (1): 37-46 (2006).

Tsonev, T. and F.J.C. Lidon, Zinc in plants-An
overview. Emir J. Food Agric. 24 (4): 322-333
(2012).

Upadhyaya, H. and S.K. Panda, Responses of
Camellia sinensis to drought and rehydration.
Biol. Plant. 48 (4): 597-600 (2004).

Upadhyaya, H., S.K. Panda and B.K. Dutta,
Variation of physiological and antioxidative
responses in tea cultivars subjected to elevated
water stress followed by rehydration recovery.
Acta Physiol. Plant. 30 (4): 457-468 (2008).

Upadhyaya, H., B.K. Dutta and S.K. Panda, Zinc
modulates drought induced biochemical
damages in tea [Camellia sinensis (L) O
Kuntze]. J. Agric Food. Chem. 61 (27): 6660-
6670 (2013).

Weisany, W., Y. Sohrabi, G. Heidari, A.
Siosemardeh and K. Ghassemi-Golezani,
Changes in antioxidant enzymes activity and
plant performance by salinity stress and zinc
application in soybean (Glycine max L.). Plant
Omic. 5 (2): 60-67 (2012).

Physiological responses of rice ..... 181

Willeken, H., S. Chamnongpol, M. Davey, M.
Schraudner, C. Langebartels, M.V. Montagu,
D. Inzé and W.V. Camp, Catalase is a sink for
H,O and is indispensable for stress defence in
Csplants. EMBO J. 16: 4806-4816 (1997).

Wu, S,, C. Hu, Q. Tan, Z. Nie and X. Sun, Effects
of molybdenum on water utilization, antioxi-
dative defense system and osmotic adjustment
ability in winter wheat (Triticum aestivum)
under drought stress. Plant Physiol. Biochem.
83: 365-374 (2014).

Wuy, S., C. Hu, Q. Tan., L. Li, K. Shi, Y. Zheng and
X. Sun, Drought stress tolerance mediated by
zinc-induced antioxidative defense and osmo-
tic adjustment in cotton (Gossypium hirsu-
tum). Acta Physiol. Plant. 37: 167 (2015).

Yavas, |. and A. Unay, Effects of zinc and salicylic
acid on wheat under drought stress. J. Ani &
Plant Sci. 26 (4): 1012-1018 (2016).

Yoshida, S., D.A. Forno, J.H. Cock and K.A.
Gomez, Laboratory manual for physiological
studies of rice. 3" Edition. The International
Rice Research Institut. Manila Philippines Pp.
62 (1976).

Yu, Q., L. Osborne, and Z. Rengel, Micronutrient
Deficiency Changes Activities of Superoxide
Dismutase and Ascorbate Peroxidase in
Tobacco Plants. J. Plant Nutr. 21 (7): 1427-
1437 (1998).

Zafar, S., M. Nasri, H.R.T. Moghadam and H.
Zahedi, Effect of zinc and sulfur foliar
applications on physiological characteristics
of sunflower (Helianthus annuus L.) under
water deficit stress. Int. J. Biosci. 5 (12): 87-
96 (2014).

Zhang, H., Y. Liu, F. Wen, D. Yao, L. Wang, J.
Guo and M. Jiang, A novel rice C2H2-type
zinc finger protein, ZFP36, is a key player
involved in abscisic acid-induced antioxidant
defence and oxidative stress tolerance in rice.
J. Exp. Bot. 65 (20): 5795-5809 (2014).



