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Agricultural yield of major crops is low due to the injudicious use of chemical fertilizers that
affects soil fertility and biodiversity severely and thereby affecting plant growth. Soil health is
regulated by various factors such as physicochemical properties of the soil, availability of
micro/macronutrients, soil health indicator enzymes and microbial diversity which are
essential for agriculture productivity. Thus, it is required to draw attention towards an eco-
friendly approach that protects the beneficial microbial population of soil. Application of
different bioinoculants and agriusable nanocompounds has been reported to enhance soil
quality with increased nutrient status and beneficial bacterial population, but additive
effects of combined treatments on soil microbial population are largely unknown. The
present study investigated the impact of nanozeolite and nanochitosan along with two
Bacillus spp. on rhizospheric microbial flora and indicator enzymes to signify soil health
under field conditions on maize. Soil health was ascertained by evaluating physicochemical
analysis; total bacterial counts including N, P, and K solubilizing bacteria; and soil health
indicator enzymes like fluorescein diacetate hydrolysis, alkaline phosphatase,
B-glucosidase, dehydrogenase, amylase, and arylesterase. Change in copy number of
16S rRNA as a marker gene was used to quantify the bacterial population using
quantitative PCR (gPCR) in different treatments. Our study revealed that
nanocompounds with Bacillus spp. significantly (o < 0.05) enhanced total microbial
count (16.89%), NPK solubilizing bacteria (46%, 41.37%, and 57.14%), and the level
of soil health indicator enzymes up to twofold over control after 20, 40, and 60 days of the
experiment. gPCR analysis showed a higher copy number of the 16S rRNA gene in treated
samples, which also indicates a positive impact on soil bacterial population. This study
presents a valuable approach to improve soil quality in combined treatments of
nanocompounds and bioinoculants which can be used as a good alternative to
chemical fertilizers for sustainable agriculture.
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INTRODUCTION

Progression of life in all forms depends on the agriculture sector
in most of the developing countries worldwide. Excessive and
indiscriminate use of agrochemicals has inadvertently damaged
soil health over time (Bunemann et al., 2018). Toxic chemicals
have a detrimental effect on the key drivers of biogeochemical
cycles and in the soil microbial community (Rousk and Bengtson,
2014; Kumar et al., 2021). It is therefore imperative to find safe
and effective strategies contributing towards higher agronomic
yield without jeopardizing the natural microflora of soil (Bargaz
et al., 2018). Combined applications of plant growth promoting
rhizobacteria (PGPR) and nanocompounds has potential to
significantly improve the overall plant and soil health status.
Use of microbes in the agricultural sector has a lengthy history,
created through broad-scale inoculation of legumes in the 20th
century (Desbrosses and Stougaard, 2011). Exploitation of
beneficial PGPR such as Azotobacter, Azospirillum, Bacillus,
and Pseudomonas in the form of biofertilizers can be an
alternative to conventional chemical fertilizer (Vessey, 2003;
Schiitz et al., 2018). They promote plant growth by influencing
plant hormone production, iron sequestration via siderophore,
stress management via key enzymes such as 1-
aminocyclopropane-1-carboxylate (ACC), and soil organic
matter decomposition (Jahanian et al, 2012; Pandey and
Gupta, 2019). Most importantly, they help to access macro/
micro nutrients from the soil system and improve the plant
growth (Beneduzi et al, 2012; Kour et al., 2020a). Microbial
inoculants enhance nitrogen, phosphorus, and potassium
fertilizer resource use efficiency, which is typically lost due to
run-off and leaching in the atmosphere (Adesemoye and
Kloepper, 2009). In particular, Bacillus and Pseudomonas
species are best known to solubilize growth-limiting nutrients
such as phosphate and potassium efficiently, which finally
enhanced plant progress (Santoyo et al, 2012; Sharma et al,
2013; Chaudhary A. et al,, 2021). Acinetobacter calcoaceticus is
involved in phosphate solubilization and mitigated the drought
toxic effects in foxtail (Setaria italica) (Kour et al., 2020b). More
than 75% of globally marketed biofertilizers are associated with
nitrogen fixing and P solubilizing/mobilizing property (Timmusk
et al., 2017). High availability of NPK could extend survival rates
of microorganisms in soil (Yang et al, 2011). Extracellular
enzymes like dehydrogenase, fluorescein diacetate, alkaline
phosphatase, and B-glucosidase produced by PGPR helps in
functioning of soil ecosystem as well as nutrient cycling (Liu
etal., 2017). Various reports support the positive impact of PGPR
on seed germination, stimulation of root growth, and plant
growth regulation though enzymatic activities (Vacheron et al.,
2013). However, inconsistent behavior of biofertilizers under field
conditions often limits their widespread adoption by farmers.
Developing inoculant using beneficial microorganisms that have
a longer shelf life and high efficacy is a major commercialization
challenge (Backer et al., 2018).

