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Abstract

Zinc oxide nanoparticles (ZnONP) were synthesized and characterized using SEM, EDAX, DLS and UV-Vis spectra. Its
use as a nanofertilizer as an alternative to conventional zinc sulphate (ZnSO,.7H,0) was evaluated in five Zn-deficient soils
with a variable pH range (7.2-8.7). For this, the carbon of the soil microbial biomass (SMBC), the bacterial population,
the nutrient dynamics and the biometric parameters of the wheat crop were assessed. The varying dosages (0, 100, 200 and
500 mg/L), sizes (30—100 nm), and the spherical shape of ZnONPs were evaluated in comparison to ZnSO,.7H,0 levels.
Results showed the maximum SMBC and bacterial population at 100 mg/L of ZnONPs but a sharp decline at higher con-
centrations. In addition, soil application of ZnONPs at 5 mg/kg produced a higher root elongation (4.3-8.8%), shoot elonga-
tion (3.5-4.0%), total chlorophyll (4.9-5.6%), grain yield (1.7-2.3%) and grain Zn-content (1.6-2.1%) in comparison to the
conventional ZnSO,.7H,0 at 10 mg/L. ZnONPs at 100 mg/L produced a higher soil microbial biomass carbon (3.9-4.6%),
bacterial population (7.2-9.0%), germination (22%) and grain Zn-content (17.9-20%) as compared to the conventional
ZnS0,.7TH,0 at 0.5%. The higher grain Zn-contents could be attributed to the small size and high surface area of ZnONPs
resulting in easy entry into the plant system either through root or foliar by penetrating the pores present in the cell mem-
branes. Conversely, the conventional ZnSO,.7H,O, due to its larger size and higher solubility as compared to ZnONPs, has
low retention in plant systems, high surface run-off and low fertilizer efficiency. Thus, the authors concluded to apply spheri-
cally synthesized ZnONPs (average size-36.7 nm) at 5 mg/kg in the soil application and 100 mg/L in the foliar application
for maintaining SMBC and bacterial population, improving total chlorophyll, and grain Zn-contents and overall sustaining
wheat production in Zn-deficient neutral and alkaline soils.
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Introduction

Wheat (Triticum aestivum L.) is an important cereal crop
and the second major caloric source after rice. It is the basic
and nutritious staple food of the world. However, due to an
imbalance in the 6Ps (population, poverty, pollution, pre-
cipitation, periodicity and plantation) and/or an increase
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in environmental stress, the present civilization is facing
high challenges for sustaining soil fertility, mitigating water
demand and achieving optimum agricultural production
(Mariya et al. 2019). To alleviate these challenges, research-
ers are looking towards nanotechnology, an emerging field
of science, to understand and regulate nutrient application in
agriculture on a nanoscale (1-100 nm) coupled with devel-
oping nano-fertilizers for sustainable agriculture. Nano-
technology can facilitate great potential to modify fertilizer
production with controlled nutrient composition, improve
nutrient use efficiency, boost crop production (Elemike
et al. 2019) and realize sustainable and precision agricul-
ture (Mikula et al. 2020). Nanoparticles are highly absorbed
within biological systems (Srivastav et al. 2016). Zinc is one
of the most essential plant nutrients which plays a significant
role in the production of chlorophyll, synthesis of enzyme,
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hormone, and protein, elongation of internodes, pollination,
germination, stronger emergence, greater vigour, healthier
root growth and higher yield potential of many crops (Singh
et al. 2019; Garcia-Lopez et al. 2019). Zinc (Zn) deficiency
has become a global concern and severe deficiencies have
been reported from the soils of the Indian sub-continent,
South Africa, and South America, resulting in a lower pro-
duction of crops leading to malnutrition of human beings,
particularly in women and children. Zinc deficiency prob-
lem is severe, in India and other developing countries of
the world and thereby demands an urgent intervention for
better Zn-concentration in the cereal crops. Engineered-zinc
oxide nanoparticles (ZnONPs) are being used as a plant
nutrient carrier in agriculture; however, their ill effects have
also raised a global concern regarding the toxicity of these
nanoparticles at higher levels (at 500 mg/L or more) on soil
microbiome (Yadav et al. 2014), triggering the significance
of their dose optimization and risk assessment studies in
the future. Shen et al. (2015) reported varying toxicity
impacts of ZnONPs on different soils in the order of acid
soils > neutral soils > alkaline soils, which indicated a larger
scope of application of ZnONPs in neutral to alkaline soils.
Furthermore, there are a few literatures to date to address
the ecotoxicological risks and adaptable safety measures
on ZnONPs. The status of soil microbial biomass carbon
(SMBC) and microbial population has been a valuable meas-
ure for soil fertility. Therefore, the impact of ZnONPs on soil
ecology was also evaluated to develop a better understanding
for implying ZnONPs in sustainable agriculture. ZnONPs
have been used extensively in the industrial sectors for a long
time; however, developing nano-fertilizers for increasing the
fertilizer-use-efficiency in agriculture has hardly been prac-
ticed. Keeping in views the above facts, the present study
aims to (i) prepare and characterize ZnONPs, (ii) evaluate
ZnONPs for wheat response in comparison to conventional
delivery of Zn, (iii) assess the impact of ZnONPs on SMBC
and bacterial population, and (iv) study the efficacy of seed
coating and foliar application of ZnONPs in terms of yield
and quality parameters of wheat.

Material and methods
Synthesis and characterization of ZnONPs

ZnONPs were synthesized by the thermal precipitation tech-
nique as reported earlier by Hayat et al. (2011) and Singh
et al. (2019). Sodium hydroxide (0.9 M NaOH) was poured
into zinc nitrate hexahydrate [0.1 M Zn(NO;),.6H,0, 98%]
solution along with constant and vigorous stirring at the
temperature of 55 °C till forming a white precipitate. To
decrease the particle size, the sonication process was done
at a higher amplitude (50-60%) for 30 min by adjusting the
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probe sonicator. Finally, the solution was dried in vacuum
at 60 °C. The resulting mixture was centrifuged at 500 rpm
for 20-min following a triple-washing with double distilled
water (DDW). The precipitate was dried at room temperature
(26 +1 °C) for 48 h and later calcined in an electric muffle
furnace at 300 and 500 °C for 2 hours. Scanning electron
microscopy (SEM ZEISS MA EVO-18) was used to deter-
mine the size and morphology of ZnONPs. Spectrophotom-
eter (Shimadzu UV-1800) and Energy Dispersive Analysis
of X-rays (EDAX) were used for the determination of zinc
composition, and Dynamic Light Scattering (DLS, Malvern
Nano S 90) was used for the measurement of particle size
distribution.

