
Background: The present research is based on the hypothesis that foliar spray of zinc oxide 
nanoparticles (ZnO NPs) or application of biofertilizers such as vesicular arbuscular mycorrhiza (VAM) 
or arbuscular mycorrhizal fungi (AMF) and phosphate solubilizing bacteria (PSBs) are more e�cient 
than generally used chemical fertilizers supplementation such as nitrogen (N), phosphorus (P) and 
supplementation of zinc (Zn).

Methods: In this study, six mustard varieties, Brassica juncea var. Alankar, Pusa Jai Kisan, Varuna, 
Sakha, Rohini, and Pusa Bold were tested for their comparative growth responses. Out of the six 
tested varieties, only two screened varieties (Alankar and Rohini) were further tested for their 
comparative growth responses among the foliar spray of zinc oxide nanoparticles (ZnO NPs), 
soil-applied chemical fertilizers to supplement nitrogen (N) phosphorus (P) and zinc (Zn) as zinc 
sulfate and soil-applied biofertilizers as phosphate solubilizing bacteria (PSBs) and vesicular 
arbuscular mycorrhiza (VAM) or arbuscular mycorrhizal fungi (AMF).

Results: The results revealed that out of these three treatments, ZnO NPs signi�cantly (p≤0.05) 
increased the growth morphology of the two mustard varieties, followed by VAM/AMF and PSBs, 
which were followed by chemical supplementation of N, P, and Zn. The e�ects were more 
pronounced in Alankar than in the Rohini variety of mustard. 

Conclusions: From the present study, it is concluded that foliar spray of ZnO NPs and the application 
of biofertilizers can be a potent alternative to costly chemical fertilizers in the cultivation of mustard 
crops.
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Mustard (Brassica juncea L.) is one of the important oilseed 
crops grown in the Rabi (winter) season and contributes to 25% 
of the oilseed economy of India [1,2]. �e use of chemical 
fertilizers in arable soil is a routine practice in modern 
agriculture to supplement the depleting nutrients from natural 
soil fertility, among them nitrogen, phosphorus, potassium 
(NPK) and zinc (Zn) are more common [3,4]. Mustard varieties 
also respond to chemical fertilizers, particularly N and P. �e 
recommended dose of chemical fertilizers is crop-speci�c; 
excess or less application may lead to suboptimal production of 
lethal e�ects. Increased population growth and demand for 
food supply required higher use of chemical fertilizers, a costly 
input [5]. Additionally, excess use of these fertilizers polluted all 
three spheres of the environment [6]. Potential substitutes, 
biofertilizers, including arbuscular mycorrhizal fungi (AMF) 
and phosphate-solubilizing bacteria (PSBs), are cost-e�ective, 
pollution-free, renewable, and safe for crops [7]. Arbuscular 
mycorrhizae supplement nitrate and phosphate ions along with 
other metal ions within the rhizosphere [8]. Phosphate 
solubilizing bacteria unlock the phosphate from the complex 
soil composites and solubilize them with the help of phytase 
enzyme, while AM fungi besides facilitating critical minerals 

modify host root architecture. �ese biofertilizers also secrete 
phytohormones in the host rhizosphere and protect them 
from soil borne pathogens [7,8]. Zinc plays a functional role in 
many physiological processes, in biochemical reactions, such 
as metalloenzymes [3,9], in the biosynthesis of proteins and 
chlorophyll, and in immune responses in animal systems [10]. 
Several metalloenzymes and biochemical reactions require Zn 
as a cofactor in cell metabolism [11]. Among the critical 
elements, nitrogen is an important part of the functional and 
structural part, i.e., proteins, secondary metabolites, 
coenzymes, and other molecules; phosphorus has a major role 
in nucleotide biosynthesis and energy transactions and 
signaling, while potassium regulates cell osmolarity and ion 
exchange [12]. Zinc de�ciency in crops is common and o�en 
represented as zinc hunger [13].

 In part, Zn hunger is prevalent due to the plant’s ine�cacy 
of absorbing and translocating it [14] or soil de�ciency [13]; 
thus, Zn fertilization improves the production and quality of 
produce in several crop plants. �erefore, to mitigate issues 
such as the limited availability of soil nutrients, high rates of 
loss of soil-applied fertilizers, and constraints on nutrient 
delivery to plant organs due to environmental conditions 

during critical growth stages. Foliar fertilization for sustainable 
crop management has recently been well-addressed [15]. 
Fertilization through foliar spray has been proven to alleviate 
micronutrient de�ciencies, reduce toxicity, and avoid 
fertilizer-related pollution [16-19]. Zn-induced phytotoxicity 
can directly reduce photosynthesis [20] or can create nutritional 
imbalance by interacting with other nutrients [21].

 To unleash the full potential of plant performance, 
nanoparticle fertilizer represents a new and e�ective technique 
of nutrient delivery. �is is crucial for creating more sustainable 
crop systems globally [22,23]. Nanoparticles are de�ned as 
particles with a size of less than 100 nm in at least one 
dimension [24]. Improvements in seed germination, seedling 
growth, biomass, total nitrogen content, protein and sugar 
contents, photosynthetic e�ciency, and nutrient uptake are all 
documented as positive impacts of nanoparticles (NPs) on plant 
growth in crops such as cucumber, mung, spinach, wheat, and 
tomato [25-29]. Research shows that NPs can enter plant tissues 
and then move inside a plant’s body systemically [30-32]. 
Among the di�erent NPs used, ZnO NPs are currently the 
fourth most widely used in the world [33]. Due to their unique 
characteristics compared to conventional Zn fertilizers, ZnO 
NPs can also serve as cutting-edge Zn fertilizers. Uncertainty 
exists regarding the process through which ZnO NPs enter 
plants. Studies have demonstrated that foliar ZnO NP and 
ZnSO4 spraying on wheat increased the Zn content in grains 
while leaving no traces of ZnO NP in them [29]. With slower 
delivery of micronutrients and a reduced risk of soil pollution 
and other environmental hazards compared to applying 
chemical fertilizers directly to the soil, nanoscale fertilization 
may be able to prevent the symptoms of phytotoxicity in plants 
[34]. In addition, nanoscale fertilizer application requires a 
lesser amount of fertilizer than conventional ones used through 
soil [35]. Even in stressed regimes, the use of nanofertilizers has 
been proven to have positive impacts on plant growth compared 
to normal  conditions [32,35-40]. However, whether it is a nano 
application, these e�ects depend on concentration.

 �e present research work is based on the hypothesis that 
foliar spraying of ZnO NPs or application of biofertilizers such 
as VAM or AMF and PSBs are more e�cient and promote plant 
growth better than generally used chemical fertilizer 
supplementation like nitrogen (N), phosphorus (P) and 
supplementation with zinc (Zn).