The inclusion of nano-encapsulation knowledge might be used
as a resourceful means to defend PGPR against environmental
factors such as UV radiation and heat (Prasad et al., 2017).
Enhancing their shelf life and allowing the controlled release
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of biofertilizers would allow their practical application worldwide
(Vejan et al., 2016). Numerous studies have supported the
possible application of nanocompounds in agricultural field to
boost agricultural yield (Duhan et al., 2017). Foliar application of
silver nanoparticles (AgNPs-40 mgL™") significantly improved
agronomical parameters (shoot height, shoot weight, and number
of leaves) of fenugreek (Trigonella foenum-graecum) by twofold
(Sadak, 2019). Nanofertilizers can sustain slow release of
nutrients due to higher surface tension than conventional
surfaces (Ghormade et al, 2011). Out of the different
agriusable nanocompounds, nanozeolites and nanochitosan
have found their wide application in the agriculture sector due
to their small size, high surface tension, chelation capacity, and
biocompatibility, which are helpful in improving bacterial
population and agronomic yield (Ming and Allen, 2001;
Chaudhary and Sharma, 2019). High porosity of zeolites and
their selectivity for cations make them useful to promote nutrient
use efficiency (Ramesh and Reddy, 2011). Nanozeolite as a
natural substrate can support microbial growth. Positive
response of nanozeolite (50 mg L") towards soil health
indicator enzymes and thus microbial activity under in vitro
conditions (Khati et al, 2018). A study by Yuvaraj and
Subramanian (2018) suggested the possible application of
nano-sized zeolites (90 nm) as Zn fertilizer carrier for slow
release of zinc in soil. Another nontoxic polysaccharide-like
chitosan being biodegradable and biocompatible is useful in
the agricultural sector (Katiyar et al, 2015). It is known as a
plant growth regulatory agent and suppresses the growth of
fungal pathogens (Popova et al., 2016). According to Siddaiah
et al. (2018), chitosan nanoparticles enhanced seed germination
in pearl millet and protected from downy mildew.
Nanocompounds (50 mgL™") and Bacillus spp. enhanced
agronomical/biochemical attributes and maize productivity
(Chaudhary A. et al.,, 2021). To study the beneficial effects of
nanocompounds, it is important to focus on their impact over
factors involved in soil health, which are critical for soil fertility
and agricultural productivity. NPs in higher concentration not
only affect the functional diversity of microorganism’s enzyme
activity in soil but indirectly pose risk to plant growth (Chavan
and Nadanathangam, 2019). Soil microbial dynamics is a key
factor for sustainable agricultural practice in the long term as a
slight change in microbial population can severely deteriorate the
soil quality (FAO, 2012; Jacoby et al, 2017). Microbial
population, activities of soil enzymes, and availability of
micro/macronutrients maintain soil health and its quality
(Tahat et al, 2020). Physicochemical properties of the soil
exhibit seasonal variation and are influenced by the nutrient
content of the soil, which can modify the structure and
composition of the bacterial community in the rhizosphere/
bulk soil (Li et al, 2020). Among soil physicochemical
properties, pH is known to affect bacterial community and
enzymes, involved in solubilization of organic (C, N, P) and
nutrient availability in soil/plant system (Lopez-Monejar et al.,
2015; Ju et al., 2019).

Therefore, the main aim of this research was to investigate
the role of nanocompounds along with Bacillus spp. on total
bacterial count, nitrogen fixers (Azotobacter), potassium and
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phosphorus solubilizers, soil enzymes, and microbial
community using advanced molecular techniques under
field conditions on maize for the first time. Molecular
methods provide distinctive insight into the composition,
structure, and functioning of microbial population of an
ecosystem (Griffiths et al., 2003). Relatively few studies
have been conducted on the effect of agriusable
nanocompound on soil health. The information obtained
from these parameters provides the beneficial role of
nanocompounds along with bioinoculants on soil,
particularly focusing on soil management and the overall
richness and diversity of bacterial population of maize
rhizosphere.

MATERIALS AND METHODS

Bioinoculants and Growth Conditions
Bioinoculants Bacillus spp. (Bacillus sp. PS2 and PS10) with
accession nos. KX650178 and KX650179 were isolated from
the agricultural field of the University. Both the bacterial
cultures had plant growth-promoting properties like
phosphorus solubilization, indole acetic acid, and siderophore
production (Khati et al., 2019a). Nanozeolite and nanochitosan
used in this study have the following parameters: size < 80 nm;
refractive index, 1.47; pH, 7-8 and 7-9; and 99.90% purity (Khati
et al., 2019b).