Preparation of suspension of ZnONPs and their
application

ZnONPs were first prepared by using the combination of
small (70%) and large (30%) size nanoparticles with the
help of a mechanical stirrer. The dispersed ZnONPs were
ultrasonicated using a 1-L conical flask containing 250 mL
solution of ZnONPs placed on an ultrasonic bath at 100 W
40 kHz (Fisher Scientific FS 30H) for 30 min to agitate the
solution and avoid cluster formation. To stabilize the sus-
pension of ZnONPs, polyethylene glycol (PEG-400, 10%
v/v) was added (Tshabalala et al. 2012). Then the solution
was suspended and dispersed in DDW. The solution of zinc
sulphate was also prepared in DDW using zinc sulphate hep-
tahydrate (ZnSO,.7H,0) solution. Polydispersity index or
PDI was used to estimate the uniformity of the ZnONPs. The
value of PDI ranges from 0.0 (very uniform) to 1.0 (highly
polydispersed sample). PDI is presently known as Dispersiv-
ity () which is calculated as follows:

PDI=M,/M, where M, is weight average molecular
weight and M|, is number average molecular weight.

Experimental design

Several experiments were conducted for the improvement in
Zn-delivery to wheat for sustainable production. Soil appli-
cation of the conventional ZnSO,.7H,0 was done at 10 mg/
kg and ZnONPs at 2.5, 5, and 10 mg/kg. Seed priming was
done in an aqueous nutrient solution with equal concentra-
tions of both ZnSO,.7H,0 and ZnONPs (at 100, 200, and
1000 mg/L). Foliar application with ZnSO,.7H,0 at 0.5%
and ZnONPs at 100, 200, and 500 mg/L. was done. Basal
doses of 50% N, 100% P,0s, and 100% K,O were applied
at 60, 50, and 50 kg/ha using urea, di-ammonium phosphate
(DAP), and muriate of potash (MOP) before sowing. The
remaining 50% of N was applied through the foliar appli-
cation of urea. Basal doses of Cu, Mn, and Fe, at 2.5, 5,
and 10 mg/kg, respectively, were applied through their AR
grade salts and were thoroughly mixed before sowing of the
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seeds. The details regarding the seed germination experi-
ment, pot-culture experiment, micro-plot experiment, and
multi-location field trials conducted during 2016—17 and
2017-18 are mentioned below.

Seed germination experiment

A laboratory experiment was conducted using wheat seeds
of the variety ‘HD 3086’ (Pusa Gautami) which were pro-
cured from the Indian Agricultural Research Institute, Pusa,
New Delhi having a maturity period of 143 days. Uniform
sizes of seeds were selected to minimize the experimental
errors. The seeds were soaked in the suspensions of ZnONPs
and conventional ZnSO,.7H,0 at different concentrations
(100, 200, and 1000 mg/L) and duration (1, 2, and 3 days).
The treatments were replicated thrice. The seeds were
air-dried in shade for 1 h and then taken into a Petri dish
(100 x 15 square millimeter) with the help of a sterilized
filter paper and 5 mL of DDW as per the method of the Inter-
national Seed Testing Association (Tekrony 2003). Then the
samples or the Petri dishes were incubated at 26 +1 °C for
8 days. Enough moisture was maintained in the Petri plates
through watering. Most seeds germinated after 8 days and
the seedlings emerged and developed. The germination was
calculated as a percentage. Seedling Vigour Index (SVI) was
determined using the following formula (Abdul-Baki and
Anderson 1973).
SVI=Germination % X (root length + shoot length).

Pot-culture experiments

Wheat seeds of variety ‘HD 3086’ were sown at the Amity
Experimental Farm in earthen pots filled with 4 kg of Zn
deficient soil having pH 7.8, electrical conductivity (EC)
0.40 dS/m, and organic carbon (OC) (0.49%). The experi-
ments were designed under completely randomized block
design (CRD) and each treatment was replicated thrice.
The pots were watered to field capacity during rabi sea-
sons of 2016—17 and 2017-18. Proper care was taken to
use the same soil in all the pots to minimize soil hetero-
geneity effects. After germination, thinning was done and
four plants per pot were maintained up to harvest. The treat-
ments of the experiment were taken as (i) Control (no zinc),
(i1) Soil application of ZnSO,.7H,0 at 10 mg/kg (Gupta,
2015), (iii) Soil application of ZnONPs at 2.5, 5, and 10 mg/
kg, seed priming of ZnSO,.7H,0 and ZnONPs at 100, 200,
1000 mg/L, and foliar application of ZnS04.7H,0 at 0.5%,
and ZnONPs at 100, 500, and 1000 mg/L.

Micro-plot experiments

Micro-plot experiments were conducted at the Amity
Experimental Farm to study the effects of the conventional

ZnS0O,.7H,0 and nano zinc oxide fertilizer on yield and
yield attributes of wheat (Tritium aestivum L.) variety HD
3086. The experiments were conducted during rabi seasons
of 2016-2017 and 2017-18 with three replications having 5
different treatments i.e., control (no Zn), foliar applications
of ZnSO,.7H,0 at 0.5% (recommended dose- Ministry of
Agriculture, Govt. of India) (Gupta, 2015) and ZnONPs at
100, 500, and 1000 mg/L.