 �erefore, the present study aimed to compare the impacts 
of various soil-applied chemical fertilizers, such as N, P, Zn, 
foliar spray of ZnO NPs, and soil-applied bio-fertilizers such as 
phosphate solubilizing bacteria (PSBs) and arbuscular 
mycorrhizal fungi (AMF), on the growth and biochemical 
responses of mustard cultivars.

Materials and Methods
Experimental site and design
�e present experiment was performed in the Botany 
Department of Tilakdhari College, Jaunpur, state Uttar Pradesh 
(25° 73’ N latitude, 82°68’ E longitude at an elevation of 96 m 
above mean sea level). �e 25 × 25 cm earthen pots were �lled 
with 3 kg of �eld soil with the properties given in Table 1. �e 
recommended dose of fertilizers was mixed with the soil 
present in the pot. �e experiment was conducted under 
ambient environmental conditions in September-February 
2020.

 Pots were placed in a randomized completely block design 
(RCBD) where the experiment consisted of two factors and �ve 
replicates (2×7×5). �rst factor is two varieties of Brassica juncea 
(L.). �e second factor included seven levels of fertilizer 
treatments (control, ZnO NPs, Zn, N, P, PSB, and AMF) and �ve 
replicates for each treatment randomly distributed in block 
(RBD). �e total experimental units were 70(2×7×5=70).

Materials and experimental treatment plan
�e authentic seeds of Brassica juncea (L.) Czern and Coss cv. 
Alankar and Rohini were selected based on previous 
experiments and were procured from the National Seed 
Corporation Ltd., New Delhi, India. �e cultural strains of 
biofertilizers (Glomus intraradices) inoculum and PSB 
Pseudomonas aeruginosa) were procured from the Agriculture 
Department Seed Distribution Unit, District Agriculture O�ce, 
Quarsi Road, Aligarh. �e nanoparticles (ZnO-NPs) were 
purchased from Sigma-Aldrich Chemicals Pvt. Ltd. India. 100 
mM stock solution of ZnO-NPs was prepared by dissolving its 
required amount in 10 ml DDW in a 100 ml volumetric �ask, 
and making up total volume 100 ml by adding DDW. �e 
working concentrations of NPs were prepared by diluting this 
stock solution of ZnO-NPs as per requirement.

 Healthy, uniform-sized seeds were surface sterilized with a 
0.01% solution of mercuric chloride for 5 min to disinfect from 
surface pathogens and then washed repeatedly with double 
distilled water (DDW). To check the percent germination of 
seeds, a germination test was also conducted. Seeds of two 
mustard varieties, Alankar and Rohini, were sown in pot soils. 
�e soil analysis was conducted before the experiment 
presented in Table 1. Eight seeds per pot were sown and then 
thinned to three plants per pot one week a�er germination, 
selecting robust growing similar plants. 

 Among the six treatments (excluding control) of plants, 
three sets were maintained for the two mustard varieties. Five 
pots for each treatment were maintained as replicates (n=5). 
Mustard plants were irrigated with tap water as needed (Figure 1).
1. �e �rst set of plants was foliar sprayed with ZnO NPs (4 

millimoles aqueous solution).
2. For the next two di�erent sets, AM fungus and PSB were 

applied. Fi�y grams of Rhode grass cultured AM fungus; 
Glomus intraradices inoculum, was added to the soil around 
the seed to provide 500 IP (infective propagules) per pot. As 
a PSB, a suspension culture of Pseudomonas aeruginosa was 
used for the treatment of seeds. One milliliter of nutrient 
broth (Mannitol 10g, Yeast extract 1.0g, K2HPO4 0.5g, 

MgSO4.7H2O 0.2g, NaCl 0.1g per liter of DDW) suspension 
contained approximately 1.5×109 cfu per ml of media. Seeds 
were coated with this suspension culture and dried in a cool 
shady place before sowing. 

3. For three di�erent sets, N, P, and Zn were amended in the 
pot soil as per recommended doses of 120, 60, and 25 kg/ha 
taking urea, single superphosphate, and ZnSO4 as fertilizers. 
�e fertilizer requirement per kg pot soil was calculated* as 
72, 104, and 19 mg, respectively.

Methodology
At 60 days a�er sowing (DAS), the plants were sampled to study 
the following growth features.

Growth analysis
�e root and shoot lengths of the two varieties were measured 
using a meter scale. �e ratio of the shoot by root length was 
calculated by dividing the lengths of the two. �e fresh and dry 
mass of roots and shoots was measured with an electronic 
balance. To analyze the dry mass, the uprooted plants (roots and 
shoots) were placed in an oven at 80°C for 72 h and wrapped in 
butter paper. �e dried plants were then weighed to record plant 
dry mass. �e leaf area of randomly selected leaves from each 
variety was determined by the graph paper method of Pandey 
and Singh [41].

Total chlorophyll and proline content in leaves
�e leaf ’s total chlorophyll content was estimated in �nely cut 
fresh leaves following the method of Mackinney [42]. �e leaf 
proline content in fresh tissue was determined by following the 
method of Bates et al. [43].

Activity of Carbonic anhydrase (CA) and Nitrate 
reductase (NR) enzyme
Carbonic anhydrase activity (CA, E.C. 4.2.1.1) and nitrate 
reductase activity (NR, E.C. 1.6.6.1) were determined by 
following Dwivedi and Randhawa [13] and Jaworski [44] in 
fresh leaf samples.

Statistical analysis
�e experiment was conducted according to a simple 
randomized block design (SRBD). Each treatment was 
replicated �ve times (n=5), and three plants per pot were 
maintained where each pot was considered a replicate. 
Treatment means were compared by analysis of variance using 
R ver. 3.1.0 for Windows. �e least signi�cant di�erence (LSD) 
between treatment means was calculated at a 5% probability 
level (p< 0.05). 

Results
Growth parameters
Most of the (bio)fertilizer treatments (ZnO NPs, Zn, N, P, PSBs 
or AMF) promoted the growth (length, fresh mass, dry mass of 
root and shoot and leaf area) parameters in both varieties in a 
treatment-dependent manner at 60 DAS (Figure 2). However, 
the maximum stimulation of most of the growth parameters is 
achieved by ZnO NPs followed by either PSB or AMF. However, 
the Alankar variety outperformed the treatment here. �e root 
dry mass of Alankar for ZnO NPs, PSB, and AMF was 88%, 
62%, and 86%, respectively, while for shoot dry mass it was 83%, 
72%, and 80%, compared to control plants. For the same 
treatments leaf area improvement of Alankar was 35%, 28%, 
and 34%, and for Rohini, it was 33%, 23%, and 28%, 
respectively. �e ratio of the shoot by root length showed 
di�erent responses for the treatments.