Experimental Design

The field experiment was carried out in June to September 2017 at
Govind Ballabh Pant University of Agriculture and Technology,
Pantnagar (GBPUA&T). This site lies Southward of Shivalik
Himalayas (79°E longitude and 29°N latitude). Summers are
warm in this region with a maximum temperature of 35.5°C
and a minimum temperature of 23°C, and a relative humidity of
about 35% was recorded during the experiment. Maximum
rainfall occurred in July. This study was carried out in
randomized block design (RBD) with three replications for all
treatment. A plot size of 14.70 m” was used for the experiment.
Each plot has a length of 4.2 m and a width of 3.5 m, with a row-
to-row space of 60cm and a plant-to-plant space of 20 cm
(Supplementary Material S1).

Seed Bacterization

Maize seed variety (DH296) was taken from the Crop Research
Centre of GBPUAT, Pantnagar. Seeds were disinfected by ethanol
(70%) and hydrogen peroxide (3%) followed by distilled water
(Khati et al., 2017). Sterilized seeds were treated with bacterial
cultures and nanocompounds (50 mg L™"). There were a total of
nine treatments used in the experiment: control (T1), PS2 (T2),
PS10 (T3), nanozeolite (T4), PS2 + nanozeolite (T5), PS10 +
nanozeolite (T6), nanochitosan (T7), PS2 + nanochitosan (T8),
and PS10 + nanochitosan (T9). Different treatments received 2 x
10 cfu population per seed. After proper treatment, seeds were
kept under an incubator shaker at 25°C for 15 min at 100 rpm.
Treated seeds were further used for field trial (Supplementary
Material S2).

Impact of Nanocompounds and Bacillus spp. on Soil Health

Soil Sample Collection
Sampling was carried out after 20, 40, and 60D (days) of the

experiment. Rhizospheric soil from a maize root depth of 15 cm
was collected from each replicate randomly and mixed
appropriately. Soil samples were passed through a 2-mm sieve
and used for physicochemical analyses, total bacterial count. and
soil enzyme activities (Chaudhary et al., 2021a) (Figure 1).

Physicochemical Analysis of Soil Samples
Soil pH was measured by making the solution of soil in distilled
water (1:3) using a pH meter. Soil organic carbon was measured
by using the method of Black (1965), while total nitrogen,
available phosphorus, and potassium were detected by using
the method of Jackson (1973) and Jackson, (1958).

Enumeration of Different Bacterial

Population

Bacterial count was checked on diverse media such as nutrient
agar, Ashby, Aleksandrow, and Pikovaskaya agar for total
bacteria, nitrogen fixers (Azotobacter), potassium and
phosphorus solubilizing bacterial count. Plates were incubated
for 2-4 days at 30°C and bacterial colonies were counted. This
analysis was performed in triplicate (Messer and Johnson 2000;
Chai et al,, 2015).

Soil Enzyme Activities

Fluorescein Diacetate Hydrolysis

One gram of soil, sodium phosphate buffer (50 ml, pH 7.6), and
0.5 ml of FDA solution were added in a flask and incubated for 1 h
at 24°C. Acetone (2 ml) was added in the flask to stop the reaction,
centrifuged for 5 min at 8,000 rpm, and filtered using Whatman
filter paper. Enzyme activity was assessed at 490 nm and
expressed as g fluorescein g ' dry soil h™" (Schnurer and
Rosswall, 1982).

Dehydrogenase Activity

Triphenyl tetrazolium chloride (TTC) solution was used to
estimate the dehydrogenase activity. Tris buffer (0.1 M, pH
7.4) and TTC solution (5ml) were added in 5g of soil and
placed in an incubator for 8 h. Acetone (25 ml) was added in a
reaction mixture to stop the reaction and centrifuged for 10 min
at 4,000 rpm. Obtained supernatant was filtered and absorbance
was measured at 485 nm (Casida et al. 1964).

Alkaline Phosphatase Activity

In a test tube, 1g of soil, toluene (250 pl), modified universal
buffer (MUB 4 ml), and p-nitrophenyl phosphate (1 ml, 25 mM)
were added and incubated for 2h at 37°C under shaking
condition. Reaction was stopped using CaCl, and Tris buffer,
centrifuged, and filtered using Whatman filter paper. Enzyme
activity was measured by taking the absorbance at 400 nm
(Tabatabai and Bremner, 1969).