Field experiments

Field experiments on wheat were carried out at four different
locations: (i) Village Manjhawli, District Faridabad, Hary-
ana, (ii) Village Bohar, District Rohtak, Haryana, (iii) Vil-
lage Dadri, District GB Nagar, Uttar Pradesh, and (iv) Vil-
lage Aurangabad, District Bulandshahr, Uttar Pradesh. The
wheat crop was established through a conventional method.
The basal application of fertilizer DAP was applied at the
rate of 125 kg/ha and the remaining nitrogen was applied
through urea at 81.52 kg/ha at the time of sowing. For foliar
application, urea was applied in two splits through manual
top dressing, at the rate of 75 and 60 kg/ha during the first
and second irrigations, respectively. Other agronomic prac-
tices were followed as per local standard recommendations
for the wheat crop. The field experiments were laid out in
a CRD in triplicates with four treatments. Each replicate
was established in a 1-m square area. The soil application
of Zn was done using ZnSO,.7H,0 at 10 mg/kg (~2 g/m?
or 20 kg/ha) and synthesized ZnONPs at 2.5, 5, and 10 mg/
kg (~0.5, 1.0, and 2.0 g/m?2 or 5, 10, and 20 kg/ha, respec-
tively). Foliar sprays of ZnSO,.7H,0 at 0.5% and ZnONPs at
100, 200, and 1000 mg/L were done at flowering and milk-
ing stages, respectively. On foliar application, nanomaterials
can enter the plant cells through the opening on leaves and
aerial stem tissues such as stomata, hydathodes, lenticels,
and other pores (Hong et al. 2016). Foliar spray of the dis-
solved Zn fertilizers at a rate of 600—700 L water per hectare
was applied during shade or evening hours until leaves were
moistened as described by Cakmak, (2008).

Plant analysis
Root length, shoot length, and plant biomass

Root length (in cm) was measured from the root tip to
shoot base at 60 days after sowing (DAS). Shoot length (in
cm) was measured from the shoot base to the shoot tip. At
maturity, wheat was harvested, the plants were thoroughly
cleaned from soil particles and the fresh weight was recorded
using a digital weighing balance and was expressed as fresh
biomass in gram/pot. After incubation, the plants were dried
to a constant weight at 65 °C in a hot air oven until moisture
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escaped, the dried plant samples were weighed, averaged,
and expressed as dry biomass in gram/pot.

Chlorophyll content

Total chlorophyll was estimated in wheat leaves at 60 DAS
of the crop by Dimethyl sulphoxide (DMSO) extraction
method. Leaf samples were procured randomly for each
treatment and washed thoroughly. The leaf sample (0.1 g)
was weighed and cut into small pieces. DMSO (7 ml) was
measured in test tubes, the cut leaves were added to it, and
put in a water bath for 30 min maintained at a temperature
of 60 °C. The contents were filtered once the test tubes were
cooled to room temperature and the DMSO was added to
make the final volume 10 ml. The absorbance was recorded
at 645 and 663 nm using a UV-vis. Spectrophotometer.
Total chlorophyll (a+b) was determined using the follow-
ing equation as proposed by Arnon (1949).
Total Chlorophyll (mg/g) =20.2 (A645) +8.02 (A663).

Zinc concentration

Post-harvest plant samples were washed thoroughly with the
distilled water and dried to a constant weight in an oven at
a temperature of 65 °C. The samples of grain were dried,
ground, and 1 g of the sample was mixed with a di-acid
mixture (HNO3 and HCIO4 in 4:1 ratio) in a 100-mL coni-
cal flask and kept overnight for pre-digestion (Singh et al.
2005). The sample was digested on a hot plate between
150 and 290 °C and filtered. Then the volume was made
up to 100 ml by the addition of DDW. Zinc concentrations
were measured spectrophotometrically by using the Atomic
Absorption Spectrophotometer (AAS; Analytik Jena, Model
NovAA 350, Germany).

Soil analysis

Initial composite surface soil samples were taken using soil
core samplers having the dimension of 5 cm-diameter and
15 cm-height from the selected villages: Bohar, Manjhawli,
Aurangabad, and Kot representing rice-wheat growing areas
of Haryana and Uttar Pradesh states. The samples were kept
in a freezer and the moistened soil samples were used for the
determination of SMBC. Soil samples were air-dried in the
shade, ground, and sieved through passing a 2-mm size for
the determination of their physicochemical characteristics
(Singh et al. 2005), available P and K (Singh et al. 2005),
and the di-ethylenetriamine-penta-acetic acid (DTPA)-
extractable micronutrients (Kumar and Mani 2010). Initial
soil pH in 1:2 soil: water suspension varied from 7.23 to 8.70
and EC ranged from 0.21-0.41 dS/m. The soils were alka-
line and low in soluble salts with Walkley—Black OC con-
tent varying from 0.45 to 0.57 percent. Olsen’s—extractable
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P and NH,OAc—extractable K ranged from 7 to 11 kg/ha
and 151 to 321 kg/ha, respectively. DTPA-extractable Zn
in these soils varied from 0.47 to 0.85 mg/kg reflecting low
to medium Zn status in these soils. These physicochemical
parameters along with DTPA-extractable Fe, Cu, and Mn
values are presented in Table 1.

Impact on soil microbial community

A preliminary study to determine the effect of ZnONPs on
soil microorganisms was conducted as it is necessary for
ecosystem functioning. Six different media, namely Nutrient
Agar (Seeley et al. 1991), Potato Dextrose Agar (Waksman
1922), King’s Agar B (King et al. 1954), Jensen’s Medium
(Jensen 1942), Pikovskaya’s Agar (Pikovskaya 1948), and
Kenknight Medium (Bailey et al. 2007) were used for
recording population count of total bacteria, fungi, fluores-
cent Pseudomonas spp., nitrogen-fixing bacteria, phosphate
solubilizing bacteria, and actinomycetes, respectively. The
media were prepared according to standard protocol. Post-
harvest soil samples were collected for control (no ZnONPs)
and ZnONP (5 mg/kg) treated soil from a depth of 15 cm
using a 5 cm-diameter tube auger and bulked. The moist soil
samples were sieved using a 2-mm sieve. After removing the
roots and plant materials, the soil was air-dried and stored
at room temperature. Serial dilution plate count method was
used for estimating colony-forming unit (CFU). One-gram
soil was taken from control and ZnONPs-treated soils and
then serial diluted to 107, Then 100 pl of the solution was
poured onto each Petri plate containing different media and
replicated thrice. The plates were kept in an incubator main-
tained at 28 °C for 4 days. The CFU for each plate was then
determined and recorded.