Total chlorophyll content in leaves
�e total chlorophyll content (Figure 3A) in leaves increased 
signi�cantly (p≤0.05) when the two varieties were foliar sprayed 
with ZnO NPs. Alankar registered a 28% increase, while Rohini 
re�ected a 19% increase. �e PSB and AMF treatments also 

signi�cantly (p≤0.05) increased the leaf chlorophyll contents by 
28% and 34% in Alankar and 10% and 16% in Rohini, 
respectively, compared to the control plants. No signi�cant (p≤
0.05) increase in leaf chlorophyll level was noticed against 
soil-mediated N, P, and Zn treatments in the two varieties of 
mustard. 

Proline content in leaves
A signi�cant (p≤0.05) increase in leaf proline content (Figure 
3B) was recorded against the leaf-sprayed ZnO NPs and the 
soil-mediated two biofertilizers (PSB and AMF/VAM) and 
nitrogen treatment in the Alankar and Rohini varieties of 
mustard plants. �e data indicated that proline accumulation 
was higher in Alankar than in Rohini against the given 
treatments. For the above treatments, the increase was 46%, 
39%, 42%, and 37%, respectively, for Alankar. For Rohini, the 
increase was lesser, and in the order of ZnO 
NPs>AMF>PSB>N, an insigni�cant increase of proline was 
registered for the treatments of soil-mediated Zn and P 
recorded compared to control plants in the two varieties.

Nitrate reductase (NR) and carbonic anhydrase (CA) 
activity
�e two mustard varieties; Alankar and Rohini, showed a 
signi�cant (p≤0.05) increase in NR and CA activity (Figure 3C 
and 3D) compared to most of the treatments. �e increase in 

the activity of these enzymes against all the treatments of 
chemicals and biofertilizers was higher in Rohini than in 
Alankar. For NR activity, ZnO NP was followed by Zn and N 
treatments in the two varieties, and for CA, it was followed by 
AMF/VAM and PSBs, respectively. For NR activity, the increase 
against ZnO NP treatment was 140% and 111% in Alankar. For 
the Zn and N treatments, however, the increase in NR activity 
was 99% and 72%, respectively, compared to the control plants. 
�e CA activity was 79% and 58% for the two varieties, Alankar 
and Rohini, respectively. 

Discussion
Our agricultural system depends on the supplementation of 
primary nutrients (such as N, P, and K) to maximize crop 
output and support modern agriculture [45]. Mineral ion 
uptake properties show variation among plant species and 
cultivars [46]. In mustard plants, the growing seeds and leaves 
compete for nitrogen, and the size of the nitrogen pool in the 
vegetative sections largely determines seed set, seed growth, and 

�nal seed production [47,48]. Nitrogen supply in�uences 
several growth parameters, produces more robust growth and 
development, and increases plant height, number of �owering 
branches, total plant weight, and leaf area, all of which 
cumulatively enhance the yield output [49,50]. Brassica growth 
and yield improved with the application of 100–130 kg/ha 
nitrogen, while yield also increased at the same rate with the 
application of phosphorus [51-54]. However, this demand is 
typically higher in arid and semiarid environments [55,56]. As 
stated above, phosphorus has a greater impact on yield than 
nitrogen and potassium. Phosphorus is a component of nucleic 
acids, cell signaling, and membrane phospholipids. It also plays 
a role in energy metabolism, cell division, and the formation of 
several coenzymes, including ATP, NAD(P)H, and GTP [57]. P 
de�ciency manifests as visible purplish pigmentation on leaves, 
young, stunted stems, early leaf shedding, and reduced seed 
output [58,59]. Single, double, and triple superphosphate (SSP, 
DSP, TSP), ammonium phosphate, dicalcium phosphate, basic 
slag, calcium meta-phosphate, rock phosphate, bone meal, etc., 
are the main sources of plant phosphorus [60]. �e application 
of chemical fertilizers also poses a serious threat to nitrogen and 
other chemical pollution in soil and water bodies, leading to 
eutrophication [61]. To avoid nitrogen pollution and 
eutrophication of nutrients in water bodies, the application of 
nanosized nutrients, such as nanofertilizers, nanobiochar, and 
essential element nanoparticles, through foliar spraying has 
become a trend in recent studies because it minimizes the loss 
of nutrients and allows them to be e�ciently absorbed by plant 
leaves due to their nano size, which saves the environment and 
expenses of farmers [18, 62].

 �e �ndings of the present study demonstrated that the use 
of ZnO NPs improved the growth of two varieties, including the 
root and shoot length, their ratio, fresh and dry weight, and leaf 
area (Figure 2). Signi�cant di�erences were seen in the foliar 
delivery of ZnO NPs compared to soil amendment of Zn, which 
may be a cost-e�ective method for providing nutrients to the 
plants. A�er nitrogen, phosphorus, and potassium, Zn is 
regarded as the nutrient that limits yield the most both globally 
and in Indian soils [63]. According to estimates, 36.5% of 
Indian soils lack Zn [64]. While it is normal practice in modern 
agriculture to add fertilizers to complement natural soil fertility, 
temperate and tropical soils frequently continue to be low in 
micronutrients, particularly Zn [4,65]. Two forms of Zn 
in�uenced mustard growth di�erently. In general, foliar 
treatments with 4 mM ZnO NPs brought signi�cant 
improvement in growth parameters compared to Zn, N, or P 
given through soil and control plants. �e growth promotion 
was even higher than that with biofertilizers, PSBs, and AM 
fungi. Zinc from ZnO NPs can accumulate in the leaves through 
foliar feeding, making these NPs potentially useful sources of 
Zn for plants to employ in metabolic processes [66,67]. 
According to a recent study by [68], the predominant channel 
for wheat and sun�ower (Helianthus annuus L.) to absorb ZnO 
NPs under experimental conditions was through the leaf 
cuticle. In addition, ZnO NPs are used as nanofertilizers, which 
may be a more e�ective and slow-releasing source of Zn than 
conventional fertilizers or other sources of Zn [66,69,70]. 
According to a study by [71], applying ZnO NPs to the soil at 
various concentrations increased the Zn content of wheat 
tissues under normal or water-stress conditions. A�erwards, 
Adrees et al. [72] demonstrated that foliar exposure to ZnO NPs 
enhanced wheat development through foliar application. �e 

larger weights of the plants may be a factor in the enhanced 
availability of Zn as NPs compared to Zn applied to the soil. �e 
mustard plants’ growth and antioxidant enzyme activities were 
improved when ZnO NPs were sprayed [73]. �e intensi�cation 
of the metabolism aided by Zn is what causes the rise in dry 
mass. Enzymes, including dehydrogenases, aldolases, 
isomerases, transphosphorylases, and RNA and DNA 
polymerases, all require zinc to function [74]. Moreover, it 
contributes to tryptophan production, cell division, membrane 
structure maintenance, and photosynthesis and functions as a 
regulatory cofactor in protein synthesis [3,9]. Several species 
have been the subject of ZnO NPs experiments, and the overall 
bene�cial interactions have been previously characterized 
[35,74-76]. An increase in the FW and DW of seedlings growing 
in the presence of ZnO NPs was observed in earlier studies [77]. 
Reduced growth and plant biomass, restriction of cell 
elongation and division, wilting, curling, and rolling of young 
leaves, chlorotic and necrotic leaf tips, and suppression of root 
growth are all signs of Zn toxicity [78,79]. According to the 
�ndings of Rossi et al. [80] on co�ee plants treated with ZnO 
NPs, the photosynthetic apparatus was enhanced. In the present 
study, positive interactions were found between ZnO NPs and 
the net carbon assimilation rate and stomatal conductance. 

