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Abstract A field study was carried out to investigate the
effect of three Zn levels 0, 20 kg ZnSO4 ha ' and 20 kg
ZnSO, ha '+ foliar spray of 0.5 % ZnSO, on superoxide
dismutase activity, acid phosphatase activity and grain yield
and a pot experiment to study the effect of zinc deficient and
sufficient conditions on organic acid exudation. Increasing Zn
levels was established as beneficial in improving the enzyme
activities of genotypes. Combined foliar and soil application
of Zn proved to be superior of all the treatments. Zinc appli-
cation resulted in a maximum increment limit of 96.8 % in
superoxide dismutase activity, 75.76 % in acid phosphatase
activity, and a decrement limit of 88.57 % in oxalic acid
exudation irrespective of stages and year of study. The in-
creased enzyme activities had a positive impact on grain yield.
As an average of all genotypes an improvement of 19.88 % in
2009 and 21.29 % in 2010 due to soil application while of
16.45 % in 2009 and 13.01 % in 2010 due to combined
application was calculated for grain yield. There existed a
variation among genotypes in showing responses towards zinc
application and the genotypes UP 2584 and PBW 550 were
found to be more responsive.
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Introduction

Zinc is a ubiquitous micronutrient required as a structural and
functional component of many enzymes and proteins. It is a
cofactor of about 300 enzymes (Coleman 1998) and plays a
vital role in transcriptional and post transcriptional processes,
protein degradation and protein-protein interactions
(Marschner 1995). In this way it participates in plant metab-
olism, growth and development. Unfortunately the uptake
limits from the soil to the plants are seldom met as 50 % of
the soil samples around the world are found to be zinc defi-
cient (Sillanpaa 1990). Zinc deficiency in soil is mainly due to
decreased availability of zinc and its low content in soil. The
low availability of zinc in soil is influenced by properties like
high pH, moisture, organic matter, temperature etc. (Alloway
2008). Its inadequacy in plants may disturb the essential
photosynthetic activity, carbon assimilation and thus hamper
several growth parameters. Not only this, it also makes the
plants susceptible to several kinds of stresses such as drought,
heat, chilling, high light intensity etc. (Graham and McDonald
2001, Wang and Jin 2005). With the ever changing global
climate, the impact of stress is also becoming intense. It is well
documented that in plants reactive (ROS) oxygen species are
produced due to leakage of electrons from electron transport
chain to molecular O, which are afterward removed by the
plant anti-oxidative system (Cakmak 2000). Under various
kinds of stress their formation and removal lacks balance
resulting in excess of ROS which can cause an oxidation of
bio molecules like lipids, proteins, chlorophyll, and nucleic
acids. In this regard the enzyme superoxide dismutase is very
important acting as the first line of defence to scavenge ROS
(Alscher et al. 2002). This enzyme is a cupro-zinc protein and
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thus it becomes highly important to maintain zinc homeostasis
in plant cells as to protect them from oxidative stress. In an
effort to maintain physiologically sufficient zinc, a decline in
the level of phosphate pool may occur owing to competition
between zinc and phosphorus during their absorption through
root cells. Inorganic phosphate is a structural component of
many important bio molecules and also plays a role in energy
transfer. It therefore becomes essential to assess an important
enzyme such as acid phosphatase which catalyses the removal
of inorganic phosphate from organic phosphate esters and thus
helps in maintaining inorganic phosphate metabolism (Asmar
et al. 1995). Under zinc deficiency, plants may undergo a
spectrum of physiological changes in order to maintain cellu-
lar metabolism and to evade any sudden changes in the
process of development. One such phenomenon in
graminaceous plants is the secretion of organic acids.
Whenever there is a zinc inadequacy low molecular weight
organic acids are released through their roots. They are in-
volved in lowering the pH of rhizosphere and thus increasing
the solubilisation of zinc (Pérez-Esteban et al. 2013). Itis of no
surprise to know why members of this family e.g. wheat are
adapted to exhibit this phenomenon as they are inherently low
in zinc. While cereals provide 56 % of the food energy on
earth it becomes important to maintain a homeostasis of zinc
concentration in them (Stoskopf 1985). Zinc deficiency may
adversely affect the wheat production which is important for
mankind and livestock. In this respect the most reasonable
approach is to fertilize the soils with zinc fertilizers. Other
methods like breeding genotypes tolerant to soil Zn deficiency
may take a long period of time while selection of the geno-
types with high Zn uptake efficiency may be limited by soil
Zn availability. If possible, zinc should also be supplied
through foliar application. To select such genotypes that are
more responsive to the zinc application will help in resolving
the problem. The work presented in this paper has been
designed with this objective.