Soil microbial biomass carbon

The SMBC was determined by the substrate-induced respira-
tion method (Bailey et al. 2007; Yadav et al. 2014) by using
gas chromatography (Agilent Model GC-4890). The oven-
dry soil sample (10 g) was moistened with glucose solution
OS5mlL12¢g L") and incubated for 3 h at 22 °C. The SMBC
was calculated using the following formula:

X = 40.04Y + 0.37,
where X =microbial biomass carbon (mg/kg) and Y =rate of

CO, evolution (ml CO, kg™! soil h™h).

Bacterial population

The bacteria in soil samples were counted using a standard
soil dilution method as described by Chhonkar et al. (2007).
The oven-dried soil samples (10 g) were homogenized in
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Table 1 Initial soil fertility status of selected farmer’s fields

DTPA
Mn

DTPA

Cu

DTPA DTPA
Zn Fe

Available K

Available P

EC oC

pH

Village (District)

S. no.

(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

(%)

(dS/m)

2.02+0.38
0.97+0.26
0.85+0.24

5.86+0.48
5.06+0.42

9.76 +£0.80
12.35+2.38
2.76 +0.09
4.43+0.23

0.61+0.05
0.85+0.05
0.36+0.03
0.47+0.05

143.3+4.52

4.46+0.07
3.13+0.07
4.91+0.09
4.91+0.12

0.45+0.02
0.49+0.03
0.57+0.02
0.50+0.02

0.41+0.02
0.21+0.01
0.24+0.02
0.26+0.02

8.70+0.03
7.23+0.09
7.86+0.02
7.37+0.03

Bohar (Rohtak)

67.40+1.60
110.30+4.41

Manjhawli, (Faridabad)

1.50+0.46

90.60+3.00

Aurangabad (Bulandshahr)

Kot (G.B. Nagar)

1.83+0.45

1.97+0.20

4

The data are mean of three values

EC electrical conductivity, OC Organic carbon, and DTPA Diethylenetriamine-Penta-acetic acid

90 ml double-distilled water using a blender for 15 min.
The stock solution was diluted tenfold and the culture media
plates were inoculated by using the spread plate technique.
The inoculated Petri plates were inverted and incubated for
2-3 days. The CFUs were counted on the plate and calcu-
lated per gram of the dry-weight soil.

Statistical analysis

The Analysis of Variance (ANOVA) table was prepared to
determine means, standard error (SE), and the level of sig-
nificance among the different treatments, rows, and columns.
Soil and plant data were replicated thrice and represented as
mean + SD values. The data obtained from the selected five
locations were arranged in the Least Square Design (5 X5
LSD with 5-replications) experiments for statistical conclu-
sions and the F test values were compared for statistical
significance. The probability values p <0.05, p<0.01, and
p <0.001 were taken as statistically significant, moderately
significant, and highly significant, respectively. The Graph-
Pad Prism version 9.0.2 was used for drawing figures repre-
senting three replications and standard deviation.

Results and discussion
Characteristics of the synthesized ZnONPs

The SEM images showed that the nanoparticles were spheri-
cal with a size range of 30-85 nm (Fig. 1a). However, the
mean nanoparticle size was 36.7 nm as per the histogram
of the number distribution curve. The EDX-spectra showed
an elemental composition of 63.74% Zn (Fig. 1b). The
Dynamic Light Scattering (DLS) technique confirmed the
mean particle size of ZnONPs to 36.7 nm (Fig. 1c) rang-
ing from 30 to 85 nm. Alamdari et al. (2020) and Aditya
et al. (2018) reported the average particle size of ZnONPs
ranging 60—65 nm through the DLS technique and TEM,
respectively. However, Pavithra et al. (2017) reported the
synthesis of spherical particles of ZnONPs having a size
ranging from 20 to 50 nm while using an aqueous green leaf
extract of Tabernaemontana divaricate green. Polydispersity
index or PDI was calculated as 0.206 that indicated a high
monodispersity of the nanoparticles, as the values around
0.1 are considered good or uniform for a monomodal dis-
persion and conversely the values around 0.7 are considered
not uniform. Aditya et al. (2018) also observed an almost
similar value of PDI around 0.2 during the characterization
of ZnONPs in ionic liquids from O to 2 h period. A UV-
absorption spectrum of ZnONPs (Fig. 1d) showed that the
peak of the excitation band was observed at 374 nm which
corresponds to the ZnONPs. An almost similar peak was
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Fig.1 a The SEM micrograph obtained at Amity University,
Noida (EHT =20.00 kV, WD =7 mm, Mag=55.0 kx, Model: SEM
ZEISS MA EVO-18) b EDAX spectra showing Zn-composition ¢

observed at 376 nm by Alamdari et al. (2020) in the absorp-
tion spectrum of the biosynthesized ZnONPs.

Wheat response to ZnONPs and ZnSO,.7H,0

The different levels of ZnONPs and ZnSO,.7H,0 showed
different responses on the germination of seeds and shoot
elongation in wheat. The maximum seed germination per-
centage was 87.33% and the maximum seedling vigour index
was 776.0 under the treatment of ZnONPs at 200 mg/L
(Fig. 2a, b) which was observed higher than that of con-
trol and ZnSO,.7H,0 (at 200 mg/L). The application of
200 mg/L. ZnONPs increased wheat germination by 43.4%
corresponding to ZnSO,.7H,0. Similarly shoot elonga-
tion, emergence, and vigour index were observed up to the
maximum in 200 mg/L ZnONP treatment which could be
attributed to enhanced production of auxins, responsible for
shoot elongation and emergence. Treatment with ZnONPs
results in strong emergence of seeds as compared to the
conventional treatment with ZnSO,.7H,0, indicating that
ZnONPs are easily absorbed by the wheat seeds to a larger
extent, unlike ZnSO,.7H,0. However, the lower levels (100
and 200 mg/L) of ZnONPs were found to be more benefi-
cial for the growth of wheat seedlings than the higher levels
(400-1000 mg/L). The study revealed negative or inhibitory
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DLS graph showing the particle size of zinc oxide nanoparticles
(ZnONPs), and d UV-Vis. spectra of the synthesized ZnONPs show-
ing the peak of the excitation band at 374 nm