 In the present study, the e�cacy of treatments followed the 
pattern of ZnO NPs>AMF>PSBs>N and increased the leaf 
chlorophyll level, proline content, NR, and CA activity (Figure 
3 A-D). Nitrogen is a key nutrient component that gives crops 
their lush green color by increasing the amount of chlorophyll 
in the leaves and boosts biomass by increasing carbon �xation. 
However, depending on factors such as soil type, climate, 
management practices, when nitrogen is applied, cultivars, etc., 
nitrogen fertilizer needs can vary greatly [81]. Zn is a cofactor of 
carbonic anhydrase, which raises the amount of CO2 in the 
chloroplast and, as a result, also increases the ability of the 
Rubisco enzyme to carboxylate [82]. Di�erent macro-and 
micronutrient uptake can be a�ected by zinc’s e�ects on 
absorption [83,84]. Zn typically causes severe Fe de�ciency 
chlorosis in dicots on acidic soils. Crops such as lettuce, 
mustard, and beet are particularly vulnerable to too much soil 
Zn [85]. Zn transport and uptake by leaves were also 
investigated. Typically, ZnO NPs enter the leaf system through 
wounds, hydathodes, cuticle penetration, and stomata [10]. 
�is is evident from the data, which reveal that ZnO NPs 
markedly increased Zn levels in the leaf, while ZnSO4 did not 
signi�cantly accumulate when compared to the control. It 
results from the e�ects of adding P and other minerals, as well 
as phytohormones secreted by PSBs and AM fungi in the root 
zone. Positive e�ects of ZnO NPs were also studied on the seed 
germination and vegetative growth in di�erent crops of Arachis 
hypogea [86], Vigna radiata [87,88], Cicer arietinum [89], 
Glycine max [90], Helianthus annuus [91], Lycopersicon 
esculentum [92], Sesamum indicum [93], Brassica nigra [94] and 
Brassica juncea [95]. PGPR, such as PSB, proves useful in 
enhancing crop productivity by making nutrients more 
bioavailable in the soil with chemical secretion in the 
rhizosphere [96]. Alone and combination of AM fungi with 
biocontrol fungi or nanoparticles also prove e�ective in 
increasing the crop productivity in plants by increasing the 
phosphorus and other nutrients available in the soil by releasing 
chemicals in the soil that change the pH and amount of 
available organic matter content in the soil [97-99]. 
Combinations of PGPR and AMF improved the crop 

productivity in various plants and also helped to manage 
growth under stress conditions [100-103]. Although the 
interaction of Glomus species with mustard plants is not 
common, recent studies clearly show that it helps the plants to 
increase their resistance against pathogens and increase crop 
productivity by regulating enzymatic activities in plants and 
increasing the amount of nutrients and organic matter in the 
soil [104-106]. 

Conclusions 
Foliar exposure to ZnO NPs may be thought of as both an 
e�cient and di�erent method to increase productivity 
compared to other treatments. Nanoparticles have microscopic 
size and large surface area, which help maximize their uptake 
and translocation as nutrients in plants via foliar spray. As a 
result, ZnO NPs had more favorable e�ects on plant growth, 
morphology, development, physiology, and metabolism than 
traditional Zn salt because nanoparticles induce the genes 
involved in nutrient assimilation pathways. It may also be 
crucial to research how ZnO NPs a�ect other nutrients 
necessary for plant health as well as the general ecology of the 
rhizosphere. When compared to chemical fertilizer applications 
of P or even N, biofertilizers such as AMF/VAM and PSBs are 
also preferable because their chemical activity solubilizes and 
increases the bioavailability of nutrients in the soil, ultimately 
enhancing the growth of the treated plants. Further research is 
required to grow di�erent crop species in the �eld under diverse 
agroclimatic circumstances to determine the cost-e�ectiveness 
and adaptability of foliar ZnO NP exposure.

 However, a future aspect of this research is to determine 
the growth and yield responses of crops upon exposure to the 
combination of nanoparticles and biofertilizers. 
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Mustard (Brassica juncea L.) is one of the important oilseed 
crops grown in the Rabi (winter) season and contributes to 25% 
of the oilseed economy of India [1,2]. �e use of chemical 
fertilizers in arable soil is a routine practice in modern 
agriculture to supplement the depleting nutrients from natural 
soil fertility, among them nitrogen, phosphorus, potassium 
(NPK) and zinc (Zn) are more common [3,4]. Mustard varieties 
also respond to chemical fertilizers, particularly N and P. �e 
recommended dose of chemical fertilizers is crop-speci�c; 
excess or less application may lead to suboptimal production of 
lethal e�ects. Increased population growth and demand for 
food supply required higher use of chemical fertilizers, a costly 
input [5]. Additionally, excess use of these fertilizers polluted all 
three spheres of the environment [6]. Potential substitutes, 
biofertilizers, including arbuscular mycorrhizal fungi (AMF) 
and phosphate-solubilizing bacteria (PSBs), are cost-e�ective, 
pollution-free, renewable, and safe for crops [7]. Arbuscular 
mycorrhizae supplement nitrate and phosphate ions along with 
other metal ions within the rhizosphere [8]. Phosphate 
solubilizing bacteria unlock the phosphate from the complex 
soil composites and solubilize them with the help of phytase 
enzyme, while AM fungi besides facilitating critical minerals 

modify host root architecture. �ese biofertilizers also secrete 
phytohormones in the host rhizosphere and protect them 
from soil borne pathogens [7,8]. Zinc plays a functional role in 
many physiological processes, in biochemical reactions, such 
as metalloenzymes [3,9], in the biosynthesis of proteins and 
chlorophyll, and in immune responses in animal systems [10]. 
Several metalloenzymes and biochemical reactions require Zn 
as a cofactor in cell metabolism [11]. Among the critical 
elements, nitrogen is an important part of the functional and 
structural part, i.e., proteins, secondary metabolites, 
coenzymes, and other molecules; phosphorus has a major role 
in nucleotide biosynthesis and energy transactions and 
signaling, while potassium regulates cell osmolarity and ion 
exchange [12]. Zinc de�ciency in crops is common and o�en 
represented as zinc hunger [13].

