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Abstract

A field experiment was conducted at Tamil Nadu Agricultural University
(TNAU), Coimbatore, during the summer of 2024 to determine the
physiological, biochemical and microbial responses of green gram to foliar
nutrition of nano-fertilizers. The experiment was carried out in black heavy
clay soil (vertisol). Treatments included recommended doses of fertilizer
(RDF) at 100%, 75% and 50%, each combined with two rounds of foliar sprays
(FS) using nano urea and nano DAP (di ammonium phosphate) (first spray and
a second spray 15 days later), along with conventional urea and DAP sprays
and a TNAU pulse wonder spray. Ten treatments were tested, each replicated
three times in a randomized block design (RBD). Physiological (chlorophyll
content), biochemical (soluble proteins, nitrate reductase activity) and
microbiological (nodule number, microbial population) parameters were
recorded at critical growth stages.

The combination of 100% RDF with two nano DAP sprays resulted in
significantly higher total chlorophyll concentration (increases of 21.4%,
10.7%), soluble protein content (increases of 30.5%, 15.7%) and nitrate
reductase activity (increases of 30.1%, 14.7%), with values at par with 75%
RDF + nano DAP foliar sprays twice, as well as 100% RDF + TNAU pulse wonder
in comparison to 100% RDF with conventional DAP sprays, respectively
observed after 1% spray. Notably, the 50% RDF + nano DAP significantly
increased nodule number and microbial population at critical stages.

Overall, the data demonstrated that 75% RDF + FS of nano DAP (twice)
has improved physiological and biochemical changes in green gram plants,
indicating a potential saving of phosphorus (P) fertilizers by up to 25%.
Physiological responses were more pronounced with nano DAP than
conventional DAP, likely due to its rapid absorption, quick assimilation and
improved use efficiency.
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Introduction

Pulses play an important role in the Indian diet, especially
for the predominantly vegetarian population. They are rich
sources of carbohydrates (60-70%) and protein (20-25%)
along with various vitamins, sugars and dietary fibers (1).
Phytochemicals found in pulses, including flavonoids,
phenolics, tannins, phytates, saponins, lectins, oxalates,
phytosterols, peptides and enzyme inhibitors, all of these
offer a wide range of health benéefits (2).

In addition to their contribution to food grain
production, cultivating pulses in rotation with other
agricultural and horticultural crops enhances soil fertility. It
also provides resilience against the negative effects of climate
change in rainfed agricultural systems. This practice positively
impacts soil properties, promotes efficient resource use,
supports biological nitrogen fixation (BNF), improves nitrogen
(N) management and contributes to the sustainability of food
production (3, 4).

India is the largest producer (25.5 million tons) and
consumer of pulses as of the 2021-2022 financial year (5-7). To
meet the growing demand, India imports over 3.0 million
tonnes of pulses annually, costing the country nearly USD 3.74
billion, and this figure is expected to rise in the coming years (8,
9). This issue emanates from the low production of pulses,
mostly attributed to multi-nutrient shortages, climate change,
rainfed farming, pests, diseases and a diminished source-sink
ratio (10-12). Despite decades of efforts to improve pulse
productivity, these strategies, due to limited adaptability,
continue to be regarded as a “poor man’s crop” (13).

In intensive cropping systems, it was observed that
commercial fertilizers and their management contribute
approximately 35-40% of crop productivity potential.
Recognizing this significance and aiming to sustain and
enhance our country's annual food grain production, the
Government of India provides substantial subsidies for major
fertilizers, particularly nitrogenous fertilizers (urea). This
subsidy policy has led to imbalanced N fertilization across
India’s agro-climatic zones and the indiscriminate usage of N-
based fertilizers led to groundwater nitrate pollution,
especially in regions with intensive, irrigated agriculture.

Over recent decades, the use efficiencies for N, P and
potassium fertilizers have remained stagnant at 30-35%, 18-
20% and 35-40%, respectively. This poor efficiency of soil-
applied fertilizers resulting in nutrient accumulation in the
soil profile, which leaches into aquatic systems and
contributes to eutrophication, resulting in water pollution
across the major river basin of India. To mitigate the adverse
effects of indiscriminate and imbalanced N fertilizer
applications, developing nano-based fertilizer formulations
with multiple functions is essential. These formulations can
help address challenges related to low fertilizer use efficiency,
imbalanced fertilization, multi-nutrient deficiencies and
declining soil organic matter (14).

Traditional synthetic fertilizers often result in low
nutrient use efficiencies (NUEs) because of their rapid release
rates, which can surpass the plants nutrient absorption
capacity. This causes nutrients to convert into other forms
that are not easily accessible to crops (15). Unlike
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conventional fertilizers, nano-fertilizers slow the nutrient
release rate while improving stability through mechanisms
like aggregation or adsorption. Notably, these changes occur
without altering the chemical composition, as they are
influenced by factors such as pH-dependent processes, redox
potential and the presence of ligands in the soil (16).

To address the multiple constraints in pulse
cultivations, scientists have explored multiple strategies to
promote pulse productivity using cutting-edge technologies.
Nanotechnology, which involves atomic manipulation, allows
for the precise design and development of products to deliver
nutrients or inputs to the target site without any loss of
nutrients (17-19). Several nano-based interventions have
been attempted to promote pulses productivity. For instance,
a recent study demonstrated that green gram seeds
encapsulated with polyvinyl alcohol nano-fibers, fortified
with macro and micronutrients, significantly improved
productivity while drastically reducing fertilizer inputs (20).
Interestingly, the nano-fiber coating with nutrients was
comparable to the 100% RDF. In another study, nano-fibers
were used to deliver the fungicide (tebuconazole) to control
root rot, a severe disease in pulses (21). Further, a multi-
nutrient capsule was developed using nano-zeolites fortified
with essential nutrients for pulse cultivation (22). All of these
literature clearly demonstrate that nanotechnology-enabled
inputs improve crop productivity.

Commercial production of nano-enabled agricultural
inputs has yet to materialize despite these data being
published. The delay in their commercial production can be
attributed to several factors. Regulatory hurdles, including
safety assessments and environmental impact evaluations,
remain significant barriers. Additionally, the high cost of scaling
up nano fertilizer production and the lack of standardized
protocols for large-scale agricultural use pose challenges.
Farmers' reluctance to adopt new, unfamiliar technologies
without long-term field trials further contributes to the slow
transition from research to commercial application.

Applications of nanotechnology concepts and their
product utilities are gaining momentum in various sectors,
including energy production, conversion and storage;
agricultural productivity enhancement; wastewater treatment
and remediation; disease diagnosis and screening; drug delivery
systems; food processing and storage; air pollution remediation;
and vector and pest detection and control. To accelerate the
adoption of nanotechnology and support nanotechnology-
based inputs, the Government of India has initiated several
schemes, like the intensification of research in high priority areas
(IRHPAS), the national programme on smart materials (NPSM),
nano science and technology initiative (NSTI) and the nano
science and technology mission (NSTM) (23).

India is the first country to develop a DBT (Department
of Biotechnology) regulatory guideline for evaluating nano-
agricultural inputs, launched in 2020 (24). These guidelines
served as the base document for notifying nano-fertilizers in
the country. The first liquid IFFCO (Indian Farmers Fertiliser
Cooperative Limited) nano urea was notified in 2021 (FCO,
2021) and subsequently, IFFCO liquid nano DAP was
introduced for commercial application in 2023 (FCO, 2023).
This innovative product, created using nanotechnology,
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reduces the particle size of urea, resulting in nano-scale urea
particles. These smaller particles offer several benefits,
including improved nutrient utilization efficiency, controlled-
release properties and reduced N losses compared to
conventional urea (25-28). In recent years, several studies
have shown that nano-fertilizers improve the growth and
yield of various crops, i.e., maize (29), pigeon pea (30) and
green gram (31).