effects of ZnONPs at higher concentrations causing lesser
shoot emergence and seedling vigour index as compared
to the conventional ZnSO,.7H,0. The result indicates
enhanced growth parameters of wheat crops when treated
with ZnONPs applied (in mg/L) to the soil at 5, seed coating
at 200, and foliar application at 100 as compared to control
and bulk ZnSO,.7H,0 (Fig. 3a, b, c). At higher concentra-
tions, an inhibitory effect on the root, shoot growth, straw,
and grain yield was observed. These results are in line with
the observations of the laboratory experiments. Soil appli-
cation of ZnONPs at 5 mg/kg gave better results over bulk
ZnS0,.7H,0 at 10 mg/kg and control or no zinc (Fig. 4).
In 2016-17, even with a reduced dose of ZnONPs (5 mg/
kg), improvement in root length was observed over control
(33%) and bulk ZnS0O,.7H,0 (8.82%), whereas, in case of
shoot growth, the figures obtained were 17.0% and 3.53%,
respectively (Fig. 4a, 4b). Sabir et al. (2020) corroborated
this finding to observe a significant increase in shoot length,
root length, and protein content of Zea mays L by the appli-
cation of biosynthesized ZnONPs at 8 mg/L. The total chlo-
rophyll content of wheat leaves also showed improvement
over control (12.56%) and normal ZnSO,.7H,0 (5.60%)
(Fig. 4c). Furthermore, straw yield increments over control
and bulk ZnSO,.7H,0 were 20.95% and 2.36%, respectively
(Fig. 4d). Subsequently, there observed an improvement in
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Fig.2 Different concentrations of bulk ZnSO,.7H,0 and ZnONPs response in comparison to control and conventional ZnSO,.7H,0.
showing wheat response a seed germination and b seed vigor index; Each bar represents three replications along with standard deviation
Application of ZnONPs at 100 and 200 mg/L is showing a higher
b |

ZnONPs Control ZnONPs

ZnS0,.7H.0 ;
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Fig.3 View of the effect of a soil application, b seed coating, and ¢ foliar sprays of bulk ZnSO,.7H,0O and ZnONPs on wheat growth in pot cul-
ture experiment
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grain yield over bulk ZnSO,.7H,0 (2.27%) and control
(9.76%) upon soil application of ZnONPs (Fig. 4¢). Grain
zinc concentration also slightly increased on the applica-
tion of ZnONPs over control (6.05%) and bulk ZnSO,.7H,0
(2.05%) (Fig. 4f). Almost a similar response on the yield
and quality parameters of wheat was observed during the
rabi season of 2017-18 (Fig. 4). Root elongation increased
29.60% and 4.30%, shoot elongation 15.05% and 3.99%,
total chlorophyll 11.01% and 4.86% over control and bulk
ZnS0O,.7H,0, respectively. Similarly, straw yield increased
by 22.24% and 2.44%, grain yield 10.2% and 1.7%, and
grain zinc concentration 6.11% and 1.85% upon the soil
application of ZnONPs over control and bulk ZnSO,.7H,0,
respectively. Elemike et al. (2019) established the role of
nanotechnology in the fortification of plant nutrients and the
improvement of crop production. Garcia-Lépez et al. (2019)
also observed a higher response of ZnONPs on chlorophyll
and other bioactive compounds in pepper. Awasthi et al.
(2017) observed a positive response of ZnONPs at 50 mg/L
on seed germination, root and shoot growth, and biomass of
wheat. Mazumder et al. (2020) recorded an increase in ger-
mination, grain yield, and dry biomass of wheat, lettuce, and
mustard at lower levels (up to 50 mg/L) of ZnONPs; how-
ever, they observed reduced growth and yield parameters as
well as genotoxic effects at higher levels (above 200 mg/L)
of ZnONPs in different crops.

In 2016-17, seed coating of ZnONPs (200 mg/L) had
positive impacts on root length (7.09%), shoot length
(3.55%), total chlorophyll (1.10%, NS), straw yield
(2.23%), grain yield (1.63%, NS), and grain Zn concentra-
tion (0.76%), whereas in 2017-18, the values were 5.98%
(root length), 4.03% (shoot length), 1.44% (total chloro-
phyll, NS), 2.76% (straw yield), 2.78% (grain yield), and
1.07% (grain Zn concentration) (Fig. 5). The study also
reveals that yield and quality parameters also get margin-
alized at 200 mg/L seed coating and the dosage of seed
coating should not be increased over 200 mg/L of ZnONPs.
During 201618, foliar sprays of ZnONPs in rabi seasons
showed improvement in root length of 10.08-12.01% over
control and 1.74-2.11% over bulk ZnSO,.7H,0O (Fig. 6a).
Shoot length increased by 6.13-6.63% over control and
0.35-0.57% over bulk ZnSO,.7H,0O (Fig. 6b). Sabir et al.
(2020) reported a significant increase in shoot length, root
length, and protein content of Zea mays L by the application
of biosynthesized ZnONPs. Total chlorophyll also increased
by 3.85-4.57% and 0.55-1.61%, respectively, over control
and bulk ZnSO,.7H,0 (Fig. 6¢). Grain and straw yield
increased by 4.88-5.56% and 9.50-14.42% over control,
and 0.88-2.38% and 1.63-2.48% over bulk ZnSO,.7H,0,
respectively (Fig. 6d, ). Zn concentration in the grain of
wheat increased significantly with the foliar application of
ZnONPs over control (81.55-85.14%) and bulk ZnSO,.7H,0
(19.73-20.71%) (Fig. 6f). At higher foliar concentrations