 In part, Zn hunger is prevalent due to the plant’s ine�cacy 
of absorbing and translocating it [14] or soil de�ciency [13]; 
thus, Zn fertilization improves the production and quality of 
produce in several crop plants. �erefore, to mitigate issues 
such as the limited availability of soil nutrients, high rates of 
loss of soil-applied fertilizers, and constraints on nutrient 
delivery to plant organs due to environmental conditions 

during critical growth stages. Foliar fertilization for sustainable 
crop management has recently been well-addressed [15]. 
Fertilization through foliar spray has been proven to alleviate 
micronutrient de�ciencies, reduce toxicity, and avoid 
fertilizer-related pollution [16-19]. Zn-induced phytotoxicity 
can directly reduce photosynthesis [20] or can create nutritional 
imbalance by interacting with other nutrients [21].

 To unleash the full potential of plant performance, 
nanoparticle fertilizer represents a new and e�ective technique 
of nutrient delivery. �is is crucial for creating more sustainable 
crop systems globally [22,23]. Nanoparticles are de�ned as 
particles with a size of less than 100 nm in at least one 
dimension [24]. Improvements in seed germination, seedling 
growth, biomass, total nitrogen content, protein and sugar 
contents, photosynthetic e�ciency, and nutrient uptake are all 
documented as positive impacts of nanoparticles (NPs) on plant 
growth in crops such as cucumber, mung, spinach, wheat, and 
tomato [25-29]. Research shows that NPs can enter plant tissues 
and then move inside a plant’s body systemically [30-32]. 
Among the di�erent NPs used, ZnO NPs are currently the 
fourth most widely used in the world [33]. Due to their unique 
characteristics compared to conventional Zn fertilizers, ZnO 
NPs can also serve as cutting-edge Zn fertilizers. Uncertainty 
exists regarding the process through which ZnO NPs enter 
plants. Studies have demonstrated that foliar ZnO NP and 
ZnSO4 spraying on wheat increased the Zn content in grains 
while leaving no traces of ZnO NP in them [29]. With slower 
delivery of micronutrients and a reduced risk of soil pollution 
and other environmental hazards compared to applying 
chemical fertilizers directly to the soil, nanoscale fertilization 
may be able to prevent the symptoms of phytotoxicity in plants 
[34]. In addition, nanoscale fertilizer application requires a 
lesser amount of fertilizer than conventional ones used through 
soil [35]. Even in stressed regimes, the use of nanofertilizers has 
been proven to have positive impacts on plant growth compared 
to normal  conditions [32,35-40]. However, whether it is a nano 
application, these e�ects depend on concentration.

 �e present research work is based on the hypothesis that 
foliar spraying of ZnO NPs or application of biofertilizers such 
as VAM or AMF and PSBs are more e�cient and promote plant 
growth better than generally used chemical fertilizer 
supplementation like nitrogen (N), phosphorus (P) and 
supplementation with zinc (Zn).

 �erefore, the present study aimed to compare the impacts 
of various soil-applied chemical fertilizers, such as N, P, Zn, 
foliar spray of ZnO NPs, and soil-applied bio-fertilizers such as 
phosphate solubilizing bacteria (PSBs) and arbuscular 
mycorrhizal fungi (AMF), on the growth and biochemical 
responses of mustard cultivars.

Materials and Methods
Experimental site and design
�e present experiment was performed in the Botany 
Department of Tilakdhari College, Jaunpur, state Uttar Pradesh 
(25° 73’ N latitude, 82°68’ E longitude at an elevation of 96 m 
above mean sea level). �e 25 × 25 cm earthen pots were �lled 
with 3 kg of �eld soil with the properties given in Table 1. �e 
recommended dose of fertilizers was mixed with the soil 
present in the pot. �e experiment was conducted under 
ambient environmental conditions in September-February 
2020.

 Pots were placed in a randomized completely block design 
(RCBD) where the experiment consisted of two factors and �ve 
replicates (2×7×5). �rst factor is two varieties of Brassica juncea 
(L.). �e second factor included seven levels of fertilizer 
treatments (control, ZnO NPs, Zn, N, P, PSB, and AMF) and �ve 
replicates for each treatment randomly distributed in block 
(RBD). �e total experimental units were 70(2×7×5=70).

Texture Sandy loam 
pH  7.8 
CEC (meq/l) 3.56 
EC (dSm-1) 1 
Organic carbon (%) 0.32 
Available N (kg/ha) 106 
Available P (kg/ha) 15 
Available K (kg/ha) 230 
Available Zn (kg/ha) 0.34 

Table 1. Chemical characteristics of the soil before sowing.

Materials and experimental treatment plan
�e authentic seeds of Brassica juncea (L.) Czern and Coss cv. 
Alankar and Rohini were selected based on previous 
experiments and were procured from the National Seed 
Corporation Ltd., New Delhi, India. �e cultural strains of 
biofertilizers (Glomus intraradices) inoculum and PSB 
Pseudomonas aeruginosa) were procured from the Agriculture 
Department Seed Distribution Unit, District Agriculture O�ce, 
Quarsi Road, Aligarh. �e nanoparticles (ZnO-NPs) were 
purchased from Sigma-Aldrich Chemicals Pvt. Ltd. India. 100 
mM stock solution of ZnO-NPs was prepared by dissolving its 
required amount in 10 ml DDW in a 100 ml volumetric �ask, 
and making up total volume 100 ml by adding DDW. �e 
working concentrations of NPs were prepared by diluting this 
stock solution of ZnO-NPs as per requirement.

 Healthy, uniform-sized seeds were surface sterilized with a 
0.01% solution of mercuric chloride for 5 min to disinfect from 
surface pathogens and then washed repeatedly with double 
distilled water (DDW). To check the percent germination of 
seeds, a germination test was also conducted. Seeds of two 
mustard varieties, Alankar and Rohini, were sown in pot soils. 
�e soil analysis was conducted before the experiment 
presented in Table 1. Eight seeds per pot were sown and then 
thinned to three plants per pot one week a�er germination, 
selecting robust growing similar plants. 

 Among the six treatments (excluding control) of plants, 
three sets were maintained for the two mustard varieties. Five 
pots for each treatment were maintained as replicates (n=5). 
Mustard plants were irrigated with tap water as needed (Figure 1).
1. �e �rst set of plants was foliar sprayed with ZnO NPs (4 

millimoles aqueous solution).
2. For the next two di�erent sets, AM fungus and PSB were 

applied. Fi�y grams of Rhode grass cultured AM fungus; 
Glomus intraradices inoculum, was added to the soil around 
the seed to provide 500 IP (infective propagules) per pot. As 
a PSB, a suspension culture of Pseudomonas aeruginosa was 
used for the treatment of seeds. One milliliter of nutrient 
broth (Mannitol 10g, Yeast extract 1.0g, K2HPO4 0.5g, 

MgSO4.7H2O 0.2g, NaCl 0.1g per liter of DDW) suspension 
contained approximately 1.5×109 cfu per ml of media. Seeds 
were coated with this suspension culture and dried in a cool 
shady place before sowing. 

