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Abstract Zinc (Zn) is an important micronutrient for the
physiology of plants. It is poorly available to the plants in soil
solution. A pot experiment was conducted to evaluate effec-
tiveness of various Zn application methods on key enzyme
activities and protein content of two contrasting rice geno-
types viz., PD16 (Zn efficient) and NDR359 (Zn inefficient).
The treatments were, control (0 mg Zn kg™ soil), soil appli-
cation (5 mg Zn kg ' soil), foliar application (0.5 % ZnSO4+
0.25 % lime at 30, 60 and 90 days after transplanting), soil
(5 mg Zn kg ' soil) + foliar application of 0.5 % ZnSO4+
0.25 % lime at 30, 60 and 90 days after transplanting.
Among all the methods tested soil+foliar application of Zn
fertilizers was found most effective in increasing superoxide
dismutase (SOD) and carbonic anhydrase (CA) activities as
well as chlorophyll and protein content in both the rice varie-
ties. NDR359, showed higher enzyme activities and more
chlorophyll content in leaves than PD16, when Zn was
applied either through foliar spray alone or in soil along with
foliar application. Regarding the protein content in grains,
PD16 showed higher protein content than NDR359, thus
showed better translocation of Zn from leaves to grains.
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Introduction

Rice (Oryza sativa L.) is an important staple food crops
among all the cereals. About 90 % of rice grown and con-
sumed in south and southeast Asia. In some parts of the world
consumption of rice is as high as 990 g per person per day
(Sharma et al. 2015). Due to polishing, rice grains are deficient
for most of the micronutrients especially Zinc (Zn) and iron
(Fe). Irrespective of the rice grain, nearly half of the cereal-
growing areas of the world are Zn deficient (Cakmak 2002).
The most critical conditions are in arid and semiarid regions,
where soil organic matter content is low while pH and CaCO;
content in soils are high (Mirzapour and Khoshgoftar 2006).
Zinc deficiency affects one third of the world’s population. In
developing countries, this problem is more serious, where as
much as 50 to 70 % of the daily calorie intake is derived from
cereal grains (Cakmak 2008). In India, 47 % of the soils are Zn
deficient. Critical limit of a nutrient in soils refers to a level
below which the crops will readily respond to its application.
This critical limit varies with soil, crops and varieties. Critical
limit of Zn for rice was 0.74+0.18 ppm across the soils and in
different agro-ecological regions of India (Muthukumararaja
and Sriramachandrasekharan 2012).

Regarding the importance of Zn, it is an essential element
for all organisms. In its oxidized Zn (II) form, it acts as a
catalytic or structural co-factor in a large number of enzymes
and regulatory proteins (Maret 2009). Well-known examples
of the enzymes in plants that contain Zn as a cofactor include
SOD, CA, alcohol dehydrogenase and the structural Zn-finger
domains mediating DNA-binding of transcription factors and
protein-protein interactions (Sinclair and Kraemer 2012). Zinc
also plays an important role in seed development and Zn-
deficient plants show delayed maturity (Hansch and Mendel
2009). In higher organisms, it is reported that approximately
3000 proteins contain Zn as a prosthetic group. Zinc ions also
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act as a neurotransmitter in humans and cells of the salivary
gland, prostate gland, immune system and intestine use Zn for
signaling (Sharma et al. 2015). Many plant processes are reg-
ulated by Zn containing enzymes such as CO, fixation,
maintenance of biological membranes, protein synthesis,
auxin synthesis and formation of pollen grains. Micronutrient
Zn deficiency can also adversely affect the quality of har-
vested products, susceptibility of plants against high
light, high temperature and fungal infection
(Herschfinkel et al. 2007).

Considering the deficiency status of Zn in soil and its
importance for both plants and humans, an attempt has
been made to evaluate the effects of various methods of
Zn application on key enzymes and quality of rice
grains.

Materials and methods

The experimental soil was collected from E1 plot of Norman
E. Borlaug Crop Research Center, G. B. Pant University of
Agriculture and Technology, Pantnagar, India. The soil had
sandy loam texture, 7.4 pH and 0.266 dSm™' E.C., 10.5 g
organic C, 0.47 mg DTPA extractable Zn kg ' soil and
25.3 mg DTPA extractable Fe kg ' soil. In order to study the
translocation pattern of Zn, two contrasting genotypes of
rice were used for the experiment viz. Pant Dhanl6 (Zn
efficient) and NDR359 (Zn inefficient). The efficient
and non efficient genotypes were decided by 2 years
consecutive field experiments with 20 more genotypes.
Seedlings of both rice varieties were raised in plastic
trays filled with this soil.