B-Glucosidase Activity
One gram of soil was taken in a flask, and toluene (0.25 ml),
p-nitrophenyl-D-glucoside (1 ml), and MUB (4 ml, pH 6) were
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Bioinoculants

Field trial on maizecrop . . soil physicochemical analysis

FIGURE 1 | Impact of nanocompounds and Bacillus spp. on soil health indicators under maize cultivation.

indicators yjjaple count of bacteria

Soil enzyme activities

also added in the same flask. The mixture was incubated for 1 h at
37°C; tris buffer (4 ml) and CaCl, (1 ml) were added to terminate
the reaction and centrifuged at 8,000 rpm for 10 min. The
obtained supernatant was filtered and color intensity was
measured at 415 nm (Tabatabai, 1994).

Amylase Activity

One gram of soil, 1 ml of starch, and phosphate buffer (2.5 ml, pH
6) were added in a flask. The flask was incubated for 6 h at 30°C
and centrifuged for 10min at 12,000 rpm. The obtained
supernatant (1 ml) and 1 ml of dinitro salicylate (DNS) were
added in a test tube and placed for 5 min in a water bath. Enzyme
activity was calculated by taking the absorbance at 540 nm
(Bernfeld, 1951).

Arylesterase Activity

One gram of soil, 2 ml of MUB, and p-nitrophenyl phosphate
(0.5 ml, 200 mM) were added in a flask and kept for 1 h in a water
bath. The mixture was centrifuged for 5 min at 6,500 rpm. The
obtained supernatant (1 ml) and 2 ml of n-hexane were added in
a test tube. Aqueous layer (0.5 ml) was taken; NaOH (0.5 ml) and
4 ml of distilled water were added. Enzyme activity was calculated
by taking the absorbance at 400 nm (Nakamura et al. 1990).

Quantitative PCR Analysis of 16S rRNA

One gram of soil was used to isolate the DNA from different soil
samples by using the DNA Purification Kit (HiMedia). Purity of
DNA was checked at 260 and 280 nm. qPCR was performed in an
iCycler iQ™ Multicolor instrument using universal primers (EUB
341F-5'CCTACGGGAGGCAGCAG 3’ and EUB 534R-
5'ATTACCGCGGCTGCTGG 3') to quantify the 16S rRNA
gene (Muyzer et al. 1993). Total volume of reaction mixture
was 25 pl containing both primers (0.5 ul), SYBR green supermix
(12.5 pl), and soil DNA (1 pl).

Statistical Analysis

Statistical analysis was carried out using one-way analysis of
variance (ANOVA) using SPSS software 16.0. Significant
differences were calculated using Duncan’s test at p < 0.05. All
analyses were made in triplicate.

RESULTS AND DISCUSSION

Physicochemical Analysis
Physiochemical analysis of the soil samples revealed significant
variations in the chemical properties of treated soil samples. Soil

pH showed variation in different treatments: T1 (7.2), T2 (7.4),
T3 (7.5), T4 (7.44), T5 (7.6), T6 (7.9), T7 (7.65), T8 (7.7), and T9
(7.8). Different treatments showed enhanced level of total organic
carbon, nitrogen, and phosphorus compared to control.
Potassium was comparatively higher in T6 and T9 treatments
(139.23 and 140.12 kg ha™') in comparison to other treatments
(Supplementary Material $3). Variations in soil physiochemical
properties can have a significant impact on the microbial
population and, as a result, plant growth (Sui et al, 2021).
Nanocompounds can improve nutrient mobilization, chelation,
and release slowly, which could assist with nutrient utilization
efficiency (Chaudhary et al,, 2021c). A significant link between
accessible macronutrients and soil microbial flora was found in
this study, indicating that nanocompounds have a good impact
on soil health. The treated soil had high levels of organic carbon,
nitrogen, phosphate, and potassium, which could greatly boost
the beneficial microbial population in maize rhizosphere soil.

Microbial Count on Different Media

Improved bacterial count over control was observed in
nanocompound-treated soil at 50 mgL™" concentration on
nutrient agar. Level of bacterial counts (CFU g™") in different
samples was 2.19 x 10° in T1, 2.42 x 10° in T2, 2.44 x 10° in
T3,2.43 x 10° in T4, 2.52 x 10° in T5, 2.56 x 10° in T6, 2.44 x
10°in T7, 2.52 x 10° in T8, and 2.53 x 10° in T9 after 60 days
of sowing (Table 1). Nitrogen fixing bacterial count was
higher in the combination of nanocompounds and
bioinoculants while control had low N, fixing population.
Counts of phosphate were significantly better in treated soil
over control. The order for phosphate solubilizers was control
having 8.75 x 10° (T1), 1.01 x 10° (T2), 1.04 x 10° (T3), 1.08 x
10%(T4),1.23 x 10° (T5), 1.20 x 10° (T6), 1.07 x 10° (T7), 1.13
x 10° (T8), and 1.17 x 10° (T9) treatment, respectively
(Table 2). Potassium solubilizing bacterial counts was
highest in T9 (8.80 x 10°) treatment followed by T6 (8.00
x 10°), T5 (7.63 x 10°), T8 (7.40 x 10°), T4 (7.00 x 10°), T7
(6.96 x 10°), T3 (6.90 x 10°), and T2 (6.80 x 10°) respectively.
Bacterial counts were significantly better in treated soil
compared to control. Application of nanocompounds with
test bacterial cultures enhanced bacterial counts in the
rhizospheric soil of maize. Number of bacteria per gram
soil was high in treated soil over control. Similarly,
bacterial population involved in NPK recycling was high
when maize was given a combined treatment of
nanocompounds and Bacillus spp. Presence of these
bacteria improves soil quality by providing essential
nutrients to soil and then to the plants. Aziz et al. (2016)
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TABLE 1 | Effect of nanocompounds and Bacillus spp. on total bacterial count and nitrogen fixers under maize cultivation.