3. For three di�erent sets, N, P, and Zn were amended in the 
pot soil as per recommended doses of 120, 60, and 25 kg/ha 
taking urea, single superphosphate, and ZnSO4 as fertilizers. 
�e fertilizer requirement per kg pot soil was calculated* as 
72, 104, and 19 mg, respectively.

Methodology
At 60 days a�er sowing (DAS), the plants were sampled to study 
the following growth features.

Growth analysis
�e root and shoot lengths of the two varieties were measured 
using a meter scale. �e ratio of the shoot by root length was 
calculated by dividing the lengths of the two. �e fresh and dry 
mass of roots and shoots was measured with an electronic 
balance. To analyze the dry mass, the uprooted plants (roots and 
shoots) were placed in an oven at 80°C for 72 h and wrapped in 
butter paper. �e dried plants were then weighed to record plant 
dry mass. �e leaf area of randomly selected leaves from each 
variety was determined by the graph paper method of Pandey 
and Singh [41].

Total chlorophyll and proline content in leaves
�e leaf ’s total chlorophyll content was estimated in �nely cut 
fresh leaves following the method of Mackinney [42]. �e leaf 
proline content in fresh tissue was determined by following the 
method of Bates et al. [43].

Activity of Carbonic anhydrase (CA) and Nitrate 
reductase (NR) enzyme
Carbonic anhydrase activity (CA, E.C. 4.2.1.1) and nitrate 
reductase activity (NR, E.C. 1.6.6.1) were determined by 
following Dwivedi and Randhawa [13] and Jaworski [44] in 
fresh leaf samples.

Statistical analysis
�e experiment was conducted according to a simple 
randomized block design (SRBD). Each treatment was 
replicated �ve times (n=5), and three plants per pot were 
maintained where each pot was considered a replicate. 
Treatment means were compared by analysis of variance using 
R ver. 3.1.0 for Windows. �e least signi�cant di�erence (LSD) 
between treatment means was calculated at a 5% probability 
level (p< 0.05). 

Results
Growth parameters
Most of the (bio)fertilizer treatments (ZnO NPs, Zn, N, P, PSBs 
or AMF) promoted the growth (length, fresh mass, dry mass of 
root and shoot and leaf area) parameters in both varieties in a 
treatment-dependent manner at 60 DAS (Figure 2). However, 
the maximum stimulation of most of the growth parameters is 
achieved by ZnO NPs followed by either PSB or AMF. However, 
the Alankar variety outperformed the treatment here. �e root 
dry mass of Alankar for ZnO NPs, PSB, and AMF was 88%, 
62%, and 86%, respectively, while for shoot dry mass it was 83%, 
72%, and 80%, compared to control plants. For the same 
treatments leaf area improvement of Alankar was 35%, 28%, 
and 34%, and for Rohini, it was 33%, 23%, and 28%, 
respectively. �e ratio of the shoot by root length showed 
di�erent responses for the treatments.

Total chlorophyll content in leaves
�e total chlorophyll content (Figure 3A) in leaves increased 
signi�cantly (p≤0.05) when the two varieties were foliar sprayed 
with ZnO NPs. Alankar registered a 28% increase, while Rohini 
re�ected a 19% increase. �e PSB and AMF treatments also 

signi�cantly (p≤0.05) increased the leaf chlorophyll contents by 
28% and 34% in Alankar and 10% and 16% in Rohini, 
respectively, compared to the control plants. No signi�cant (p≤
0.05) increase in leaf chlorophyll level was noticed against 
soil-mediated N, P, and Zn treatments in the two varieties of 
mustard. 

Proline content in leaves
A signi�cant (p≤0.05) increase in leaf proline content (Figure 
3B) was recorded against the leaf-sprayed ZnO NPs and the 
soil-mediated two biofertilizers (PSB and AMF/VAM) and 
nitrogen treatment in the Alankar and Rohini varieties of 
mustard plants. �e data indicated that proline accumulation 
was higher in Alankar than in Rohini against the given 
treatments. For the above treatments, the increase was 46%, 
39%, 42%, and 37%, respectively, for Alankar. For Rohini, the 
increase was lesser, and in the order of ZnO 
NPs>AMF>PSB>N, an insigni�cant increase of proline was 
registered for the treatments of soil-mediated Zn and P 
recorded compared to control plants in the two varieties.

Nitrate reductase (NR) and carbonic anhydrase (CA) 
activity
�e two mustard varieties; Alankar and Rohini, showed a 
signi�cant (p≤0.05) increase in NR and CA activity (Figure 3C 
and 3D) compared to most of the treatments. �e increase in 

the activity of these enzymes against all the treatments of 
chemicals and biofertilizers was higher in Rohini than in 
Alankar. For NR activity, ZnO NP was followed by Zn and N 
treatments in the two varieties, and for CA, it was followed by 
AMF/VAM and PSBs, respectively. For NR activity, the increase 
against ZnO NP treatment was 140% and 111% in Alankar. For 
the Zn and N treatments, however, the increase in NR activity 
was 99% and 72%, respectively, compared to the control plants. 
�e CA activity was 79% and 58% for the two varieties, Alankar 
and Rohini, respectively. 

Discussion
Our agricultural system depends on the supplementation of 
primary nutrients (such as N, P, and K) to maximize crop 
output and support modern agriculture [45]. Mineral ion 
uptake properties show variation among plant species and 
cultivars [46]. In mustard plants, the growing seeds and leaves 
compete for nitrogen, and the size of the nitrogen pool in the 
vegetative sections largely determines seed set, seed growth, and 

�nal seed production [47,48]. Nitrogen supply in�uences 
several growth parameters, produces more robust growth and 
development, and increases plant height, number of �owering 
branches, total plant weight, and leaf area, all of which 
cumulatively enhance the yield output [49,50]. Brassica growth 
and yield improved with the application of 100–130 kg/ha 
nitrogen, while yield also increased at the same rate with the 
application of phosphorus [51-54]. However, this demand is 
typically higher in arid and semiarid environments [55,56]. As 
stated above, phosphorus has a greater impact on yield than 
nitrogen and potassium. Phosphorus is a component of nucleic 
acids, cell signaling, and membrane phospholipids. It also plays 
a role in energy metabolism, cell division, and the formation of 
several coenzymes, including ATP, NAD(P)H, and GTP [57]. P 
de�ciency manifests as visible purplish pigmentation on leaves, 
young, stunted stems, early leaf shedding, and reduced seed 
output [58,59]. Single, double, and triple superphosphate (SSP, 
DSP, TSP), ammonium phosphate, dicalcium phosphate, basic 
slag, calcium meta-phosphate, rock phosphate, bone meal, etc., 
are the main sources of plant phosphorus [60]. �e application 
of chemical fertilizers also poses a serious threat to nitrogen and 
other chemical pollution in soil and water bodies, leading to 
eutrophication [61]. To avoid nitrogen pollution and 
eutrophication of nutrients in water bodies, the application of 
nanosized nutrients, such as nanofertilizers, nanobiochar, and 
essential element nanoparticles, through foliar spraying has 
become a trend in recent studies because it minimizes the loss 
of nutrients and allows them to be e�ciently absorbed by plant 
leaves due to their nano size, which saves the environment and 
expenses of farmers [18, 62].