After introducing nano urea and nano DAP in the
country, many insightful questions were asked, many of
which remain unanswered. It is hypothesized that nano-
fertilizers have distinctive characteristics, such as a high
surface mass ratio, and that the dimensions of the micellar
nanoparticles are less than 100 nm (32). Due to their
extremely small size, nano-fertilizers get into the plant system
rapidly and assimilate into the N and P pathways, which
assist in minimizing the loss of nutrients and improving
nutrient use efficiency (33, 34).

To test this hypothesis, a field experiment was
conducted using gradient levels of conventional RDFs (100%,
75%, 50%) in combination with FS of nano-fertilizers (nano
urea and nano DAP) and conventional fertilizers (urea and
DAP), along with TNAU pulse wonder sprays. Physiological,
biochemical and microbiological measurements were taken
at various critical growth stages to gain insights into how
nano-fertilizers promote pulse productivity.

Materials and Methods

A field experiment was conducted in the wetlands (11° N
latitude and 77° E longitude, at an altitude of 426.7 m above
MSL) of Tamil Nadu Agricultural University, Coimbatore, to
assess the combined application of conventional fertilizers
and foliar nano-fertilizers (nano urea and nano DAP) on
physiological parameters, biochemical parameters, root
nodulation in green gram (Vigna radiata L.) and soil microbial
population during the summer season (March-May, 2023).
The experimental soil was classified as clay loam, with a pH of
8.02 and an electrical conductivity (EC) of 0.30 dSm. The soil
organic carbon content was measured at 0.58%, with
available N at 179.0 Kg ha, P at 19.0 Kg ha™ and potassium at
653.0 Kg ha™. The experiment was conducted in a RBD with 10
treatments; each replicated three times.

Treatments
The treatments were as follows:

T:- 100% RDF (25:50:25:20 Kg N: P.0s (phosphorus
pentoxide): K,O (potassium oxide) & S (sulphur) ha?); T, -
100% RDF + FS of TNAU pulse wonder at 5Kg ha*at peak
flowering stage; Ts - 100% RDF + FS of DAP at 2%; T4 - 100%
RDF + FS of urea at 1%; Ts - 100% RDF + FS of nano DAP at 2
mL L% Te - 100% RDF + FS of nano urea at 2 mL LY T7- 75%
RDF + FS of nano DAP at the rate of 2 ml L%, Ts - 75% RDF +
FS of nano urea at 2 mL L?; Ts - 50% RDF + FS of nano DAP
at2mL L% Tio-50% RDF + FS of nanoureaat2 mlL™.

The plot size was 3.9 x 3.0 m. green gram (var. Co. 8)
was sown at 20 Kg per ha?, with a spacing of 30 cm x 10 cm.
According to the treatment schedule, the necessary amounts
of urea, single superphosphate and muriate of potash were

determined and uniformly administered as basal fertilizers.
Foliar nutrition applications were carried out at flower
initiation (FI) and 15 days later. After that, the required
quantities of nano DAP and nano urea liquid fertilizer (at the
rate of 500 mL per acre), as well as conventional DAP (2%)
and urea (1%) fertilizers, were applied at the rate of 500 liters
of water ha' and sprayed at Fl and 15 days after that. To
ensure better nutrient absorption, FS were administered in
the morning hours (before 10 AM). The crop was irrigated six
times during the cropping period.

Chlorophyll measurement

Chlorophyll a, chlorophyll b and total chlorophyll were
extracted using 80% acetone and measured at three stages:
before FS, after the 1% spray and after the 2™ spray (35).
Optical density (OD) values were recorded at 645 and 663
nm using a spectrophotometer (Microprocessor UV Single
Beam) and expressed in mg g* of fresh weight.

Chlorophylla=
Vv
(12.7 x OD at 663 nm) - (2.69 x OD at 645 nm)
1000 x W
(Egn. 1)
Chlorophyll b=
Vv
(22.9x OD at 645 nm) - (4.68 x OD at 663 nm) x
1000 x W
(Egn. 2)
Total chlorophyll content =
Vv
(20.2 x OD at 645 nm) + (8.02 x OD at 663 nm) x
1000 x W
Where, (Egn. 3)

OD - Optical density
V - Final volume of chlorophyll extract in 80% acetone
W - Weight of the leaf sample taken (g)

Soluble protein and nitrate reductase activity

The soluble protein content was estimated, with results
expressed in mg g' of fresh weight (36). A standard
experimental procedure was used to calculate the nitrate
reductase activity (37) and the data were expressed in pg NO2
(nitrogen dioxide) g* hr.

Nodule count and microbial population

Total nodule count, effective nodules count plant! and
nodules dry weight plant® were observed after the 1
spray and after the 2" spray. The serial dilution plate
technique was used to assess the soil microbial population
(38). Freshly prepared nutrient agar media, Martins Rose
Bengal agar media, and Ken Knight agar media were used
to determine the soil bacterial, fungal and actinomycetes
populations, respectively. Observations were taken before
FS, after the 1% spray, after the 2" spray, and at the post-
harvest stage. The results are expressed as the mean
colony-forming units (CFU).
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No. of colony forming units (CFU) =

Total no. of colonies x Dilution factor

Quantity of soil sample taken on dry weight basis (Eqn. 4)

Data collection and analysis

Data collected from field experiments and laboratory
analyses were statistically analyzed (39). The critical
difference was calculated at the 5% probability level for
treatments showing a significant level of difference, while
treatments not showing significance at this probability
level were denoted as non-significant (NS).

Results and Discussion
Physiological parameters

Chlorophyll concentrations (a, b, and total) were measured in
treatments that received different fertilizer gradients (100%,
75% and 50% RDF) combined with a FS of either nano-fertilizer
(nano urea or nano DAP) or regular fertilizer (urea or DAP).
Table 1 represents the data on physiological parameters
measured at various growth stages.

Before the FS, treatments with 100% RDF registered
significantly higher chlorophyll a, b and total chlorophyll
concentrations. These values were on par with the 75% RDF
treatment but were considerably higher than in the 50% RDF
treatment. The data correspond with the observations of
several authors who have shown positive and beneficial
effects of fertilizers on enhanced chlorophyll concentrations
(40, 41). There is a strong correlation between N and
chlorophyll concentrations, which has led to the
development of handheld gadgets like SPAD (soil plant
analyzer development), which is commonly used for indirect
onsite detection of N (42, 43). Nitrogen, a growth element and
a constituent of chlorophyll, it is obvious that chlorophyll
concentrations increased with higher levels of RDF.
Combined application of N & P is also known to increase
chlorophyll a, b and total chlorophyll (44).

After the first spray, green gram plants treated with
100% RDF + nano DAP spray registered the highest
chlorophyll a (1.42 mg g*), chlorophyll b (1.08 mg g*) and
total chlorophyll (1.59 mg g) concentrations, which were on

par with those treated with 75% RDF + nano DAP and 100%
RDF + TNAU pulse wonder. As explained, chlorophyll
concentration is directly related to the N content of the leaf
(45). The total chlorophyll concentration in the best
treatment (100% RDF + nano DAP) increased by 27.2%. On the
other hand, TNAU pulse wonder and 75% RDF + nano DAP
registered an increase of 22.4% and 20.0%, respectively,
compared to the 100% RDF.

Similarly, after the second spray, 100% RDF + nano
DAP spray registered the highest chlorophyll a (1.09 mg g*),
chlorophyll b (0.85 mg g*) and total chlorophyll (1.28 mg g?)
concentrations, which were also on par with 75% RDF + nano
DAP and 100% RDF + TNAU pulse wonder. Total chlorophyll
concentration in the 100% RDF + nano DAP increased by
20.2%, while TNAU pulse wonder and 75% RDF + nano DAP
increased by 18.2% and 17.0%, respectively, compared to
100% RDF.