Treatments Total bacterial count
20D 40D

T1 2.12 x 10° + 3.00° 2.23 x 10° + 3.50°
T2 2.32 x 10° + 6.00° 2.39 x 10° + 3.00°
T3 2.36 x 10° + 5.68° 2.44 x 10° + 6.50°%
T4 2.40 x 10° + 4.50% 2.43 x 10° + 4,04°%
T5 2.50 x 10° + 5.50% 2.50 x 10° + 6.02°
T6 2.52 x 10° + 7.02° 2,53 x 10° + 351"
T7 2.34 x 10°% + 4.00°° 2.41 x 10° + 6.50°
T8 2.48 x 10° + 7.63% 2.49 x 10° + 5.00%f
9 2.47 x 10° + 6.65%° 2.51 x 10° + 5.00°

Nitrogen fixers (Azotobacter)

60D

2.19 x 10° + 4.80°
2.42 x 10° + 3.78°
2.44 % 10° + 6.50°
2.43 x 10° + 4.04°
2.52 x 10° + 7.00°%
2.56 x 10° + 6.02°
2.44 x 10° + 4.50°
2.52 x 10° + 2,08°%
2.53 x 10° + 5.56%

20D

5.50 x 10° + 7.30°
7.16 x 10° + 7.63°
7.23 x 10° + 5.85°
7.50 x 10° + 8.71°
8.20 x 10° + 9.16°
8.16 x 10° + 7.02°
7.00 x 10° + 5.00°
7.33 x 10° + 7.50°
8.03 x 10° + 8.08°

40D

570 x 10° + 5.122
7.33 x 10° + 9.07°
7.46 x 10° + 6.80°
8.26 x 10° + 5.68°
8.36 x 10° + 9.29°
8.23 x 10° + 6.50°
7.26 x 10° + 4.04°
7.90 x 10° + 7.54°
8.30 x 10° + 9.53°

60D

5.91 x 10° + 4.60°
7.36 x 10° + 9.60°
7.60 x 10° + 8.00°
7.63 x 10° + 6.65°
8.60 x 10° + 8.54°
8.63 x 10° + 4.04°
7.50 x 10° + 5.00°
7.96 x 10° + 5.13°
8.56 x 10° + 7.63°

Means in each column followed by the same letter were not significantly different (p < 0.05) as determined by two-way ANOVA and Duncan’s Multiple Range Test (DMRT). Values were the
means of three replications + SD.

TABLE 2 | Effect of nanocompounds and Bacillus spp. on phosphate and potassium solubilizers under maize cultivation.

Potassium solubilizers

20D

Treatments Phosphate solubilizers

20D 40D 60D
T1 8.20 x 10° + 4.242 8.59 x 10° + 3.212 8.75 x 10° + 3.60%
T2 9.70 x 10° + 6.11°  9.90 x 10° + 5.56° 1.01 x 10° + 5.13°
T3 1.01 x 10 + 4.00°°  1.00 x 10° + 7.09°° 1.04 x 10° + 7.57%°
T4 1.03 x 10° + 7.00°°  1.05 x 10° + 9.60°° 1.08 x 10° + 9.84°°d
T5 1.15 x 108 + 5.00° 1.20 x 10° + 9.50° 1.23 x 10° + 5.50°
T6 1.18 x 10° + 7.63¢ 117 x 10° + 9.84% 1.20 x 10° + 10.81%
T7 1.02 x 108 £ 7.21°° 1,05 x 10° + 5.00°° 1.07 x 106 + 7.54°<
T8 113 x 108+ 7.57°9 1,12 x 10° £ 8.88°°% 1,13 x 10° + 9.64°°%
T9 1.15 x 10° + 5.03¢ 1.16 x 10° + 4.72°% 1.17 x 10° + 4.35°%