 �e �ndings of the present study demonstrated that the use 
of ZnO NPs improved the growth of two varieties, including the 
root and shoot length, their ratio, fresh and dry weight, and leaf 
area (Figure 2). Signi�cant di�erences were seen in the foliar 
delivery of ZnO NPs compared to soil amendment of Zn, which 
may be a cost-e�ective method for providing nutrients to the 
plants. A�er nitrogen, phosphorus, and potassium, Zn is 
regarded as the nutrient that limits yield the most both globally 
and in Indian soils [63]. According to estimates, 36.5% of 
Indian soils lack Zn [64]. While it is normal practice in modern 
agriculture to add fertilizers to complement natural soil fertility, 
temperate and tropical soils frequently continue to be low in 
micronutrients, particularly Zn [4,65]. Two forms of Zn 
in�uenced mustard growth di�erently. In general, foliar 
treatments with 4 mM ZnO NPs brought signi�cant 
improvement in growth parameters compared to Zn, N, or P 
given through soil and control plants. �e growth promotion 
was even higher than that with biofertilizers, PSBs, and AM 
fungi. Zinc from ZnO NPs can accumulate in the leaves through 
foliar feeding, making these NPs potentially useful sources of 
Zn for plants to employ in metabolic processes [66,67]. 
According to a recent study by [68], the predominant channel 
for wheat and sun�ower (Helianthus annuus L.) to absorb ZnO 
NPs under experimental conditions was through the leaf 
cuticle. In addition, ZnO NPs are used as nanofertilizers, which 
may be a more e�ective and slow-releasing source of Zn than 
conventional fertilizers or other sources of Zn [66,69,70]. 
According to a study by [71], applying ZnO NPs to the soil at 
various concentrations increased the Zn content of wheat 
tissues under normal or water-stress conditions. A�erwards, 
Adrees et al. [72] demonstrated that foliar exposure to ZnO NPs 
enhanced wheat development through foliar application. �e 

larger weights of the plants may be a factor in the enhanced 
availability of Zn as NPs compared to Zn applied to the soil. �e 
mustard plants’ growth and antioxidant enzyme activities were 
improved when ZnO NPs were sprayed [73]. �e intensi�cation 
of the metabolism aided by Zn is what causes the rise in dry 
mass. Enzymes, including dehydrogenases, aldolases, 
isomerases, transphosphorylases, and RNA and DNA 
polymerases, all require zinc to function [74]. Moreover, it 
contributes to tryptophan production, cell division, membrane 
structure maintenance, and photosynthesis and functions as a 
regulatory cofactor in protein synthesis [3,9]. Several species 
have been the subject of ZnO NPs experiments, and the overall 
bene�cial interactions have been previously characterized 
[35,74-76]. An increase in the FW and DW of seedlings growing 
in the presence of ZnO NPs was observed in earlier studies [77]. 
Reduced growth and plant biomass, restriction of cell 
elongation and division, wilting, curling, and rolling of young 
leaves, chlorotic and necrotic leaf tips, and suppression of root 
growth are all signs of Zn toxicity [78,79]. According to the 
�ndings of Rossi et al. [80] on co�ee plants treated with ZnO 
NPs, the photosynthetic apparatus was enhanced. In the present 
study, positive interactions were found between ZnO NPs and 
the net carbon assimilation rate and stomatal conductance. 

 In the present study, the e�cacy of treatments followed the 
pattern of ZnO NPs>AMF>PSBs>N and increased the leaf 
chlorophyll level, proline content, NR, and CA activity (Figure 
3 A-D). Nitrogen is a key nutrient component that gives crops 
their lush green color by increasing the amount of chlorophyll 
in the leaves and boosts biomass by increasing carbon �xation. 
However, depending on factors such as soil type, climate, 
management practices, when nitrogen is applied, cultivars, etc., 
nitrogen fertilizer needs can vary greatly [81]. Zn is a cofactor of 
carbonic anhydrase, which raises the amount of CO2 in the 
chloroplast and, as a result, also increases the ability of the 
Rubisco enzyme to carboxylate [82]. Di�erent macro-and 
micronutrient uptake can be a�ected by zinc’s e�ects on 
absorption [83,84]. Zn typically causes severe Fe de�ciency 
chlorosis in dicots on acidic soils. Crops such as lettuce, 
mustard, and beet are particularly vulnerable to too much soil 
Zn [85]. Zn transport and uptake by leaves were also 
investigated. Typically, ZnO NPs enter the leaf system through 
wounds, hydathodes, cuticle penetration, and stomata [10]. 
�is is evident from the data, which reveal that ZnO NPs 
markedly increased Zn levels in the leaf, while ZnSO4 did not 
signi�cantly accumulate when compared to the control. It 
results from the e�ects of adding P and other minerals, as well 
as phytohormones secreted by PSBs and AM fungi in the root 
zone. Positive e�ects of ZnO NPs were also studied on the seed 
germination and vegetative growth in di�erent crops of Arachis 
hypogea [86], Vigna radiata [87,88], Cicer arietinum [89], 
Glycine max [90], Helianthus annuus [91], Lycopersicon 
esculentum [92], Sesamum indicum [93], Brassica nigra [94] and 
Brassica juncea [95]. PGPR, such as PSB, proves useful in 
enhancing crop productivity by making nutrients more 
bioavailable in the soil with chemical secretion in the 
rhizosphere [96]. Alone and combination of AM fungi with 
biocontrol fungi or nanoparticles also prove e�ective in 
increasing the crop productivity in plants by increasing the 
phosphorus and other nutrients available in the soil by releasing 
chemicals in the soil that change the pH and amount of 
available organic matter content in the soil [97-99]. 
Combinations of PGPR and AMF improved the crop 

productivity in various plants and also helped to manage 
growth under stress conditions [100-103]. Although the 
interaction of Glomus species with mustard plants is not 
common, recent studies clearly show that it helps the plants to 
increase their resistance against pathogens and increase crop 
productivity by regulating enzymatic activities in plants and 
increasing the amount of nutrients and organic matter in the 
soil [104-106]. 

Conclusions 
Foliar exposure to ZnO NPs may be thought of as both an 
e�cient and di�erent method to increase productivity 
compared to other treatments. Nanoparticles have microscopic 
size and large surface area, which help maximize their uptake 
and translocation as nutrients in plants via foliar spray. As a 
result, ZnO NPs had more favorable e�ects on plant growth, 
morphology, development, physiology, and metabolism than 
traditional Zn salt because nanoparticles induce the genes 
involved in nutrient assimilation pathways. It may also be 
crucial to research how ZnO NPs a�ect other nutrients 
necessary for plant health as well as the general ecology of the 
rhizosphere. When compared to chemical fertilizer applications 
of P or even N, biofertilizers such as AMF/VAM and PSBs are 
also preferable because their chemical activity solubilizes and 
increases the bioavailability of nutrients in the soil, ultimately 
enhancing the growth of the treated plants. Further research is 
required to grow di�erent crop species in the �eld under diverse 
agroclimatic circumstances to determine the cost-e�ectiveness 
and adaptability of foliar ZnO NP exposure.