Material and methods
Plant material and field experimentation

The field study was conducted at the Norman E. Borlaug Crop
Research Centre, Govind Ballabh Pant University of
Agriculture and Technology, Pantnagar, Udham Singh Nagar
(Uttarakhand) during the winter-summer seasons of 2009—
2010 and 2010-2011. Geographically, the site lies in Tarai
plains about 30 km southwards of foothills of Shivalik range
of the Himalayas at 29° N latitude, 79° 29" E longitude and at
an altitude of 243.8 meter above the mean sea level. The
experimental plot (typic haplndoll) had a loam texture, 7.0
pH, 0.278 dSm™' E.C. at 25° C, 10.3 g organic C kg ' and
0.42 mg DTPA extractable Zn mg kg ' soil. Ten wheat
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genotypes namely UP 262, UP 2338, UP 2382, UP 2572,
UP 2554, UP 2584, PBW 343, PBW 550, PBW 175 and PBW
590 were used for the given experiment. Three treatments
were given namely 0 kg ZnSO, ha™' (Zn, or T1), 20 kg
ZnSO,4 ha ! (Znyg or T2) and 20 kg ZnSO, ha along with
foliar spray of 0.5 % solution of ZnSO4 (Znyg.y or T3).
Foliar spray was given at maximum tillering and one
week after flowering. Each treatment was replicated thrice.
Foliar spray solution was made by 100 g ZnSO, dissolved
in 10 litre distilled water and 50 g lime in 10 litres distilled
water, separately. The two solutions were mixed after fil-
tering them through muslin cloth. The plots received irri-
gation from time to time as per their need. N, P and K
were applied as per recommendation as urea, triple super
phosphate and muriate of potash, respectively in all treatments,
through broadcast.

Experimental design

The field experiment was laid out in split plot design with
three replications during both years.

Parameters recorded

1) Superoxide dismutase (SOD) activity

Superoxide dismutase activity in leaves was estimated
at three growth stages i.e. maximum tillering (S1),
flowering (S2) and grain filling (S3). It was estimated
according to Giannopolitis and Ries 1977 by measuring
its ability to inhibit the photochemical reduction of
nitroblue tetrazolium (NBT). The extraction was carried
out in phosphate buffer. Reaction was started with adding
2 uM riboflavin in a mixture (1.5 ml) containing 50 mM
phosphate buffer (pH 7.8), 13 mM methionine, 75 uM
NBT, 2 uM riboflavin, 50 pl enzyme extract, 0.1 pM
EDTA. The reaction was carried for 15 min under illumi-
nation with 20 W fluorescent tubes. Absorbance of the
reaction mixture was recorded at 560 nm.

2) Acid phosphatase (AcPh) activity

Acid Phosphatase was also determined in fresh leaves at
three growth stages (maximum tillering, flowering and
grain filling). The enzyme was assayed by measuring its
ability to hydrolyse p-nitrophenyl phosphate into p-
nitrophenol (Sadasivam and Manickam 1991). Three ml
of substrate solution was incubated at 37 °C for 5 min. To it
0.5 ml enzyme extract was added and mixed well. After this
0.05 ml of solution was removed immediately and mixed
with 9.5 ml of sodium hydroxide 0.085 N. This corre-
sponds to zero time assay (blank).The remaining solution
(substrate + enzyme) was incubated for 5 min at 37 °C.
0.5 ml of the sample was drawn and mixed with 9.5 ml
sodium hydroxide solution. The absorbance of blank and
incubated tubes was recorded at 405 nm. For the
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preparation of working standards 0.2 to 1.0 ml (4 to
20 mM) of the standard was taken and diluted to 10.0 ml
with NaOH solution. Thereafter, absorbance at the same
wavelength was recorded and final calculations were done
after drawing a standard curve.