Higher application rates of N & P fertilizers increased
the chlorophyll concentrations due to their direct nutritional
impact (46). Interestingly, RDF application combined with
nano DAP FS could increase the chlorophyll concentrations
comparable to 100% RDF.

The significant increase in photosynthetic pigments
(chlorophyll a, b and total chlorophyll) can be associated with
the enhanced uptake of N, P and potassium nutrients. The
application of N fertilizer boosts the content of
photosynthetic pigments, improves light energy capture,
enhances photochemical efficiency, and promotes both
quantum efficiency as well as the self-protection capabilities
of photosystem Il (PSII). This mechanism is likely linked to the
catalytic effect of N fertilizer on the activity of light-activated
enzymes in plant leaves, which enhances the energy capture
efficiency of the PSlI reaction center (47).

Nanomaterial reactivity enhances nutrient uptake,
leading to greater utilization efficiency and reduced nutrient
losses compared to conventional fertilizers. The absorption,
distribution and accumulation of nano-fertilizers are
dependent upon parameters such as soil pH, organic matter
content and texture, alongside inherent nanoparticle
characteristics, including particle size and coating
techniques, which affect nutrient acquisition, distribution
and utilization in crops (48-50).

Table 1. Effect of varied doses of basal fertilizer and foliar application of nano-fertilizers on physiological parameters of summer irrigated green gram

Chlorophyll-a (mg g?)

Chlorophyll-b (mg g*)

Total chlorophyll (mg g*)

st nd st nd st nd
Treatment Before spray Asf:;;; A:t;r';i Before spray Ag:ﬁ';; Ait:r';l; Before spray A:;er;; A:t:rgi
T 0.76 1.03 0.83 0.64 0.83 0.66 0.85 1.25 1.02
T, 0.96 1.36 1.06 0.81 1.05 0.82 1.07 1.53 1.25
T3 0.87 1.24 0.96 0.75 0.97 0.75 0.98 1.42 1.16
T4 0.81 1.16 0.87 0.68 0.87 0.70 0.91 1.33 1.09
Ts 0.98 1.42 1.09 0.83 1.08 0.85 1.10 1.59 1.28
Te 0.90 1.28 0.99 0.76 0.99 0.78 1.00 1.46 1.19
T, 0.95 1.34 1.04 0.79 1.03 0.80 1.04 1.50 1.23
Ts 0.83 1.19 0.91 0.70 0.90 0.71 0.93 1.36 1.11
Ty 0.74 1.00 0.79 0.62 0.80 0.64 0.83 1.23 1.02
T 0.71 0.99 0.78 0.61 0.78 0.63 0.82 1.20 1.00
SE (Erfg‘r‘)jard 0.03 0.05 0.04 0.03 0.04 0.03 0.04 0.05 0.04
CD (Critical
Difference) 0.07 0.11 0.08 0.06 0.08 0.06 0.08 0.11 0.08
(p=0.05)
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The physiological characteristics of plants also
influence the absorption of nanoparticles. Typically, these
particles enter through trichomes, stomata, stigmas and
hydathodes, transported within the plant via the phloem and
xylem. Nanoparticles can also enter through meristematic
tissue at root tips or lateral roots, utilizing lesions in the
Casparian strip. To reach the epidermal layer of the roots,
nanoparticles pass via cell walls and plasma membranes
before entering vascular bundles, particularly the xylem. Size
plays a critical role in nanoparticle entry through the cell wall
pores or stomata and is directly correlated with nanoparticle
absorption. Although the pore size of 3 to 8 nm in the cell wall
is generally considered too small for nanoparticle entry,
studies show these pores can expand to accommodate them.
Reducing conventional fertilizer's particle size to the
nanoscale and modifying surface properties could reduce the
required dosage compared to traditional fertilizers (51-53).

Foliar application of nano DAP facilitates easy and
rapid absorption and assimilation, leading to quick entry into
the plant metabolic pathway while minimizing the nutrient
loss, a unique characteristic of nano-fertilizers (54). Several
studies have reported similar increases in chlorophyll
concentrations with nano DAP FS (55, 56). In comparison,
plant response to urea was lower due to its single-nutrient
content. Pulses, which have a higher P requirement, respond
more effectively to DAP fertilization than to urea (57).

Biochemical attributes

Before the FS, treatments with 100% RDF had significantly
greater soluble protein and nitrate reductase activity levels.
These values were comparable with 75% RDF but much
higher than 50% RDF. Table 2 represents the data on
biochemical parameters observed at different crop growth
stages.

After the first spray, green gram plants treated with
100% RDF + nano DAP spray showed the highest levels of
soluble protein (14.2 mg g*) and nitrate reductase activity
(152.4 pg NO,g* hrt), comparable to those treated with 75%
RDF + nano DAP and 100% RDF + TNAU pulse wonder. Soluble
protein and nitrate reductase activity in the 100% RDF + nano
DAP treatment increased by 30.5% and 30.1%, respectively. In
comparison, TNAU pulse wonder showed increases of 28.5%
in soluble protein and 27.5% in nitrate reductase activity,
while the 75% RDF + nano DAP showed increases of 26.7% in
soluble protein and 25.4% in nitrate reductase activity,
relative to 100% RDF. These changes are closely coincided

with the absorption of nano DAP and the associated metabolic
changes in the plants. Nitrate reductase is a substrate-inducible
enzyme that facilitates nitrate reduction into nitrite (58). Since
nano-fertilizers are absorbed more rapidly through the leaves,
the substrate may have induced higher nitrate reductase
activity, eventually resulting in higher activities (59). The
soluble protein concentration reflects the total biochemical
changes within the plant, enabled by the combined uptake of
both N and P together (60, 61).

Similarly, after the second spray, the 100% RDF + nano
DAP FS recorded the highest soluble protein (9.47 mg g?) and
nitrate reductase activity (98.1 ug NO, g* hr). It was on par
with 75% RDF + nano DAP and 100% RDF + TNAU pulse
wonder. The best-performing treatment, 100% RDF + nano
DAP, soluble protein increased by 29.9% and nitrate
reductase activity by 31.1%. TNAU pulse wonder increased
25.6% in soluble protein and 29.7% in nitrate reductase. In
comparison, the 75% RDF + nano DAP treatment showed
increases of 24.5% in soluble protein and 29.2% in nitrate
reductase activity, compared to the 100% RDF treatment. The
foliar application of N as a nano-fertilizer improved N uptake
by plant leaves, resulting in elevated leaf chlorophyll levels.

Glutamine synthetase (GS) is a key enzyme that
converts amino acids into amides and facilitating the
transformation of glutamate into glutamine. GS plays a
crucial regulatory role in N assimilation and utilization in
plants. Foliar applications of nano DAP at critical growth
stages significantly enhanced GS activity, leading to improved
N assimilation (62) in all green gram growth and development
stages. A similar trend was observed after the second spray,
indicating sustained effects of the nano DAP FS. This response
was not observed when urea, conventional DAP, or nano urea
were applied individually.

Soil microbial attributes

Root nodules: After the first spray, the treatment with 50%
RDF + nano DAP spray registered the highest total nodules
(10.4), effective nodules (6.13) and nodule dry weight (30.7mg
plant?), on par with 50% RDF + nano urea treatment (Table 3).
In the best treatment, 50% RDF + nano DAP, total nodules,
effective nodules, and nodule dry weight increased by 26.2%,
17.9% and 25.0%, respectively, while the 50% RDF + nano
urea registered an increment of 22.7%, 16.4 % and 20.1%,
respectively, in comparison to treatment with 100% RDF only.