(> 100 mg/L), ZnONPs showed inhibitory effects on the
growth and yield of wheat. The concentration of ZnONPs
played a pivotal role in determining the growth of roots,
shoots, and yield of wheat (Awasthi et al. 2017; Gomez et al.
2021). Lin and Xing (2008) observed that ZnONPs highly
adhered to the root surface. Therefore, it may be concluded
from the results that the application of nanoscale zinc ferti-
lizers like ZnONPs in the right dose and at the right time is
beneficial in improving the growth, yield, and grain Zn con-
centration of wheat as compared to conventional Zn fertilizer
sources. In micro-plot experiments, the foliar application of
ZnONPs (100 mg/L) on wheat increased grain yield over
control (5.05%) and bulk ZnSO,.7H,0 (0.60%) (Fig. 7a),
whereas for grain Zn concentration, the figures were 90.33
and 19.98%, respectively (Fig. 7b). In 2016-17, the highest
accumulation of Zn in grain (42.94 mg/kg) was recorded at
100 mg/L ZnONPs with an overall increase of 84.07 and
19.17% over control and bulk ZnSO,.7H,0, respectively
(Fig. 8). Similarly, in 2017-18, the highest grain Zn con-
centration (44.71 mg/kg) was observed on the foliar appli-
cation of ZnONPs at100 mg/L with an increase of 83.19
and 17.85% over control and ZnSO,.7H,0, respectively
(Fig. 8). Under field conditions, even with 11 times reduc-
tion in zinc dose, i.e. 100 mg/L of ZnONPs, grain yield and
grain Zn concentration of wheat were increased in compari-
son to the conventional ZnSO,.7H,0. The higher accumula-
tion of Zn in the wheat grain due to the foliar application
may be attributed to the enhanced translocation of Zn into
grains as compared to the conventional ZnS0O,.7H,0. Simi-
larly, Dapkekar et al. (2018) and Poornima and Koti (2019)
reported higher grain zinc content in wheat and sorghum by
the application of Zinc-complexed chitosan nanoparticles
and ZnONPs, respectively. Recently, Doolette et al. (2020)
observed a higher and significant translocation of Zn to
wheat grain by the foliar application of ZnONPs in compari-
son to the conventional foliar fertilizer applications. Overall,
the present results depicted a higher response of ZnONPs
over the conventional ZnSO,.7H,0. Germination percent-
age, root and shoot length, chlorophyll content, grain yield,
straw yield, and Zn concentration were improved due to the
application ZnO at nanoscale in pot culture experiments as
well as in micro-plot and field experiments over the conven-
tional ZnSO,.7H,0 and control. In the present study, it was
observed that a lower concentration (100 mg/L) of ZnONPs
shows a positive effect while higher concentrations showed
an inhibitory effect on wheat crop growth and development
(Awasthi et al. 2017). The current study reveals that nanofer-
tilizer is one of the best alternatives to chemical fertilizers
to mitigate the nutrient deficiency in soils and improve fer-
tilizer use efficiency by providing sustained release of Zn to
wheat crops (Dapkekar et al. 2018, 2020; Gomez et al. 2021)
for sustainable crop production. The present study suggests
decreasing the Zinc application rate in wheat through the

pisllase ol ay .
e e O) Springer



322 Page 100f17 3 Biotech (2021) 11:322

a Root elongation b Shoot elongation

10 so— EE 2016-17  mEm 2017-18
. Em 2016-17 mm 2017-18 _
g 5
£ £
= s
(7] (2]
[ = [ =
< 2
k=] °
2 2
o n
C Total chlorophyll d Straw yield
= 257 == 2016-17 EmE 2017-18 104 mEm 2016-17 ®BE 2017-18
> =
= o
£ =
= >
£ =
[=% 5
] =
S =
= (3]
[} =]
= (70)
°
l—
€ Grain yield f Grain Zn concentration
1.5 EE 2016-17 mm 2017-18 S 25- Em 2016-17 B 2017-18
— =
k] E 20-
= E=
a ~—
= S 1°7
S =
= S 10-
= S
E (]
() S 357
Q
N 0-

Fig.5 Effect of seed coating on a Root Length, b Shoot Length, ¢ Total Chlorophyll, d Straw Yield, e Grain Yield, and f Grain Zn Concentration
in wheat crop during 2016—17 and 2017-18. Each bar represents three replications along with standard deviation

Pielase clla)l auan .
KACST &.11651lg (ogLe ) @ Springer



3 Biotech (2021) 11:322 Page 110f 17 322

a Root elongation b Shoot elongation

10— 80— BN 2016-17 Em 2017-18
Em 2016-17 =8 2017-18

Root length (in cm)
Shoot length (in cm)

d Straw yield
104 mEm 2016-17 ®Em 2017-18

C Total chlorophyll
017-18

Em 2016-17 BE

E =
2 5
é 1.5 g
= =}
= - )
g 10 =
S =
< 0.5- s
o »n
S
o
~ 0.0
N
& &0
()O 1}‘ %ob:
Ng b
S 4
Q& ¢§\°
S X
e Grain yield f Grain Zn concentration
1.5 EBEE 2016-17 mm 2017-18 §40— mEm 2016-17 mm 2017-18
5 s
2 £ 307
S 1.0- =
=] =] -
@ E 20
> —-—
£ 0.5- g o
S -
(O] S
Q
0.0- ﬁ =
<® S

Fig.6 Effect of foliar Zinc application on a Root Length, b Shoot Length, ¢ Total Chlorophyll, d Straw Yield, e Grain Yield, and f Grain Zn
Concentration in wheat crop during 2016—17 and 2017-18. Each bar represents three replications along with standard deviation

pielace ¢lloll ay .
e e O) Springer



322 Page120f17

3 Biotech (2021) 11:322

Bl Grain yield (g/ha)
EHl Grain Zn-concentration (mg/kg)

Wheat response

Foliar application

Fig.7 Effect of foliar sprays of bulk ZnSO,.7H,0 and ZnONPs
(in mg/L) on a grain yield and b grain Zinc concentration of wheat
(micro-plot); The data are average values of 2016-17 and 2017-18.
Each bar represents three replications along with standard deviation

application of ZnONPs at 100 mg/L. The size, morphology,
and surface area of nanofertilizers play a crucial role in the
bioavailability of their nutrient components from soils to
plants. In addition, nanofertilizer can be further engineered
for the specific nutrient requirement of a particular soil or
plant (Elemike et al. 2019; Igbal 2019) by conducting spe-
cific field and greenhouse experiments to minimize the risk
of environmental pollution.