5.28 x 10° + 3.40%
6.56 x 10° + 4.50°°
6.60 x 10° + 4.00°°
6.73 x 10° + 1,520
7.20 x 10° + 2.64%
7.46 x 10° + 2.51°
6.70 x 10° + 10.44°°4
7.16 x 10° + 6.65°
7.56 x 10° + 3.51¢

40D

5.46 x 10° + 3.50°
6.50 x 10° + 5.56%
6.76 x 10° + 8.02°°
6.93 x 10° + 10.06"°
7.46 x 10° + 8.32°°
7.86 x 10° + 3.21°
6.93 x 10° £ 9.71°°
7.23 x 10° + 5.50°°
8.03 x 10° + 4.16°

60D

5.60 x 10° + 3.212
6.80 x 10° + 6.00%
6.90 x 10° + 6.00°°
7.00 x 10° + 8.00°°
7.63 x 10° + 8,50°%¢
8.00 x 10° + 4.35%
6.96 x 10° + 10.59°
7.40 x 10° + 5.00°°
8.80 x 10° + 8.54¢

Means in each column followed by the same letter were not significantly different (p < 0.05) as determined by two-way ANOVA and Duncan’s Multiple Range Test (DMRT). Values were the

means of three replications + SD.

reported that nano-formulations based on chitosan, zeolites,
and clay, known to reduce the loss of nitrogen, had helped in
enhancing nutrient uptake process in plant leaves. Pallavi
et al. (2016) examined the impact of silver nanoparticle
(50mgL™") concentration on total bacterial count,
nitrogen fixers, and phosphorus solubilizers and found
improved bacterial population in rhizospheric soil of
Brassica juncea in India. Improved functional population
of nitrogen fixers and potassium and phosphorus
solubilizers was observed under the influence of SiO, in
maize soil, but ZnO, TiO,, and CeO, (1 mg g_l) decreased
the microbial count through uptake of free ions released by
nanoparticles in soil (Chai et al., 2015). Chaudhary et al.
(2021b) reported that application of nanocompounds
enhanced beneficial bacterial population of maize
rhizosphere soil using metagenomics. Biochar along with
Bacillus megaterium improved the soil urease activity and
NPK concentration (Ren et al. 2019). Toxic impact of ZnO
and TiO,NPs (1-2 mg L™!) in microcosm on nitrogen fixing
bacteria was observed using DNA-based fingerprinting (Ge
et al, 2012). Total bacterial count and Azotobacter
population were decreased when Cambisols treated with
copper and zinc NPs (Kolesnikov et al., 2021). Bacterial

consortium of Bacillus sp., Agrobacterium tumefaciens, and
Pseudomonas sp. improved the NPK content in rhizosphere
soil of wheat (Triticum) (Wang et al., 2020).

Soil Enzyme Activity

Soil of T5, T6, T8, and T9 treatments had highest activity of FDA
hydrolysis, and the values of enzymes activity were 38.62, 40.58,
40.87, and 40.12 pg fluorescein g ' h™" followed by 31.24, 30.79,
30.70, and 30.6 2 pg fluorescein g h™! shown by T7, T3, T2, and
T4 treatments, respectively, after 40 days of sowing. Minimum
enzyme activity was observed in control (17.37 pg fluorescein
g 'h™"). A gradual increase in FDA hydrolysis with time was
observed after 20, 40, and 60 days of the experiment in all the
treatments (Figure 2). Microbial population and activities of soil
enzymes are important parameters to measure the quality of a
soil. Activities of different enzymes act as an indicator to identify
changes in soil quality, measurement of microbial diversity, and
community structure (Yang et al., 2017; Chaudhary et al., 2021b).
Nanoparticles may influence the activity and immovability of
microbial enzymes. So, it is important to measure the specific
enzyme activity, which can be used to identify changes in the soil
environment, if any. FDA hydrolysis level was twofold higher in
treated soil samples over control. It indicates that protease, lipase,
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FIGURE 2 | Fluorescein diacetate hydrolysis, dehydrogenase, and alkaline phosphatase enzyme activities of soil in different treatments.
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and esterase hydrolyzing bacterial population were enhanced by
the application of nanocompounds and PGPR. The effect of
nanochitosan, titanium oxide, and nanosilicon dioxide NPs
was checked on soil enzymes, and a twofold increase in
dehydrogenase and alkaline phosphatase was found (Kukreti
et al., 2020; Kumari et al., 2020; Kumari et al., 2021). The
presence of higher activity of FDA hydrolysis in treated soil
might be correlated to availability of more substrate. The toxic
effect of ZnO NPs on protease activity was due to dissolution of
ions in treated soil when applied at the rate of 5 g in wheat soil
(Du et al, 2011). Nanogypsum and Pseudomonas taiwanensis
improved the soil enzyme activities by improving the nutrient
status of soil reported by Chaudhary et al. (2021d).