The soil was filled in plastic pots of 4 kg capacity. A basal
dose 0f22.3 mg N, 11.6 mg P and 18.5 mg K kg soil, using
stock solutions of urea, KH,PO, and KCl, respectively was
applied to all the pots. The treatments tested in triplicate were:
control (0 mg Zn kg " soil), soil application (5 mg Zn kg
soil), foliar spray (0.5 % ZnSO4+0.25 % lime at 30 (tillering),
60 (panicle initiation) and 90 (grain filling) days after
transplanting), soil application (5 mg Zn kg™' soil)+foliar
spray 0.5 % ZnSO4+0.25 % lime at 30 (tillering), 60 (panicle
initiation) and 90 (grain filling) days after transplanting.
After soil application of Zn in the specified treatments,
the soil of each pot was thoroughly mixed, flood irri-
gated and left for 3 days for equilibration. Five seedlings
(21 days old) of both rice varieties PD16 and NDR359 were
planted in each pot. The solution of fertilizer applied in each
foliar spray was 10 ml pot .

The statistical design was two factorial completely
randomized design and the data analysis was done by
analysis of variance (ANOVA) using a software devel-
oped by the university. The means were tested for sig-
nificance at P<0.05.
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Super oxide dismutase (SOD) activity

The SOD activity was estimated in vitro in the freshly harvest-
ed leaves as described by Giannopolitis and Ries 1977. The
composition of reaction mixture (3.0 ml) was 50 mM phos-
phate buffer (pH 7.8), 0.1 uM EDTA, 13 mM methionine,
75 uM NBT, 2 uM riboflavin and 100 pl of enzyme extract.
Riboflavin was added in the end and the tubes were illuminat-
ed with fluorescent tubes of 20 W after proper shaking.. After
an incubation period of 15 min the light was switched off and
the tubes were kept in dark. Absorbance of the samples was
recorded at 560 nm. One unit of SOD activity (U) is defined as
the amount of enzyme required to inhibit photoreduction of
NBT by 50 % and is expressed as U mg ' of fresh weight.

Estimation of carbonic anhydrase (CA) activity

The carbonic anhydrase activity (CA activity) was estimated
in vitro in the freshly harvested leaves at flowering by using
the method described by Rickli et al. 1964. Extraction of the
carbonic anhydrase from rice leaf samples was done according
to the method described by Everson and Slack 1968.
Sufficiently diluted enzyme extract (1 ml) was added to the
0.0025 M veronal buffer (pH 8.2) containing bromothymol
blue and then 2 ml of cold saturated CO, solution was injected
by means of a syringe into the veronal buffer. The time dura-
tion of the CO, solution injection to the color change of indi-
cator from blue to yellow was recorded.

Chlorophyll quantification

Chlorophyll was quantified at flowering using the protocol
given by Hiscox and Israelstam 1979. Fifty milligrams of
fresh leaf sample was taken and chopped into small pieces.
Ten milliliters DMSO (Dimethyl sulphoxide) was added in
each test tube and thereafter incubated for 3 h at 65 °C in an
oven allowing chlorophyll extraction from the leaves. The
clear supernatant was taken and absorbance was recorded at
the wavelength 663 and 645 nm, using DMSO as a blank.

Quantification of proteins in grains

Extraction of total proteins from rice seeds was carried
out according to the method followed by Reza et al.
2005. Rice grains (1 g) were finely powdered
and stirred with 5 ml of cold extraction buffer. Add
2 mM of phenylmethanesulfonyl fluoride (PMSF) to it. The
mixture was centrifuged at 10,000g for 20 min at 4 °C.
Supernatant was collected and stored at —20 °C for further
use. Proteins in each plant samples were quantified by
Bradford’s method. A standard curve was prepared using
stock solutions (1 mg/ml) of bovine serum albumin (BSA).
The absorbance of all known standards and unknown samples
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was recorded at 595 nm in spectrophotometer. Amount of
protein in the unknown sample was calculated with the help
of standard curve.