Table 2. Biochemical parameters influenced by the integrated application of various doses of basal fertilizer and nano-fertilizers foliar spray

Soluble protein (mg g?)

Nitrate reductase activity (ug NO. g* hr?)

Treatment Before spray After 1% spray After 2™ spray Before spray After 1% spray After 2" spray
T: 8.01 9.88 6.64 81.7 106.5 67.6
T, 10.48 13.8 8.93 116.5 146.9 96.2
T3 9.33 12.0 7.88 99.5 130.1 81.3
Ts 8.22 10.7 7.19 91.4 116.5 73.3
Ts 10.57 14.2 9.47 119.7 152.4 98.1
Tes 9.62 12.6 8.12 103.3 135.4 85.5
Tr 10.40 13.5 8.79 110.9 142.8 95.5
Ts 8.73 11.2 7.38 94.4 120.7 76.4
Ty 7.94 9.64 6.43 79.0 101.3 65.3
T 7.87 9.49 6.16 78.3 98.9 63.7
SE 0.38 0.63 0.41 5.24 6.78 4.33

CD (p=0.05) 0.80 1.32 0.87 11.02 14.25 9.09
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Similarly, after the second spray, the 50% RDF + nano
DAP spray recorded the highest total nodules (20.5), effective
nodules (14.6), and nodules dry weight (104 mg plant?), again
comparable to the 50% RDF + nano urea. In the 50% RDF +
nano DAP treatment, total nodules, effective nodules, and
nodules dry weight increased by 23.3%, 25.6% and 23.7%,
respectively, while the 50% RDF + nano urea treatment
registered an increase of 21.4%, 22.8% and 21.7%, respectively,
in comparison to 100% RDF.

The application of a lower N dose to the soil
considerably improved the plant's genetic nodulation
potential and its effectiveness in growth and development,
corroborating findings related to soybean (63). Whereas the
addition of nanoscale fertilizer significantly increases root
nodules by promoting lateral root formation and influencing
the initial step of bacterial infection, as reflected in the
increased weight of root nodules (64). At the molecular level,
nano DAP and nano urea facilitate lateral root formation and
bacterial infection by improving the bioavailability of
essential nutrients like N and P. The smaller particle size of
these nano fertilizers allows for more efficient uptake by root
cells, stimulating auxin signaling, a key hormone in root
development. Additionally, they promote better nutrient
absorption, which supports symbiotic interactions with
beneficial soil bacteria, facilitating more effective root
colonization and infection

Soil microbial population

Soil microbial populations (bacteria, fungi and actinomycetes)
were measured in treatments receiving various fertilizer
gradients (100%, 75% and 50% RDF) in combination with either
nano-fertilizer FS (nano urea or nano DAP) or conventional

fertilizers (urea or DAP). The results are presented in Table 4.
Before FS, the 50% RDF (Te) treatments registered a
significantly higher soil microbial population, on par with Tio.

After the first spray, significantly higher bacterial (40.8
CFU), fungal (31.9 CFU), and actinomycetes (20.7 CFU)
populations were observed in treatments receiving the 50%
RDF + nano DAP spray, at par with 50% RDF + nano urea FS. In
the best treatment, 50% RDF plus nano DAP, bacterial, fungal
and actinomycetes populations increased by 27.8%, 21.8%
and 24.1%, respectively. In comparison, the 50% RDF plus
nano urea treatment showed increases of 23.9%, 20.2% and
22.1%, respectively, compared to 100% RDF.

Similarly, after the second spray, the 50% RDF + nano
DAP spray registered the highest bacteria (46.8 CFU), fungi (37.6
CFU) and actinomycetes (28.6 CFU) populations and were on
par with the 50% RDF + nano urea. In the best treatment, 50%
RDF plus nano DAP, bacteria, fungi and actinomycetes
population increased by 23.4%, 23.4% and 26.8%, respectively,
while the 50% RDF + nano urea registered an increase of 20.8%,
21.8% and 24.8%, respectively, in comparison to 100% RDF.

In  post-harvest soil analysis, treatments that
received 50% RDF + nano DAP spray recorded the highest
bacteria (50.8 CFU), fungi (40.0 CFU) and actinomycetes
(32.6 CFU) population, which were comparable with 50%
RDF + nano urea. Bacterial, fungal, and actinomycetes
populations in the 50% RDF + nano DAP treatment
increased by 22.2%, 22.7% and 26.6%, respectively, while
the 50% RDF + nano urea registered an increase of 20.4%,
19.5% and 25.0%, respectively, in comparison to 100% RDF.

Table 3. Influence of various levels of basal fertilizer and foliar application of nano-fertilizers on root nodules of summer irrigated green gram

No. of nodules

No. of effective nodules

Nodules dry weight (mg plant)

Treatment

After 1% spray After 2™ spray After 1% spray After 2™ spray After 1% spray After 2™ spray
T: 7.68 15.8 5.03 10.9 23.0 79.4
T, 7.85 16.3 5.17 11.2 23.8 81.0
T3 8.37 16.7 5.29 11.4 24.9 84.7
Ta 8.45 17.0 5.32 11.8 25.8 85.3
Ts 8.73 17.3 5.38 12.1 26.2 87.8
Te 8.82 17.6 5.46 12.3 26.4 89.3
T7 9.58 18.7 5.80 13.3 28.2 95.6
Ts 9.26 18.2 5.62 12.8 27.1 93.2
To 10.4 20.5 6.13 14.6 30.7 104.0
T 9.93 20.0 6.02 14.1 28.8 101.4
SE 0.34 0.65 0.15 0.51 1.01 3.15
CD (p=0.05) 0.71 1.37 0.31 1.07 2.11 6.62
Table 4. Influence of different doses of basal fertilizer and foliar application of nano-fertilizers on soil microbial population (cfu g* of soil) of summer irrigated
green gram
Bacteria (x 10° g™ of soil) Fungi (x 10* g™ of soil) Actinomycetes (x 10%g* of soil)
Treatment Before After 1t After2™ Post- Before After1 After2™ Post- Before After 1t After 2™ Post
spray spray spray harvest spray spray spray harvest spray spray spray harvest
T: 12.8 29.4 35.8 39.5 12.0 25.0 28.8 30.9 8.43 15.7 20.9 23.9
T, 13.0 30.7 36.0 40.2 12.0 25.6 29.5 315 8.65 16.5 21.9 24.4
Ts 13.7 33.0 38.0 41.4 12.7 27.1 31.2 33.0 8.81 17.0 22.9 25.9
Ta 13.8 33.7 38.5 42.8 12.8 27.5 32.0 33.2 8.94 17.4 23.2 26.2
Ts 14.0 34.1 39.8 43.8 129 27.9 32.1 33.8 9.03 17.6 23.8 26.8
Te 14.4 34.3 40.4 44.2 13.1 28.2 32.5 34.2 9.17 17.9 24.4 27.1
T7 15.3 37.2 43.4 47.4 13.8 30.0 35.0 37.1 9.64 19.2 26.0 29.7
Ts 14.8 36.6 42.9 46.1 13.6 29.1 34.2 36.3 9.46 18.8 25.9 28.9
Ty 16.3 40.8 46.8 50.8 14.7 31.9 37.6 40.0 10.28 20.7 28.6 32.6
T 15.7 38.7 45.2 49.7 14.2 31.3 36.9 38.3 9.95 20.2 27.8 31.9
SE 0.43 1.37 1.48 1.56 0.35 0.85 1.15 1.33 0.24 0.63 0.97 1.20
CD (p=0.05) 0.91 2.87 3.11 3.27 0.73 1.80 2.42 2.78 0.51 1.33 2.04 2.53
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Various factors, including soil type and properties
(pH, organic matter content, texture and ionic strength)
influence the impact of nano fertilizers on microbial
communities. Additionally, nanoparticles type, size and
concentration play a crucial role in sustaining microbial
populations by interacting with soil microorganisms, which
can have either beneficial or toxic effects on the soil
microbial community (65, 66). N fertilization may have
contributed to increased root biomass, which enhanced the
overall population of soil microorganisms, including fungi
and bacteria (67). Applying nanoparticles, such as nano clay,
nano chitosan and nano zeolite, can enhance soil health,
leading to improved microbial activity (68).