Soil fertility status

The data regarding post-harvest soil samples analysis
showed that the pH of soil varied from 7.4 to 8.75, EC 0.25
t0 0.32 dS m~!, and OC 0.40 to 0.50%. Values of available
P and K (in kg/ha) were in the range of 6—10 and 139-310,
respectively (Table 1) at pre-harvest stage. The post-harvest
values of DTPA-extractable Zn, Fe, Cu, and Mn are pre-
sented in Table 2. The DTPA-extractable Zn content along
with other micronutrients (DTPA-extractable Fe, Mn, and
Cu) declined from the initial levels in the farmers’ fields of
all the four selected sites (Rohtak, Faridabad, Bulandshahr,
and G.B. Nagar) as a result of multiple cropping (Tables 1,
2). A continuous decline in the levels of micronutrients from
the farmers’ fields demands an alternative approach against
the conventional system to mitigate the micronutrient supply
to wheat crops and ultimately sustain its productivity. In the
present study, Zn-concentration in grains of wheat signifi-
cantly increased at the application of 100 mg/L of ZnONPs
to all these selected sites (Fig. 8) which might be ascribed
to increased water absorption and retention capacities of
nanoparticles (Tarafder et al. 2020). Similarly, other micro-
nutrient concentrations can be improved in agricultural soils
and plants by the controlled application of nanoparticles.
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Recently, Tarafder et al. (2020) formulated a hybrid nanofer-
tilizer (HNF), comprising of Cu, Fe, and Zn nanofertilizers
incorporated into urea hydroxyapatite, for slow and sustain-
able release of these micronutrients into soils. Mazumder
et al. (2020) recommended ZnONPs in several crops like
wheat, soybean, beans, Lettuce, and mustard as a replace-
ment for conventional and harmful chemical fertilizers.
Similar to the present study, Yusefi-Tanha et al. (2020) did
not report any adverse effect of ZnONPs up to 160 mg/kg
in zinc-deficient soils to improve soybean yield and its food
quality. Thus, the application of zinc nanofertilizer is not
only essential for sustainable wheat production but also
can address malnutrition in several developing countries
globally.

Soil microbial biomass carbon

Among five treatments, the SMBC was maximum at
100 mg/L ZnONPs to the extent of 321 mg/kg which was
found higher than that of 0.5% ZnSO,.7H,0 (308.2 mg/
kg) treatment. However, the SMBC was observed higher at
the stem elongation stage than the tillering stage of wheat
under all treatments except in the treatment of ZnONPs at
500 mg/L. The study reveals a sharp decline in the SMBC
contents when the dosage of ZnONPs increased from 200
to 500 mg/L (Table 3). Thus, 100 mg/L. ZnONPs as a dose
was optimized for the foliar application in wheat. The study
reveals that SMBC is influenced by the applied ZnONPs at
100 mg/L to supply the micronutrient Zn>* at an optimum
level to promote growth and increase the biomass of soil
microbes. Jiang et al. (2020) observed a significant increase
in the levels of SMBC by the application of ZnONPs at
100 mg/kg in soils. In line with the present findings, Rashid
et al. (2017) observed a significant decline in the levels of
SMBC by the application of ZnONPs at 1000 mg/kg. Thus,
a change in the levels of SMBC is dose-dependent as well
as plant growth stage-dependent in case of the application
of ZnONPs to produce wheat. The present study reveals that
foliar application of ZnONPs at an optimized dose (up to
100 mg/L) can cause a beneficial impact on SMBC. Seyed-
Sharifi et al. (2020) recorded an improved yield of wheat
under drought stress conditions by the combined applica-
tion of Azotobacter (biofertilizer) and nano Zn-Fe oxides
(nanofertilizer).

Bacterial population

Among five treatments, the bacterial count was maximum
at 100 mg/L ZnONPs to the extent of 25.8 x 10° which was
found higher than that of 0.5% ZnSO,.7H,0 (308.2 mg/
kg) treatment. However, the bacterial count was observed
higher at the stem elongation stage than the tillering stage
of the wheat under all treatments except in the treatment
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ZnONPs at 500 mg/L. The study reveals a sharp decline
in the bacterial population when the dosage of ZnONPs
increased from 200 to 500 mg/L (Table 4). Foliar application
of ZnONPs at 100 mg/L resulted in an enrichment of SMBC
and build-up of soil bacterial population; however, a higher
dosage (> 200 mg/L) negatively affected these values which
may be attributed to the antibacterial activity of ZnONPs
at higher concentrations. Ishwarya et al. (2018) found the
antibacterial activity of ZnONPs against Staphylococcus
aureus, Streptococcus mutans, Vibrio cholerae, Neisseria
gonorrhoeae, Klebsiella pneumonia, and antifungal activ-
ity against Aspergillus niger, and Candida sp. Aditya et al.
(2018) also observed the antimicrobial activity of ZnONPs
against Escherichia coli, Bacillus subtilis, Staphylococ-
cus aureus, Klebsiella pneumonia, and Staphylococcus
epidermidis at higher levels. Nibin et al. (2019) recorded

the maximum bacterial count, dehydrogenase, urease, and
acid phosphatase by the combined application of nano NPK
(12.5 kg/ha), foliar application of nano NPK (0.4%), and
FYM (12 t/ha) in the post-harvest status of the soil. The
present study reveals a dose-dependent response of ZnONPs
which can boost the bacterial population at 100 mg/L.