Results and discussion
Superoxide dismutase (SOD) activity

The effect of different methods of zinc application on SOD
activity in leaves of both the rice varieties is shown in Fig. 1.
Main effect of treatments on SOD activity was found to be
statistically significant. Soil application of 5 mg Zn kg ' soil
along with foliar application of 0.5 % zinc sulphate solution
was reported to be most effective among all the methods of Zn
application and increased the SOD activity by 27.0 % as com-
pared to no application of Zn. Foliar spray of 0.5 % zinc
sulphate solution and soil application of 5 mg Zn/kg of soil,
individually increased the SOD activity by 20.0 and 10.5 %,
respectively, as compared to control. Main effect of varieties
was found to be statistically significant and variety NDR359
showed higher enzyme activities as compared to PD16.
Influence of interaction effect of variety and treatments on
the SOD activity was found statistically nonsignificant.
Superoxide dismutase uses Zn as a cofactor and its activity
depend on it. It is most important enzyme in neutralizing re-
active oxygen species in chloroplast and protects photosyn-
thetic apparatus from photooxidation. Results of the present
investigation clearly showed that soil application of 5 mg
Zn kg soil+foliar spray of 0.5 % zinc sulphate solution was
most effective for increasing SOD activity in both the rice
varieties. It might be due to that Zn efficient genotypes contain

higher concentration of physiologically active Zn in their
leaves at soil+foliar application on Zn and thus showed higher
Cu/Zn-SOD activity. Under Zn deficiency, a reduction in the
Cu/Zn SOD activity was recorded and the reduction was more
in Zn inefficient wheat genotypes (Cakmak et al. 1999). Total
SOD activity in leaf extract of wild type Medicago truncatula
increased from 6.7 to 9.2 units SOD mg protein ' (1.4 fold)
when the Zn application was increased from 0 to 3 uM
(Millan et al. 2005). In an another study, SOD activity in-
creased with increasing Zn levels in different wheat genotypes
and the maximum was found with soil application of Zn along
with its foliar spray (Bharti et al. 2013).

Carbonic anhydrase (CA) activity

Carbonic anhydrase activity in leaves of both the rice varieties
under different methods of Zn application is presented in
Fig. 2. It was found to be increased with different Zn regimes;
however the effect of treatments was statistically not signifi-
cant. Among the various methods of Zn applications soil
application of 5 mg Zn/kg soil along with foliar appli-
cation of 0.5 % zinc sulphate solution was found to be
most effective and increased the enzyme activity by
34.8 % over control. Application of 0.5 % zinc sulphate
solution foliarly and soil application of 5 mg Zn/kg soil
increased the activity of CA by 22.2 and 8.2 %, respec-
tively. Main effect of varieties significantly influenced
the CA activity and PD16 showed higher activity in
comparison to NDR359. Regarding the main effect of
interaction between treatments and varieties was found
statistically nonsignificant.
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Fig. 2 Effect of different
methods of zinc application on
carbonic anhydrase (CA) activity
(Units mg " fr. wt.) in leaves of
two contrasting rice genotypes at
flowering. Vertical bars indicate+
standard deviation
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Another potential Zn containing enzyme is carbonic
anhydrase that may be used to estimate physiological avail-
ability of Zn. Carbon-di-oxide hydration reaction in C4 plants
is catalyzed by this enzyme and Zn is an integral part of this
enzyme. Enzyme activity occurs in chloroplasts and cyto-
plasm which depends on Zn concentration in the plant cell.
CA activity increased with increasing Zn levels and the max-
imum activity was recorded with soil application of 5 mg
Zn kg ' soil along with foliar application of 0.5 % zinc sul-
phate solution. As combined soil+foliar application of Zn in-
creased the concentration of physiologically active Zn in the
leaves, it enhanced the CA activity in leaves. It was earlier
reported that activity of CA decreased in many plant species as
a consequence of Zn deficiency (Gibson and Leece 1981). A
Zn inefficient wheat genotype when grown under Zn deficient
conditions showed reduced activity of CA (Hacisalihoglu
etal. 2003). Carbonic anhydrase activity in leaf extract of wild
type plants of Medicago trancatula increased from 5.2 to 14.7
units CA mg protein ' s ' when Zn supply in the nutrient
solution was increased from 0 to 5 uM (Millan et al. 2005).