Due to their smaller size and larger surface area,
nanoparticles can penetrate microbial cells, impacting the
growth and development of microorganisms. However,
beneficial soil microorganisms that break down organic
matter and sustain long-term soil fertility may be vulnerable
to the broad-spectrum antimicrobial product. Over time,
repeated exposure to these nano-formulations could
negatively impact soil fertility and crop vyields (69).
Nanomaterials may pose toxicity to beneficial soil microbes
depending on the nature of the nanomaterial, particle size,
dose, concentration, soil type and soil moisture levels.
When the concentration of nanomaterials exceeds a certain
threshold level, the growth of several beneficial soil
microbes may be inhibited, significantly affecting both
microbial biomass and community structure (70). Recent
studies suggest that biogenic nanomaterials are less
harmful to soil microbial communities than their chemically
synthesized counterparts, leading to the advocacy for their
use to mitigate nanotoxicity in soils (71).

Conclusion

The data demonstrated that soil application of 75% RDF in
combination with two rounds of nano DAP FS at Fl and 15
days thereafter, assisted in retaining higher chlorophyll
concentrations, nitrate reductase and soluble proteins
that facilitated the plants to grow better than their
counterpart with either lower or higher doses of fertilizers.
On the other hand, effective nodules and soil microbial
population were higher under 50% RDF in combination
with nano DAP. Hence, it can be concluded that up to 25%
of the RDF can be saved by applying nano fertilizers at
critical growth stages, without significantly impacting
plant growth, yield, or profitability.

Additionally, the reduced use of synthetic chemical
fertilizers not only maintains higher yields but also
contributes to reducing environmental and soil pollution.
Despite these promising results, additional research is
needed to validate these findings across different pulse crops
grown in various soil types and agro-ecosystems and to
evaluate the long-term impacts on soil health and microbial
diversity. Further, field experiments should optimize the
dosage and timing of nano-fertilizer applications to maximize
crop productivity, profitability and sustainability.

Acknowledgements

We thank the Tamil Nadu Agricultural University for some
financial support and the Department of Agronomy for the
respective study.

Authors' contributions

BR conducted field experiments and prepared the
manuscript. MS formulated the research project and served
as the chairman of the advisory committee. GP assisted in
formulating the research project and facilitated field
experiments. MG assisted in microbiological studies and
analysis. VBRP contributed to physiological studies and
analysis. KSS provided technical guidance and inputs for
manuscript preparation and modification. All the authors
have approved the final manuscript.

Compliance with ethical standards

Conflict of interest: Authors do not have any conflict of
interest to declare

Ethical issues: None

References

1. Boeck T, Zannini E, Sahin AW, Bez J, Arendt EK. Nutritional and
rheological features of lentil protein isolate for yoghurt-like
application. Foods. 2021;10(8):1692. https://doi.org/10.3390/
foods10081692

2. Langyan S, Yadava P, Khan FN, Bhardwaj R, Tripathi K, Bhardwaj
V, et al. Nutritional and food composition survey of major pulses
toward healthy, sustainable and biofortified diets. Front Sustain
Food Syst. 2022;6:878269. https://doi.org/10.3389/
fsufs.2022.878269

3. PooniyaV, Choudhary AK, Dass A, Bana RS, Rana KS, Rana DS, et
al. Improved crop management practices for sustainable pulse
production: An Indian perspective. Indian J Agric Sci. 2015;85
(6):747-458. https://doi.org/10.56093/ijas.v85i6.49184

4. Kumar S, Gopinath KA, Sheoran S, Meena RS, Srinivasarao C,
Bedwal S, et al. Pulse-based cropping systems for soil health
restoration, resources conservation and nutritional and
environmental security in rainfed agroecosystems. Front
Microbiol. 2023;13. https://doi.org/10.3389/fmicb.2022.1041124

5. Hazra KK, Basu PS. Pulses. In: Ghosh PK, Das A, Saxena R,
Banerjee K, Kar G, Vijay D, editors. Trajectory of 75 years of Indian
agriculture after independence. Singapore: Springer; 2023. p. 189
-230. https://doi.org/10.1007/978-981-19-7997-2_9

6. Swaminathan C, Surya R, Subramanian E, Arunachalam P.
Challenges in pulses productivity and agronomic opportunities
for enhancing growth and yield in blackgram [Vigna mungo (L.)
Hepper]: A review. Legume Res. 2023;46(1):1-9. http://
dx.doi.org/10.18805/LR-4357

7.  Ketali SS, Swaminathan B, Aiswarya S. Towards Atmanirbharta
(self-reliance) in the production of pulse crops in India: A
situational analysis of future demand and supply. Int J Humanit
Soc Sci Manage. 2024;4(1):241-54.

8.  APEDA 2024. Available From: https://agriexchange.apeda.gov.in/
news/NewsSearch.aspx?newsid=56301

9.  The Economic Times. India's pulses import almost doubled in 2023-
24, it may rise further this year [Internet]. 2024 Apr 17 [cited 2024 Jul
12]. Available from: https://economictimes.indiatimes.com/news/
economy/agriculture/indias-pulses-import-almost-doubled-in-

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.3390/foods10081692
https://doi.org/10.3390/foods10081692
https://doi.org/10.3389/fsufs.2022.878269
https://doi.org/10.3389/fsufs.2022.878269
https://doi.org/10.56093/ijas.v85i6.49184
https://doi.org/10.3389/fmicb.2022.1041124
https://doi.org/10.1007/978-981-19-7997-2_9
http://dx.doi.org/10.18805/LR-4357
http://dx.doi.org/10.18805/LR-4357
https://agriexchange.apeda.gov.in/news/NewsSearch.aspx?newsid=56301
https://agriexchange.apeda.gov.in/news/NewsSearch.aspx?newsid=56301
https://economictimes.indiatimes.com/news/economy/agriculture/indias-pulses-import-almost-doubled-in-2023-24-it-may-rise-further-this-year/articleshow/109361102.cms?from=mdr
https://economictimes.indiatimes.com/news/economy/agriculture/indias-pulses-import-almost-doubled-in-2023-24-it-may-rise-further-this-year/articleshow/109361102.cms?from=mdr

RAM ET AL

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

2023-24-it-may-rise-further-this-year/
articleshow/109361102.cms?from=mdr

Singh SPK, Yadav RS. Effect of weed management on growth,
yield and nutrient uptake of green gram. Indian J Weed Sci.
2015;47(2):206-10.

Vision 2050 [Internet]. Indian Institute of Pulses Research, Indian
Council of Agricultural Research, Kanpur. [cited 2024 Jul 22].
Available from: https://iipr.icar.gov.in/wp-content/themes/ICAR-
wp/images/vision_250715.pdf

Narayan P, Kumar S. Constraints of growth in area production and
productivity of pulses in India: An analytical approach to major
pulses. Indian J Agric Res. 2015;49(2):114-24. https://
doi.org/10.5958/0976-058X.2015.00017.7

Gowda CLL, Chaturvedi SK, Gaur PM, Sameer Kumar CV, Jukanti AK.
Pulses research and development strategies for India. In: Pulses
Handbook 2015. Bangalore: Commodity India; 2015. p. 17-33.