Combined treatment of nanocompounds along with
bioinoculants showed twofold increase in dehydrogenase
activity over control. T5, T6, T8, and T9 treatments showed
maximum dehydrogenase activity and were in the range of 7.45,
7.65, 7.62, and 7.73 ug TPFg 'h™', followed by T3 (6.56), T4
(6.23), T7 (6.02), and T2 (5.97 pg TPFg_l h™Y) after 40 days of
sowing. Enzyme activity was consistent up to the end of the
experiment. Minimum enzyme activity was found in control
(3.61pg TPFg 'h™'). Similarly, the highest phosphatase
activity was observed in the treatment of nanocompounds
with bioinoculants. The order of enzyme in the different
treatments after 40 days was as follows: T1 (171.67), T2
(318.83), T3 (322), T4 (320.17), T5 (340.50), T6 (342.33), T7
(323), T8 (339), and T9 (344.83 ug pNP g 'h™') (Figure 2).
Treated soil showed up to 2-fold increases in enzyme activity
compared to control. Our results showed a significant increase in

dehydrogenase activity after different time intervals.
Dehydrogenase is an intercellular enzyme, present only in
viable cells and very sensitive to pollutants/heavy metals
(Trevors, 1984). Increase in activity might be due to the
increase in metabolic activities of bacterial population. Awet
et al. (2018) observed a toxic effect of polystyrene
nanoparticles (100-1,000 ng) on dehydrogenase activity due to
the decrease in microbial biomass. An increase in dehydrogenase
activity of up to twofold was found in a glass container by
applying the nano CuO (Josko et al., 2019). The positive effect
of Cu is due to the fact that it is used as a cofactor for enzyme
activity. Alkaline phosphatase, a soil indicator enzyme, is
involved in enhancement of soil fertility by mineralization of
phosphorus. A positive correlation was observed between
phosphorus solubilizing bacteria and alkaline phosphatase
activity in soil. An increase in phosphatase activity may be
due to the presence of more phosphate solubilizing bacteria in
treated soil over control. Enhancement in dehydrogenase activity
by 108.7% and alkaline phosphatase by 72% as compared to
control was observed by Raliya et al. (2015) in mung bean (Vigna
radiata) in the presence of TiO, (10 mgL™"). Tarafdar et al.
(2013) reported significant improvement of rhizospheric
microbial population and activities of acid and alkaline
phosphatase and phytase in cluster bean rhizosphere when
treated with ZnONPs (10 mgL™"). Application of nanophos,
which consists of the phosphate solubilizing bacteria, also
improved the different soil enzyme activities under maize
cultivation (Chaudhary et al, 2021e). Silver NPs were not
affected by the soil enzyme activities but decrease the
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actinobacterial population in tropical soil cultivated with Coffea
arabica (Oca-Vasquez et al., 2020).

B-glucosidase activity was maximum in T8 and T9 treatments
in the experimental soil throughout the experimental period.
Twofold increases in glucosidase activity in all treated samples
was observed over control (Figure 3). Amylase activity was
highest (2.5 times than control) in T5 (140.90) and Té6
(139.67 pg h™Y, respectively, followed by T9 (130.67), T8
(128.13), T4 (122.67), T7 (121.10), T3 (119), and T2
(11623 pgh™"). Least activity was observed in control
(52.53 ugh™"). Level of B-glucosidase was also high in treated
soil in the present study. This enzyme takes part in the carbon
cycle, which points out the existence of a higher population of
microbes in treated soil. More enzyme activity indicated the
presence of a high population of microbes involved in
cellulose degradation in treated soil. Eivazi et al. (2018)
reported inhibition of P-glucosidase activity in soil by nano
silver NPs (3,200 ugkg™") over 1-month incubation. Li et al.
(2017) reported that application of cerium oxide at different
concentrations (100 and 500 mgkg™') increased phosphatase
activity significantly due to the antioxidant property of NPs,
which helps in the improvement of cell lifespan and strength in
the soil grass microcosm system but observed a negative effect on
B-glucosidase activity due to the accumulation of reactive oxygen
species.