Total chlorophyll content

The total chlorophyll content in leaves of both contrasting rice
varieties is shown in Fig. 3. Regarding the methods of Zn
application the main effect of different treatments on total
chlorophyll content was found to be statistically significant.
Maximum chlorophyll content was found to be at combined
soil application of 5 mg Zn kg ' soil and foliar spray of 0.5 %
zinc sulphate and the increment was recorded 85.3 % in com-
parison to control (0 Zn application). An increment of 65.3 %
in total chlorophyll content was reported by the foliar appli-
cation of 0.5 % zinc sulphate solution whereas least increment
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(37.6 %) was found by the soil application of 5 mg Zn/kg soil
as compared to without application of Zn. Irrespective of the
Zn application methods the main effect of varieties on total
chlorophyll content was found to be statistically nonsignifi-
cant. However, PD16, a zinc efficient variety contains higher
chlorophyll content than NDR359, a zinc inefficient variety.
The effect of interaction between variety and treatments on
total chlorophyll content in leaves of both the rice varieties
was found to be statistically non significant.

Zinc is found to be involved in chlorophyll biosynthesis via
its important role in protein expression and carbohydrate me-
tabolism. Photosynthetic rate in maize leaves was reduced
under Zn deficiency. Chen et al. 2008, reported a decrease in
photosynthetic rate by 42 % in IR8192 (Zn efficient genotype)
and by 88 % in Erjiufeng (Zn inefficient variety) under Zn
deficient conditions. This reduced photosynthetic rate was due
to reduced chlorophyll biosynthesis under Zn deficiency. Bal
etal. 2012 also reported more than double chlorophyll content
in rice with the application of PGPR as compared to control
which increased the availability of Zn in the soil. In rice leaves
chlorophyll ‘a’ and chlorophyll ‘b’ content was found to be
increased by a factor of 43 and 41 % respectively in response
to Zn fertilization as compared to control (Arif et al. 2012).

Protein content

The effect of different methods of Zn application on protein
content in grains of both contrasting rice varieties viz. PD16
and NDR359 is shown in Fig. 4. Different methods of Zn
application significantly affect the protein content in grains
of both the varieties. Among the various methods of Zn ap-
plication, soil application of 5 mg Zn/kg soil along with foliar
spray of 0.5 % zinc sulphate solution was reported most
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Fig. 3 Effect of different 3.0 1
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total chlorophyll content (mg g™
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effective in increasing protein content in grains of both the rice
varieties and the percent increment was 40.6 as compared to
no application of Zn. Foliar application of 0.5 % zinc sulphate
solution and soil application of 5 mg Zn/kg soil individually
increased the protein content by 23.4 and 10.7 % respectively,
in comparison to control. The main effect of varieties signifi-
cantly influenced the protein content in grains of both rice
varieties and the variety PD16, contain higher protein content
than NDR359. The main effect of interaction between variety
and treatments affects the protein content nonsignificantly.
Results of the study showed that increasing levels of Zn
enhanced the protein content in grains of both the varieties and
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the Zn efficient variety (PD16) showed greater increment in
protein content as compared to NDR359, Zn inefficient vari-
ety. It might be due to that Zn is a part of many regulatory
proteins such as Zn finger motifs that regulate gene expression
and hence enhance the synthesis of proteins (Roy et al. 2012).
Similar results have been also reported by Morshedi and
Farahbakhshb 2010, who showed maximum grain protein
content in wheat under 40 kg Zn ha™' as compared to without
application of Zn. Similarly, Morgounov et al. 2007 and Roy
et al. 2014 also reported a positive and close relationship be-
tween Zn levels and protein concentration in wheat and gram
seed respectively.
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Conclusion

Such a poor availability of Zn in soil gives an idea to supply
Zn fertilizers through foliar spray as well as through both soil+
foliar application. Among various methods tested in the study
soil along with foliar application of Zn was found most effec-
tive in increasing SOD, CA activities and improving nutrition-
al quality of grains. In future the results of present study can be
useful in rice improvement programme for the development of
stress tolerant genotypes and varieties with high protein con-
tent in the grains.
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