Conclusions

The results of the present study indicated that the delivery
of Zn nutrient through nanoscale ZnO fertilizer improved
the Zn content significantly in grains of wheat thereby
improving agronomic biofortification. Zn-delivery through
nanoscale ZnO fertilizers at 100200 mg/L resulted in an
improvement in germination rate, root and shoot elongation,
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1.95+0.29
0.70+0.11
0.77+0.13

5.37+0.34
4.72+0.11

9.23+0.33
11.81+2.59

0.57+0.02
0.77+0.03
0.32+0.03
0.45+0.03

138.39+8.70
62.05+2.52

3.57+0.25
2.68+0.21
4.02+0.34
4.46+0.29

0.40+0.07
0.43+0.02
0.50+0.03
0.49+0.02

0.32+0.02
0.25+0.02
0.27+0.02
0.31+0.01

8.75+0.05
7.44+0.04
7.61+0.04
7.40+0.06

Bohar (Rohtak)

107.59+5.70

Manjhawli (Faridabad)

1.13+£0.20
1.69+0.15

2.54+0.09
4.31+0.23

83.48+4.62

Aurangabad (Bulandshahr)

Kot (G.B. Nagar)

1.72+0.17

4

The data are mean of three values

EC electrical conductivity, OC Organic carbon, and DTPA Diethylenetriamine-Penta-acetic acid

seedling vigour index, chlorophyll content, grain Zn-con-
centration, and grain yield of wheat. The application of Zn-
nanofertilizer at 100 mg/L improves fertilizer use-efficiency
in wheat as compared to conventional ZnSO,.7H,0. Even
with an 11-times reduction in Zn dose as compared to con-
ventional ZnSO,.7H,0, the use of ZnONPs as a foliar spray
at particular stages of growth, i.e., tillering and stem elonga-
tion can increase the yield and plant capacity to take zinc
and improve the use efficiency of nano zinc fertilizers. The
application of nano zinc fertilizers can help to enhance the
growth and yield of wheat crops, particularly in low zinc
soils. However, higher doses of ZnONPs (>200 mg/L) nega-
tively influenced both plant growth and yield parameters.
The delivery of Zn nutrient through ZnONPs at the right
dose, at the right time, and of the right size could be effec-
tive and beneficial in enhancing the growth and yield attrib-
utes of wheat. The present research opens a new avenue of
reducing the dose of Zn using nanostructured fertilizers like
ZnONPs as compared to conventional ZnSO,.7H,0 ferti-
lizer. Nanofertilizers have a huge potential in the agriculture
sector in improving crop growth, yield, and bio-fortifying
food grains as supported by scientific findings from this
study and several others. The use of nanofertilizers at an
optimum dosage can reduce the input-cost and check envi-
ronmental pollution by decreasing nutrient runoff due to
the lower dose of application. The benefits of the use of
nanoscale micronutrient fertilizers can ensure increased bio-
availability, slow and controlled release of the micronutri-
ents, longer lifetime, and reduced losses of nutrients in com-
parison to conventional fertilizers. Nanomaterials could be
beneficial in designing more soluble and diffusible sources
of zinc fertilizers which are capable of releasing nutrients
in synchrony with crop demand for increased and sustained
productivity. Zinc nanofertilizer is the future of precision
agriculture in zinc-deficient soils. Thus, the present study
reveals a new avenue in the field of sustainable agriculture
to apply micronutrients and biofertilizers in soils on a nano-
scale rather than conventional methods.

Significance of the work

Engineered Zinc oxide Nanopraticles (ZnONPs) can be used as
a nanofertilizer and provides an alternative to soil based appli-
cation of Zinc Sulphate. Application of ZnONPs to wheat crop
increased their growth, yield and grain Zn-content (7.9-20%)
as compared to the conventional zinc sulphate (ZnSO,.7H,0)
at 0.5%. Further, application of the spherically synthesized
ZnONPs (average size-36.7 nm) at 5 mg/kg in the soil applica-
tion and 100 mg/L in the foliar application was found effective
for sustainable wheat production in Zn-deficient neutral and
alkaline soils. It is envisaged that targeted delivery of effective
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Table 3 Effect of foliar

s Treatment At tillering stage At stem elongation stage Mean
application of ZnONPs on .
soil mirobial biomass carbon Units mg/kg mg/kg mg/kg
(SMBC, in mg/kg soil) during Control 165.80+8.38 215.00+8.25 190.00 + 35.40
wheat growth stages
ZnONPs (100 mg/L) 273.00+6.28 371.00+8.89 321.00+70.60
ZnONPs (200 mg/L) 247.40+4.62 318.20+6.06 283.00+49.80
ZnONPs (500 mg/L) 96.00+5.10 82.00+4.30 89.10+10.00
ZnS0,.7TH,0 (0.5%) 261.00+5.24 357.00+5.61 308.20+69.00
Mean 208.60+75.70 268.60 +120.90 238.30+42.90
SE 47.40 65.40
CD (in LSD) 103.30 142.50
F cal 5.09% 6.83%*

*Significant at 5% level of significance

**Significant at 1% level of significance

Table 4 Effect of foliar

T Treatment At tillering stage At stem elongation stage Grand mean
application of ZnONPs on . 6 1 6 1 P
bacterial population in soil Units CFUX10° g CFUX10” g CFUX10° g

6 o1 :

(CEUX 10" g7 during wheat ¢,y 12.80+0.84 8.60+1.52 10.70+2.97

growth stages
ZnONPs (100 mg/L) 17.80+0.84 33.80+1.79 25.80+11.31
ZnONPs (200 mg/L) 15.60+1.14 29.40+1.82 22.50+9.76
ZnONPs (500 mg/L) 3.60+0.55 4.80+0.84 4.20+0.85
ZnS0,.7H,0 (0.5%) 16.60+1.14 31.00+1.58 23.80+10.18
Mean 13.28+5.72 21.52+13.69 17.4+£5.83
SE 3.21 6.34
CD (in LSD) 6.99 13.82
F cal (at 1% level) 6.35%* 9.32%%*

**Significant at 1% level of significance

nanoscale Zn will lead to production of Zn enriched grains in
Zn deficient soils.
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