3) Root exudates (oxalic acid)

A pot experiment was conducted for the estimation of
root exudates (oxalic acid). Two Hoagland solutions (—
Zn, + Zn) were given to the plants every alternate days to
maintain Zn-deficient and Zn-sufficient conditions re-
spectively. Root exudates were collected at the maximum
tillering stage. The samples were prepared and analysed
using a modification in the methodology described by
Wang et al. 2007. Exudates were filtered with Wattman
no.-1 and passed through a cation exchange column filled
with Amberlite IR-120C resin followed by an anion ex-
change column filled with Dowex resin. The organic
acids held back on anion exchange resin were eluted by
1 M HCI, and elute was concentrated to dryness. The
residue was redissolved in dilute HC1O, solution (pH 2.1)
to 1.0 ml. The concentration of organic acids was then
analysed by High Pressure Liquid Chromatography
(HPLC). Authentic compound namely oxalic acid was
used for HPLC analysis. HPLC grade solvents and water
were used for the analysis. KH,PO, (pH adjusted to 2.5
with H3PO,4 (125 mM) was used as a mobile phase. Prior
to analysis the samples were filtered through 0.45 pm
membrane filters (Millipore) before injecting into the
HPLC column. 20.0 pul samples were injected into
HPLC column for analysis using a micro Hamilton sy-
ringe. Absorbance was recorded at 210 nm with UV
detector using C,g reverse column at a flow rate of
0.5 ml/min.

4) Grain Yield

Wheat plants from one square meter area from each
plot were harvested at maturity. After threshing and
winnowing, total weight of grains (g/m?) was recorded
from each net plot. Grains obtained from each net plot
were weighed and finally grain yield was expressed in
tonnes per hectare.

Statistical analysis

The statistical analysis of data for all the parameters was carried
out with analysis of variance for split plot design. Standard
error of mean (SEMx=) and critical difference (CD) was evalu-
ated at 5 % level of significance. The means were tested at P >
0.05 using a STPR software designed at Department of
Mathematics, Statistics and Computer Science, CBSH, G.B.
Pant Univ. of Agri. & Tech, Pantnagar, India. SPSS software
program was also used for Duncan’s test which was applied for
comparison of mean and their interactive effect.

Results
Superoxide dismutase activity

Evaluating the data concerning superoxide dismutase activity
revealed its significant dependence on different levels of zinc
nutrition. The enzyme activity enhanced increasingly on in-
creasing zinc levels for majority of the genotypes with Zn, ¢
proving to be the best application. As an average of all
genotypes the increment due to soil application with respect
to control (Zng) was 12.8 % at S1, 9.6 % at S2, 21 % at S3
during 2009 and 12.6 % at S1, 9.0 % at S2, 22.3 % at S3
during 2010 while combined application (Znyo.r) brought an
additional increment of 6.5 % at S1, 5.1 % at S2 during 2009
relative to soil application. It is of surprise that at S3 the
enhancement in activity was greater due to Znyo by 4 %.
Similarly in 2010 it brought about an additional increment
of4.7 % at S1,9.2 % at S2, and a marked increment of 35 % at
S3. Overall Zny - ¢ enhanced the activity considerably by an
average of 20 % at S1, 14.8 % at S2 and 16.6 % at S3 during
the first crop season while 17.2 % at S1, 18.8 % at S2, and
61.8 % at S3 during the second crop season. The maximum
limit by which the activity was observed to fasten on zinc
application was 65.2 % in 2009-10 and 96.8 % in 2010-11.
Irrespective of the application given and the stage of growth,
during 2009-10 the genotypes PBW 175, PBW 550, UP 2584
showed the maximum increments of 65.2 %, 48.2 % and
23.2 % respectively while during 2010-11 the genotypes
PBW 590, PBW 550, UP 2584 exhibited the maximum in-
crements of 121.8 %, 96.8 % and 86.6 % respectively
(Table 1).

Acid phosphatase activity

Interpreting the data relating to acid phosphatase activity
revealed that it showed a significant enhancement on the
application of different regimes of zinc. Like superoxide
dismutase activity it showed an increasing pattern on ap-
plication of different zinc levels for majority of genotypes
showing highest activity at Zn,o.p. As an average of all
genotypes the activity was increased due to Zny, by
14.92 % at S1, 1547 % at S2, 22.69 % at S3 during
2009 while by 22.08 % at S1, 26.09 % at S2, 29.77 %
at S3. Combined application brought about a further incre-
ment of 22.90 % at S1, 12.36 % at S2, 18.93 % at S3 in
2009 while of 19.16 % at S1, 10.25 % at S2, 21.52 % at
S3 in 2010 with respect to soil application. Overall Znyg + ¢
brought about a considerable enhancement of 40.3 % at S1,
29.51 % at S2 and 44.96 % at S3 in 2009 and 42.69 % at S1,
38.68 % at S2 and 55.49 % at S3 in 2010. The activity
exhibited a maximum increment limit of 68.46 % during first
crop season and 75.76 % during the second crop season on
zinc application (Table 2).
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Oxalic acid