Amylase enzyme is involved in the conversion of starch to
glucose and maltose. The level of this enzyme was higher in
treated soil, which indicates that bacterial population responsible
for carbon cycle was also high than control. The higher level of

arylesterase activity in treated soil in comparison to untreated soil
may be related to degradation of organophosphates and polymers
in soil. Untreated soil (T1) had the lowest level
(49.11-52.55 ugh™") of arylesterase activity in comparison to
other treatments throughout the experiment. There was a
twofold increase in enzyme activity from 20 days onwards in
all the treatments (Figure 3). An increased level of enzyme
activity is also a marker of action of microbes, that is, related
to reprocessing of chemical elements by the enzymes (Tejada
et al,, 2006; Bastida et al., 2008). Our results revealed that
nanocompounds along with bacterial culture did not have any
toxic consequence on the soil enzyme activities. Cao et al. (2017)
found that high concentration of iron oxide NPs (10 mgkg ")
had a negative effect on bacterial abundance, but Arbuscular
Mycorrhizal Fungi treatment altered the effect of nanoparticles
and improved maize growth and bacterial abundance in test soil.
He etal. (2011) did not find any significant increase in population
size when soil was treated with Fe,0; and Fe;0, (1.26 mg gfl).
Mishra et al (2021) observed the toxic effect of silver NPs
(100 mgkg™") on soil arylamidase and phenol oxidase enzyme
activities.

qPCR Analysis of 16S rRNA Gene

A steady increase in copy number of 16S rRNA was observed in
T6 and T9 treatments until the end of the experiment. Abundance
of 16 rRNA was 2.57 x 107 and 1.98 x 10" in T6 and T9
treatments, respectively. After 60 days, the pattern of abundance
of total bacterial gene in other treatments was: T7 > T5 > T2 > T8
> T3 > T4 > T1, which showed 5.87 x 10° > 5.54 x 10° > 4.29 x
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TABLE 3 | Comparative 16S rRNA gene abundance at different sampling times as revealed by gPCR analysis.

Treatments 16S rRNA gene (per g of soil)
20D 40D 60D

T1 4.70 x 10° + 1.30 x 10? 4.31 x 10° + 2.30 x 10? 4.22 x 10* £ 1.21 x 102
T2 1.97 x 10° + 2.20 x 102 117 x 10° + 1.16 x 102 4.29 x 10° + 1.67 x 10?
T3 5.30 x 10° + 1.56 x 10? 4.82 x 10° + 1.30 x 10° 1.95 x 108 + 1.30 x 10?
T4 1.38 x 10° + 1.42 x 102 1.78 x 10° + 1.29 x 102 9.60 x 10° + 1.34 x 102
T5 1.74 x 10° + 1.36 x 10? 3.57 x 10° £ 1.56 x 10? 554 x 10° £ 2.45 x 10?
T6 1.40 x 10° + 1.16 x 102 1.14 x 10" + 1.29 x 102 2.57 x 107 + 2.28 x 102
T7 7.21 x 10° £ 1.26 x 10? 6.02 x 10° + 1.19 x 10? 5.87 x 10° £ 1.22 x 10?
T8 8.69 x 10° + 1.06 x 10? 1.06 x 10° + 1.12 x 102 1.99 x 10° + 1.29 x 10?
9 6.91x 10° + 1.18 x 10? 3.78 x 10° + 1.20 x 10? 1.98 x 107 + 1.19 x 10?

Each value is the mean of three replicates. Values in + indicate standard deviation of mean.

10° > 1.99 x 10° > 1.95 x 10° > 9.60 x 10° > 4.22 x 10°,
respectively, in terms of copy number (Table 3). Quantification of
16S rRNA showed high copy number in treated soil over control.
This may be due to the positive effect of nanochitosan and
nanozeolite on other bacterial populations, which helps in
mobilization, chelation, and slow release of nutrients,
improved the nutrient status of the soil, and enhanced plant
growth (Alori et al., 2017; Agri et al., 2021). Titania nanoparticles
and PGPR enhanced the valuable microorganism around roots
and helped in the growth of wheat (Timmusk et al, 2018).
Application of silver nanoparticles (0.01 mgkg™) significantly
reduced the population of ammonia oxidizers (—17%) but have a
positive impact on the population of Bacteroidetes and
Actinobacteria  (Grun et al, 2019). Overall observation
determined that enhanced level of enzymes and bacterial
population  supported the  biological efficiency  of
nanocompounds along with bioinoculants on maize.

CONCLUSION

The present study provides important implications of two
nanocompounds on nutrient status, quality, and soil health if
applied along with indigenous bioinoculants in maize.
Application of combined treatments has potentially improved
nutrient status, total microbial counts, nitrogen fixers,
phosphorus, and potassium solubilizing bacteria in the
experimental soil. Level of activities of signature soil enzymes
was also improved in treated soil, which revealed that more
nutrients are available to enhance the metabolic rate of soil
bacteria. qPCR analysis also confirmed our observations as
higher bacterial population in treated soil. The stimulation
effect of nanocompounds was assumed to be increased due to
better nutrient efficacy and survival of microbial population for
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