Nanotechnology Initiative [Internet]. Ministry of Electronics and
Information Technology, Government of India; 2024 [cited 2024
Oct 10]. Available from: https://www.meity.gov.in/content/
nanotechnology-initiative-division

Jat ML, Dhayal BC, Meena SN, Jat L, Reema. Modern concept of
tunnel farming in vegetables. In: Choudhary M, Choudhary RC, Jat
ML, Meena VK, Tak JK, editors. Advancement and innovations in
agriculture. Iterative International Publishers; 2023. p. 187-199.

Raliya R, Saharan V, Dimkpa C, Biswas P. Nanofertilizer for
precision and sustainable agriculture: Current state and future
perspectives. J Agric Food Chem. 2018;66(26):6487-503. https://
doi.org/10.1021/acs.jafc.7b02178

Subramanian KS, Manikandan A, Thirunavukkarasu M, Rahale CS.
Nano-fertilizers for balanced crop nutrition. In: Rai M, Ribeiro C,
Mattoso L, Duran N, editors. Nanotechnologies in food and
agriculture. Cham: Springer; 2015. p. 69-80. https://
doi.org/10.1007/978-3-319-14024-7_3

Subramanian KS, Raja K, Marimuthu S. Multifarious applications
of nanotechnology for enhanced productivity in agriculture. In:
Emerging trends in agri-nanotechnology: Fundamental and
applied aspects. Wallingford (UK): CAB International; 2018. p. 56—
77. https://doi.org/10.1079/9781786391445.0056

Yuvaraj M, Subramanian KS, Cyriac J. Efficiency of zinc oxide
nanoparticles as controlled release nanofertilizer for rice (Oryza
sativa L). J Plant Nutr. 2023;46(18):4477-93. https://
doi.org/10.1080/01904167.2023.2233561

Mohanraj J, Subramanian KS, Yuvaraj M. Nano-fibre matrix loaded
with multi-nutrients to achieve balanced crop nutrition in green
gram (Vigna radiata L.). Plant Physiol Biochem. 2024;207:108369.
https://doi.org/10.1016/j.plaphy.2024.108369

Latha M, Raja K, Subramanian KS, Govindaraju K, Karthikeyan M,
Lakshmanan A, et al. Polyvinyl alcohol (PVA) nanofibre matrix
encapsulated with tebuconazole fungicide: A smart delivery
system against dry root rot disease of black gram. Polym Bull.
2023;80:9489-505. https://doi.org/10.1007/s00289-022-04509-3

Mohanraj J, Subramanian KS, Raja K. Effect of multinutrients
loaded electrospun PVA nanofibre on germination and its growth
parameters of green gram [Vigna radiata (L.) Wilczek]. Legume
Res. 2022;45(5):587-93. https://doi.org/10.18805/LR-4733

Kumar A. Nanotechnology development in India: An overview
[Internet]. RIS Discussion Papers, RIS-DP. 2014;193. Research and
Information System for Developing Countries. [cited 2024 Jul 24].
Available from: https://ris.org.in/en/discussion-paper/
nanotechnology-development

Adholeya A, Dinda A, Subramanian KS, Anandharamakrishnan C,
Ninawe S, editors. Guidelines for evaluation of nano-based agri-
input and food products in India [Internet]. Department of
Biotechnology, Government of India; 2020 [cited 2024 Aug 13].

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Available from: https://dbtindia.gov.in/sites/default/files/
Guidlines%20Document_0.pdf

Nano-Urea (Liquid) [Internet]. IFFCO. [cited 2024 Aug 13].
Available from: https://www.iffco.in/en/nano-urea-liquid-fertilizer

Kiran K, Samal KC. Nano urea liquid-A boon for Indian farmers
and mother earth. Biotica Research Today. 2021;3(6):511-14.

Kumar Y. Sales promotion and marketing strategy of nano urea
(liquid). Indian Journal of Fertilisers. 2021;17(9):882-91.

World’s first Nano DAP liquid fertiliser dedicated to the nation
[Internet]. IFFCO. [cited 2024 Aug 20]. Available from: https://
www.iffco.in/en/world-s-first-nano-DAP-liquid-fertiliser-
dedicated-to-the-nation

Srivastava A, Singh R. Effect of nitrogen and foliar spray of urea
and nano urea on growth and yield of rabi maize (Zea mays L.). Int
J Plant Soil Sci. 2023;35(18):2037-44. https://doi.org/10.9734/
ijpss/2023/v35i183489

Girigoud A, Naik A, Siddaram, Bhat SN, Bellakki MA. Effect of nano
-DAP on growth and yield of pigeon peas under rainfed condition.
Pharma Innovation. 2023;12(12):1536-39.

Saitheja V, Senthivelu M, Prabukumar G, Prasad VBR. Maximizing
the productivity and profitability of summer irrigated green gram
(Vigna radiata L.) by combining basal nitrogen dose and foliar
nutrition of nano and normal urea. Int J Plant Soil Sci. 2022;34
(22):109-16. https://doi.org/10.9734/1JPSS/2022/v34i2231362

Benard KR. Development of slow-release nano composite
fertilizer using biodegradable super absorbent polymer [Doctoral
dissertation]. Nairobi: University of Nairobi; 2019 [cited 2024 Aug
20]. Available from: http://erepository.uonbi.ac.ke/
handle/11295/109205

Fazelian N, Yousefzadi M. Nano-biofertilizers for enhanced
nutrient use efficiency. In: Ghorbanpour M, Shahid MA, editors.
Nano-enabled agrochemicals in agriculture. Academic Press;
2022. p. 145-158. https://doi.org/10.1016/B978-0-323-91009-
5.00023-9

Avila-Quezada GD, Ingle AP, Goliiska P, Rai M. Strategic
applications of nano-fertilizers for sustainable agriculture:
Benefits and bottlenecks. Nanotechnol Rev. 2022;11(1):2123-40.
https://doi.org/10.1515/ntrev-2022-0126

Yoshida SD, Forno J, Cock JH, Gomez KA. Laboratory manual for
physiological studies of rice. Philippines: The International Rice
Research Institute; 1976. p. 43-45.

Lowry OH, Rosenbrough NJ, Farr AL, Randall RJ. Protein
measurement with the phenol reagent. J Biol Chem. 1951;193
(1):265-75. https://doi.org/10.1016/S0021-9258(19)52451-6

Nicholas JC, Harper JE, Hageman RH. Nitrate reductase activity in
soybeans [Glycine max (L.) Merr.]. Effect of light and temperature.
Plant Physiol. 1976;58(6):731-35. https://doi.org/10.1104/
pp.58.6.731

Jagtap GP. Effect of agrochemicals on microflora in soybean
rhizospheric soil. Sci J Microbiol. 2012;1(2):55-62.

R Core Team. R: A language and environment for statistical
computing [Internet]. Vienna: R Foundation for Statistical
Computing; [cited 2024 Jul 24]. Available from: https://www.R-
project.org

Mahesh R, Raja NA. Effect of water-soluble fertilizers and normal
fertilizers at different levels on chlorophyll content, leaf area
index and cane yield of sugarcane under subsurface drip
fertigation. Trends in Biosciences. 2015;8(4):1091-94.