The data regarding oxalic acid (root exudates) reveals that its
secretion was enhanced under zinc deficient conditions whilst
reduced under zinc sufficient conditions. As an average of all
genotypes a 30 % decrement was observed under zinc sup-
plementation. Some genotypes like UP 262 and PBW 590
showed a highly enhanced secretion of oxalic acid under zinc
deficiency conditions and exhibiting a reduction of 88.57 %

and 60 % respectively when supplemented with zinc (Fig. 1).

Grain yield and its correlation with SOD & acid phosphatase
activity

Evaluation of data regarding grain yield revealed its positive
relationship with the zinc application in both the years (Figs. 2
& 3). An increment in also the two enzyme activities on
application of zinc exhibits their positive impact on the grain
yield. During 2009 an enhancement of 12.4 % in SOD activity
and 17.7 % in AcPh activity (average across all genotypes and
three stages) led to an average increment of 19.88 % in grain
yield due to soil application while of 17.1 % in SOD activity
and 38.56 % in AcPh due to combined application gave an
increment of 16.45 % in the same. During 2010 an increment
of 14.6 % in SOD activity and 25.98 % in AcPh exhibited an
increment of 21.29 % due to soil application while of 32.6 %
in SOD activity and 45.01 % in AcPh because of combined
application improved the yield by an average of 13.01 %.

Discussion

In the present piece of work a positive relationship was
established between zinc applications, yield and the activity
of two enzymes. The reason for enhanced yield may be the
proper functioning of the enzymes under zinc sufficient

Fig. 1 Effect of zinc deficient 3000
and zinc sufficient conditions on
oxalic acid secretion through
roots of different genotypes

of wheat (vertical bars

indicates = SD) (Means with
same letter are not significantly
different)

2500

2000+

Oxalic acid conc. (ppm)

o

conditions. The effectiveness of combined application of soil
and foliar was observed to be superior over soil application
which indicates that foliar zinc application might have com-
pensated the zinc absorption problem through soil and also its
translocation. The timing of foliar zinc application also
seemed to have significance in increasing the enzyme activity.
In the present investigation, an increment has been observed
in the superoxide dismutase enzyme activity with the progres-
sive increment of zinc level. It was observed in all the three
stages. The reason for this is that Zn is required as a cofactor in
the functioning of SOD (Cu-Zn SOD). Due to this reason a
drop could be noticed under deficit conditions (Zng) and
improvement with its supply (Zn,o and Znyg.r). Though
Znyo.r Was the best supplementation but in certain genotypes
Zn,o has shown more increment which might be due to
improper utilization of zinc at cellular or tissue level.

The present piece of work derives support from the work of
earlier researchers who reported an increased SOD activity
(Frei et al. 2010; Singh and Singh 2011). Cu/Zn SOD could
play a direct role in tolerance to zinc (Hacisalihoglu and
Kochian 2003). Therefore in the present investigation this
parameter has been chosen as the criteria to screen out most
tolerant genotype under zinc application conditions. In this
respect PBW 550, UP 2584 were found to be most responsive.
The response of these two genotypes towards grain yield has
also been found to be satisfactory. These two genotypes are
also important due to their certain characteristics.The geno-
type PBW 550 has been found to be resistant to yellow and
brown rusts. It is an early maturing genotype with a good grain
quality. Similarly the genotype UP 2584 is also resistant to
various diseases, powdery mildew and karnal bunt.

It is extensively reviewed in literature that absorption of
zinc and phosphorus by roots is antagonistic. The increased
zinc concentration marks the decrement of later. This is why to
overcome the deficit of phosphorus acid phosphatase activity
increases in leaves. Likewise the enzyme activity was found to

mZn-

Zn+

up 262 upP 2338
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Fig. 2 Effect of different zinc
levels on grain yield in different 6
genotypes of wheat where; Zn0
represents 0 kg ZnSO4 ha ', Zn20
represents 20 kg ZnSO, ha™! and
Zn20+F 20 kg ZnSO, ha ' along I
with foliar spray of 0.5 % solution
of ZnSO, during 20092010
(vertical bars indicates + SD)
(Means with same letter are not
significantly different)

ab

Grain Yield (t/ha)

UP 262 UP 2338

be greater at higher concentrations of Zn while lesser at lower
concentrations in study of Kaya et al. 2000. It may also seek
support from the study of Gunes and Inal 2008 where acid
phosphatase activity was decreased in wheat with phosphorus
supply which indicates that due to proper inorganic phosphate
metabolism there was no necessity of the enzyme activity to
breakdown phosphate esters to release inorganic phosphorus.