Rachel FP, Alagappan S, Joseph PA, Arasi JPK. Study on different
sources of organic manures in comparison with RDF on growth
and yield of sorghum [Sorghum bicolor (L.) Moench]. Int J Environ
Clim Change. 2023;13(8):1952-60. https://doi.org/10.9734/
ijecc/2023/v13i82152

https://plantsciencetoday.online


https://plantsciencetoday.online
https://economictimes.indiatimes.com/news/economy/agriculture/indias-pulses-import-almost-doubled-in-2023-24-it-may-rise-further-this-year/articleshow/109361102.cms?from=mdr
https://economictimes.indiatimes.com/news/economy/agriculture/indias-pulses-import-almost-doubled-in-2023-24-it-may-rise-further-this-year/articleshow/109361102.cms?from=mdr
https://iipr.icar.gov.in/wp-content/themes/ICAR-wp/images/vision_250715.pdf
https://iipr.icar.gov.in/wp-content/themes/ICAR-wp/images/vision_250715.pdf
https://doi.org/10.5958/0976-058X.2015.00017.7
https://doi.org/10.5958/0976-058X.2015.00017.7
https://www.meity.gov.in/content/nanotechnology-initiative-division
https://www.meity.gov.in/content/nanotechnology-initiative-division
https://doi.org/10.1021/acs.jafc.7b02178
https://doi.org/10.1021/acs.jafc.7b02178
https://doi.org/10.1007/978-3-319-14024-7_3
https://doi.org/10.1007/978-3-319-14024-7_3
https://doi.org/10.1079/9781786391445.0056
https://doi.org/10.1080/01904167.2023.2233561
https://doi.org/10.1080/01904167.2023.2233561
https://doi.org/10.1016/j.plaphy.2024.108369
https://doi.org/10.1007/s00289-022-04509-3
https://doi.org/10.18805/LR-4733
https://ris.org.in/en/discussion-paper/nanotechnology-development.
https://ris.org.in/en/discussion-paper/nanotechnology-development.
https://dbtindia.gov.in/sites/default/files/Guidlines%20Document_0.pdf
https://dbtindia.gov.in/sites/default/files/Guidlines%20Document_0.pdf
https://www.iffco.in/en/nano-urea-liquid-fertilizer
https://www.iffco.in/en/world-s-first-nano-DAP-liquid-fertiliser-dedicated-to-the-nation
https://www.iffco.in/en/world-s-first-nano-DAP-liquid-fertiliser-dedicated-to-the-nation
https://www.iffco.in/en/world-s-first-nano-DAP-liquid-fertiliser-dedicated-to-the-nation
https://doi.org/10.9734/ijpss/2023/v35i183489
https://doi.org/10.9734/ijpss/2023/v35i183489
https://doi.org/10.9734/IJPSS/2022/v34i2231362
http://erepository.uonbi.ac.ke/handle/11295/109205
http://erepository.uonbi.ac.ke/handle/11295/109205
https://doi.org/10.1016/B978-0-323-91009-5.00023-9
https://doi.org/10.1016/B978-0-323-91009-5.00023-9
https://doi.org/10.1515/ntrev-2022-0126
https://doi.org/10.1016/S0021-9258(19)52451-6
https://doi.org/10.1104/pp.58.6.731
https://doi.org/10.1104/pp.58.6.731
https://www.R-project.org
https://www.R-project.org
https://doi.org/10.9734/ijecc/2023/v13i82152
https://doi.org/10.9734/ijecc/2023/v13i82152

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Bojovi¢ B, Markovi¢ A. Correlation between nitrogen and
chlorophyll content in wheat (Triticum aestivum L.). Kragujevac J
Sci. 2009;31:69-74.

Mehrabi F, Sepaskhah AR. Leaf nitrogen, based on SPAD chlorophyll
reading can determine agronomic parameters of winter wheat. Int J
Plant Prod. 2022;16:77-91.  https://doi.org/10.1007/s42106-021-
00172-2

Zangani E, Afsahi K, Shekari F, Mac Sweeney E, Mastinu A.
Nitrogen and phosphorus addition to soil improves seed yield,
foliar stomatal conductance and the photosynthetic response of
rapeseed (Brassica napus L.). Agriculture. 2021;11(6):483. https://
doi.org/10.3390/agriculture11060483

Wang S, Guan K, Wang Z, Ainsworth EA, Zheng T, Townsend PA, et
al. Unique contributions of chlorophyll and nitrogen to predict
crop photosynthetic capacity from leaf spectroscopy. J Exp Bot.
2021;72(2):341-54. https://doi.org/10.1093/jxb/eraa432

Mussarat M, Shair M, Muhammad D, Mian IA, Khan S, Adnan M, et
al. Accentuating the role of nitrogen to phosphorus ratio on the
growth and yield of wheat crop. Sustainability. 2021;13(4):2253.
https://doi.org/10.3390/su13042253

Abdel-Hakim SG, Shehata ASA, Moghannem SA, Qadri M, El-Ghany
MFA, Abdeldaym EA, et al. Nanoparticulate fertilizers increase
nutrient absorption efficiency and agro-physiological properties
of lettuce plant. Agronomy. 2023;13(3):691. https://
doi.org/10.3390/agronomy13030691

Pérez-de-Luque A. Interaction of nanomaterials with plants: What
do we need for real applications in agriculture? Front Environ Sci.
2017;5:12. https://doi.org/10.3389/fenvs.2017.00012

El-Ramady H, Abdalla N, Alshaal T, El-Henawy A, Elmahrouk M,
Bayoumi Y. et al. Plant nano-nutrition: Perspectives and challenges.
In: Gothandam K, Ranjan S, Dasgupta N, Ramalingam C, Lichtfouse
E, editors. Nanotechnology, food security and water treatment.
Environmental Chemistry for a Sustainable World. Cham: Springer;
2018. p. 129-61. https://doi.org/10.1007/978-3-319-70166-0_4

Ma C, White JC, Zhao J, Zhao Q, Xing B. Uptake of engineered
nanoparticles by food crops: Characterization, mechanisms and
implications. Annu Rev Food Sci Technol. 2018;9:129-53. https://
doi.org/10.1146/annurev-food-030117-012657.

Wang P, Lombi E, Zhao FJ, Kopittke PM. Nanotechnology: A new
opportunity in plant sciences. Trends Plant Sci. 2016;21(8):699-
712. https://doi.org/10.1016/j.tplants.2016.04.005

Navarro E, Piccapietra F, Wagner B, Marconi F, Kaegi R, Odzak N,
et al. Toxicity of silver nanoparticles to Chlamydomonas
reinhardtii. Environ Sci Technol. 2008;42(23):8959-64. https://
pubs.acs.org/doi/abs/10.1021/es801785m

Wang X, Xie H, Wang P, Yin H. Nanoparticles in plants: Uptake,

transport and  physiological activity in leaf and
root. Materials. 2023;16(8):3097. https://doi.org/10.3390/
mal6083097

Balachandrakumar V, Sowmiya K, Shofiya M, Gopika K, Nithika M.
Impact of nano DAP and Zn EDTA on cowpea growth and yield. Int
J Plant Soil Sci. 2024a;36(6):317-26. https://doi.org/10.9734/
ijpss/2024/v36i64634

Dimkpa CO, Andrews J, Fugice J, Singh U, Bindraban PS, Elmer
WH, et al. Facile coating of urea with low-dose ZnO nanoparticles
promotes wheat performance and enhances Zn uptake under
drought stress. Front Plant Sci. 2020;11:168. https://
doi.org/10.3389/fpls.2020.00168

Chamuah S, Gogoi S, Bhattacharjee D, Barman D, Dutta S, Sharma
S, et al. Effect of nano-DAP on soil characteristics and qualities of
cabbage. Int J Plant Soil Sci. 2023;35(13):52-59. https://
doi.org/10.9734/ijpss/2023/v35i132986

Balachandrakumar V, Arun Prasath G, Rukmani N, Charumathi M.
Influence of smart fertilizer on yield and economics of
cowpea. Asian Res J Agric. 2024b;17(2):397-406. https://
doi.org/10.9734/arja/2024/v17i2461

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

T1.

Chamizo-Ampudia A, Sanz-Luque E, Llamas A, Galvan A,
Fernandez E. Nitrate reductase regulates plant nitric oxide
homeostasis. Trends in Plant Science. 2017;22(2):163-74. https://
doi.org/10.1016/j.tplants.2016.12.001

Ghosh SK, Bera T. Molecular mechanism of nano-fertilizer in plant
growth and development: A recent account. In: Jogaiah S, Singh
HB, Fraceto LF, de Lima R, editors. Advances in nano-fertilizers
and nano-pesticides in agriculture. Woodhead Publishing Series
in Food Science, Technology and Nutrition. Cambridge:
Woodhead Publishing; 2021. p. 535-60. https://doi.org/10.1016/
B978-0-12-820092-6.00022-7

Zhang ZhaoHui ZZ, Jiang YuPing JY, Yang XiaoFeng YX, Zuo EnQiang
ZE, Cheng ChunHong CC. Construction of quality model on
balanced fertilization of N, P and K for muskmelon. CABI Databases.
2014 (cited 23 Aug 2024). https://www.cabidigitallibrary.org/doi/
full/10.5555/20153038230

Li S, Zhang Z, Zhang J, Zheng X, Zhang H, Zhang H, et al. Using
mathematical models to study the influences of different ratios of
chemical nitrogen, phosphorus and potassium on the content of
soluble protein, vitamin C and soluble sugar in melon. Int J
Environ Res Public Health. 2022;20(1):283. https://
doi.org/10.3390/ijerph20010283

Maloth A, Thatikunta R, Parida BK, Naik DS, Varma NRG.
Evaluation of nano-DAP on plant growth, enzymatic activity and
yield in paddy (Oryza sativa L.). Int J Environ Clim Chang. 2024;14
(1):890-97. https://doi.org/10.9734/ijecc/2024/v14i13907

Bindu KH, Murali K, Hanumanthappa DC, Gousia SU. Studies on
influence of lipo-chito oligosaccharides, nano and water-soluble
fertilizer on growth and yield of soybean [Glycine max (L.)
Merrill]. Int J Environ Clim Chang. 2023;13(12):636-44.  https://
doi.org/10.9734/ijecc/2023/v13i123724

Al-Burki HAH, Al-Ajeel SAHS. Effect of bio-fertilizer and nanoscale
elements on root nodules formation and their chemical content
of two Phaseolus vulgaris L. varieties. Plant Arch. 2021;21(S1):1476
-80. https://doi.org/10.51470/plantarchives.2021.v21.51.232

Kalwani M, Chakdar H, Srivastava A, Pabbi S, Shukla P. Effects of
nanofertilizers on soil and plant-associated microbial
communities: Emerging trends and perspectives. Chemosphere.
2022;287(Pt2):132107. https://doi.org/10.1016/
j.chemosphere.2021.132107

Khardia NRH, Meena RH, Jat G, Sharma S, Kumawat H, Dhayal S,
et al. Soil properties influenced by the foliar application of nano
fertilizers in maize (Zea mays L.) crop. Int J Plant Soil Sci. 2022;34
(14):99-111. http://doi.org/10.9734/IJPSS/2022/v34i1430996

Sahu D, Banwasi R, Shrivastava LK, Chowdhury T, Jatav G, Kumar
H. Performance of nano-DAP under rice-wheat cropping system in
vertisol of Chhattisgarh, India. Int J Environ Clim Chang. 2023;13
(9):2864-75. https://doi.org/10.9734/ijecc/2023/v13i92521

Khati PA, Sharma A, Gangola S, Kumar R, Bhatt P, Kumar G.
Impact of agriusable nano compounds on soil microbial activity:
An indicator of soil health. CLEAN Soil Air Water. 2017;45
(5):1600458. https://doi.org/10.1002/clen.201600458

Chinnappa SA, Krishnamurthy D, Ajayakumar MY, Ramesha YM,
Ravi S. Effect of nano fertilizers on growth, yield, nutrient uptake
and soil microbiology of Kharif sorghum. Int J Environ Clim
Chang. 2023;13(10):2339-48. https://doi.org/10.9734/ijecc/2023/
v13i102899

Peng Z, Liu X, Zhang W, Zeng Z, Liu Z, Zhang C, et al. Advances in
the application, toxicity and degradation of carbon nanomaterials
in environment: A review. Environ Int. 2020;134:105298. https://
doi.org/10.1016/j.envint.2019.105298

Usman M, Farooq M, Wakeel A, Nawaz A, Cheema SA, ur Rehman
H, et al. Nanotechnology in agriculture: Current status, challenges
and future opportunities. Sci Total Environ. 2020;721:137778.
https://doi.org/10.1016/j.scitotenv.2020.137778

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1007/s42106-021-00172-2
https://doi.org/10.1007/s42106-021-00172-2
https://doi.org/10.3390/agriculture11060483
https://doi.org/10.3390/agriculture11060483
https://doi.org/10.1093/jxb/eraa432
https://doi.org/10.3390/su13042253
https://doi.org/10.3390/agronomy13030691
https://doi.org/10.3390/agronomy13030691
https://doi.org/10.3389/fenvs.2017.00012
https://doi.org/10.1007/978-3-319-70166-0_4
https://doi.org/10.1146/annurev-food-030117-012657
https://doi.org/10.1146/annurev-food-030117-012657
https://doi.org/10.1016/j.tplants.2016.04.005
https://pubs.acs.org/doi/abs/10.1021/es801785m
https://pubs.acs.org/doi/abs/10.1021/es801785m
https://doi.org/10.3390/ma16083097
https://doi.org/10.3390/ma16083097
https://doi.org/10.9734/ijpss/2024/v36i64634
https://doi.org/10.9734/ijpss/2024/v36i64634
https://doi.org/10.3389/fpls.2020.00168
https://doi.org/10.3389/fpls.2020.00168
https://doi.org/10.9734/ijpss/2023/v35i132986
https://doi.org/10.9734/ijpss/2023/v35i132986
https://doi.org/10.9734/arja/2024/v17i2461
https://doi.org/10.9734/arja/2024/v17i2461
https://doi.org/10.1016/j.tplants.2016.12.001
https://doi.org/10.1016/j.tplants.2016.12.001
https://doi.org/10.1016/B978-0-12-820092-6.00022-7
https://doi.org/10.1016/B978-0-12-820092-6.00022-7
https://www.cabidigitallibrary.org/doi/full/10.5555/20153038230
https://www.cabidigitallibrary.org/doi/full/10.5555/20153038230
https://doi.org/10.3390/ijerph20010283
https://doi.org/10.3390/ijerph20010283
https://doi.org/10.9734/ijecc/2024/v14i13907
https://doi.org/10.9734/ijecc/2023/v13i123724
https://doi.org/10.9734/ijecc/2023/v13i123724
https://doi.org/10.51470/PLANTARCHIVES.2021.v21.S1.232
https://doi.org/10.1016/j.chemosphere.2021.132107
https://doi.org/10.1016/j.chemosphere.2021.132107
http://doi.org/10.9734/IJPSS/2022/v34i1430996
https://doi.org/10.9734/ijecc/2023/v13i92521
https://doi.org/10.1002/clen.201600458
https://doi.org/10.9734/ijecc/2023/v13i102899
https://doi.org/10.9734/ijecc/2023/v13i102899
https://doi.org/10.1016/j.envint.2019.105298
https://doi.org/10.1016/j.envint.2019.105298
https://doi.org/10.1016/j.scitotenv.2020.137778