In the present investigation the yield has also been found to
increase with increasing zinc application. Notably a reduction
has been observed in many genotypes in combined application
with respect to soil application but it is mostly non significant.
One reason of increment in grain yield is that zinc acts a
cofactor in the enzymes directly involved in the process of
photosynthesis (e.g. carbonic anhydrase and rubisco) which
may have lead to accumulation of more of photosynthates in
the grain and thereby increasing grain yield. The study seeks
support from that of Narwal et al. 2011 and Bharti et al. 2013 in
which an increase in grain yield was found to be reported on
both soil and foliar application of zinc. The other reason of
increase in yield could be proper functioning of both the

Fig. 3 Effect of different zinc
levels on grain yield in different
genotypes of wheat where; Zn0
represents 0 kg ZnSO, ha ', Zn20
represents 20 kg ZnSO, ha™! and
Zn20+F 20 kg ZnSO, ha " along 5
with foliar spray of 0.5 % solution
of ZnSOy during 20102011
(vertical bars indicates + SD)
(Means with same letter are not
significantly different)

a
abced b

b

4 bIdab[

Grain Yield (t/ha)

UP 262 UP 2338

UP 2382

UP 2382

mZn0 = Zn20 mZn20+F

UP 2572 UP 2554 UP 2584 PBW343 PBW550 PBW 175 PBW 590

Wheat Genotypes

enzymes. It is well known through literature that active oxygen
species can cause great damage to membrane integrity and thus
to the leaves, the most important organs of photosynthates
production. Moreover chloroplasts are one of the most impor-
tant sites for the production of ROS (Fridivich 1986). In this
way formation of assimilates can be severely hampered if ROS
will not be scavenged. The proper functioning of SOD helps in
scavenging ROS and improvement in yield. The proper inor-
ganic phosphate metabolism would also have facilitated assim-
ilate production due to energy transfer reactions.

While the genotypes were undergoing reduced enzyme ac-
tivity under zinc deficiency they simultaneously seemed to
manage the stress conditions by secreting more of exudates
under the zinc deficient conditions, the plant root system acting
as a gating system. Phytosiderophores has been considered as
the main agents facilitating the chelation and mobilization of
zinc in soil. Recently the study of acidification of rhizosphere or
lowering of soil pH an alternative mean of assimilating zinc is
gaining importance. Though the reason of this root-soil com-
munication is not clearly understood but upto some extent it
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may be governed by high amount of CaCOj; present in the zinc
deficient soil. It may enhance the CO, fixation or other meta-
bolic processes resulting in an increase in organic acids synthe-
sis. In the present investigation oxalic acid was found to be the
major organic acid released from the roots of wheat genotypes.
The study finds support from the work in wheat crop in which
oxalic acid was reported in much greater amounts (Szmigielska
et al. 1996). Similarly, higher rates of organic acid excretion
were reported in genotypes tolerant to Zn deficiency (Hoffland
et al. 2006). UP 262 and PBW 590 might be considered as the
efficient genotype on the basis of their greater secretion of oxalic
acid even under the zinc stress conditions to mobilize more of
zinc in soil. In general, these two genotypes have been consid-
ered as superior genotypes over many other existing genotypes.
The PBW 590 has high degree of resistance to yellow and
brown rusts, has better appearance and has high protein content.
Similarly UP 262 is a genotype that is not only resistant to rusts
but also to Alternaria and Helmimthosporium . It is suitable for
timely sowing as well as late sowing in Indian states like Uttar
Pradesh, Bihar, West Bengal, Orrisa, Assam etc.

In the current study it can be concluded that soil zinc
application alongwith foliar spray was most effective in en-
hancing the enzyme activities in most of the wheat genotypes.
The timing and number of foliar applications applied in the
study was found to be suitable in improving zinc utilization
and in the enhancement of yield. A genotypic variation was
observed in genotypes in exhibiting response towards zinc
application. Considering the findings of both the growing
seasons among all the genotypes PBW 550 and UP 2584 were
found to be more responsive to zinc application.
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