 However, a future aspect of this research is to determine 
the growth and yield responses of crops upon exposure to the 
combination of nanoparticles and biofertilizers. 

Acknowledgments
�e authors are grateful to the Head of Department, 
Department of Botany, T.D.P.G. College, Jaunpur, for providing 
research experiment facilities and technical support for sample 
analysis.

Authors’ contributions 
Avshesh Kumar: Conceptualization, methodology, writing, 
original data preparation; Rajkumar Yadav: Data Analysis and 
Statistical Analysis; Adnan Khan: Reviewing and correction in 
the manuscript; Mohd Irfan: Editing and dra�ing of the 
manuscript; Syed Aiman Hasan: Graphs and graphical abstract 
preparation. 

Disclosure statement 
No potential con�ict of interest was reported by the authors.

References

1. Shekhawat K, Rathore SS, Premi OP, Kandpal BK, Chauhan JS. 
Advances in agronomic management of Indian mustard (Brassica 
juncea (L.) Czernj. Cosson): an overview. Int J Agron. 2012. 
https://doi.org/10.1155/2012/408284 

2. Jat RS, Singh VV, Sharma P, Rai PK. Oilseed brassica in India: 
Demand, supply, policy perspective and future potential. OCL. 
2019;26:8. https://doi.org/10.1051/ocl/2019005

3. Marschner P. Mineral Nutrition of Higher Plants. 3rd ed. 
London:Academic Press, London; 2012.

4. Barker AV, Pilbeam DJ, editors. Handbook of plant nutrition. 2nd 
ed. London:CRC press; 2015.

5. Henchion M, Hayes M, Mullen AM, Fenelon M, Tiwari B. Future 
protein supply and demand: strategies and factors in�uencing a 

sustainable equilibrium. Foods. 2017;6(7):53.                         . 
https://doi.org/10.3390/foods6070053

6. Manuel J. Nutrient pollution: a persistent threat to waterways. 
Environ Health Perspect. 2014;122(12):A323.                         .  
https://doi.org/10.1289/ehp.122-A304 

7. Etesami H, Jeong BR, Glick BR. Contribution of arbuscular 
mycorrhizal fungi, phosphate–solubilizing bacteria, and silicon to P 
uptake by plant. Front Plant Sci. 2021;12:699618.                         .  
https://doi.org/10.3389/fpls.2021.699618

8. Kumar S, Sindhu SS, Kumar R. Biofertilizers: An ecofriendly 
technology for nutrient recycling and environmental sustainability. 
Cur Res Microb Sci. 2022;3:100094.                         .  
https://doi.org/10.1016/j.crmicr.2021.100094 

9. Lacerda JS, Martinez HE, Pedrosa AW, Clemente JM, Santos RH, 
Oliveira GL, et al. Importance of zinc for arabica co�ee and its 
e�ects on the chemical composition of raw grain and beverage 
quality. Crop Sci. 2018;58(3):1360-1370.                         .  
https://doi.org/10.2135/cropsci2017.06.0373 

10. Singh A, Singh NB, Afzal S, Singh T, Hussain I. Zinc oxide 
nanoparticles: a review of their biological synthesis, antimicrobial 
activity, uptake, translocation and biotransformation in plants. J 
Material Sci. 2018;53(1):185-201.                         .  
https://doi.org/10.1007/s10853-017-1544-1 

11. Castillo-González J, Ojeda-Barrios D, Hernández-Rodríguez A, 
González-Franco AC, Robles-Hernández L, López-Ochoa GR. Zinc 
metalloenzymes in plants. Interscience. 2018;43(4):242-248.

12. Gupta R, Laxman S. Cycles, sources, and sinks: conceptualizing 
how phosphate balance modulates carbon �ux using yeast metabolic 
networks. Elife. 2021;10:e63341.                         .  
https://doi.org/10.7554/eLife.63341 

13. Dwivedi RS, Randhawa NS. Evaluation of a rapid test for the hidden 
hunger of zinc in plants. Plant Soil. 1974;40:445-451.                         .  
https://doi.org/10.1007/BF00011531 

14. Martinez HEP, Zabini AV, Cruz CD, Pereira AA, Finger FL. 
Di�erential tolerance to zinc de�ciency in co�ee-plant progenies. J 
Plant Nutr. 2011;34(11):1654-1674.                         .  
https://doi.org/10.1080/01904167.2011.592562 

15. Fernández V, Brown PH. From plant surface to plant metabolism: 
the uncertain fate of foliar-applied nutrients. Front Plant Sci. 
2013;4:289. https://doi.org/10.3389/fpls.2013.00289 

16. Alexander A, Schroeder M. Fertilizer use e�ciency: Modern trends 
in foliar fertilization. J Plant Nutr. 198;10(9-16):1391-1399. 
https://doi.org/10.1080/01904168709363671 

17. Kuepper G. Foliar Fertilization, NCAT Agriculture Specialist. 
Montana:ATTRA Publication; 2003.

18. Fageria NK, Filho MB, Moreira A, Guimaraes C. Foliar fertilization 
of crop plants. J Plant Nutr. 2009;32:1044-1064.                         .  
https://doi.org/10.1080/01904160902872826 

19. Kannan S. Foliar fertilization for sustainable crop production. 
Genetic engineering, biofertilisation, soil quality and organic 
farming. Sustain Agric Rev. 2010;4:371-402.                         .  
https://doi.org/10.1007/978-90-481-8741-6_13 

20. Andrade SA, Silveira AP, Mazzafera P. Arbuscular mycorrhiza alters 
metal uptake and the physiological response of Co�ea arabica 
seedlings to increasing Zn and Cu concentrations in soil. Sci Total 
Env. 2010;408(22):5381-5391.                         .  
https://doi.org/10.1016/j.scitotenv.2010.07.064  

21. Kabata-Pendias A. Trace elements in soils and plants. 4th ed. Boca 
Raton:CRC press; 2010. https://doi.org/10.1201/b10158

22. Mejias JH, Salazar F, Pérez Amaro L, Hube S, Rodriguez M, Alfaro 
M. Nanofertilizers: A cutting-edge approach to increase nitrogen 
use e�ciency in grasslands. Front Environ Sci. 2021;9. 
https://doi.org/10.3389/fenvs.2021.635114

23. Nongbet A, Mishra AK, Mohanta YK, Mahanta S, Ray MK, Khan 
M, et al. Nanofertilizers: a smart and sustainable attribute to 
modern agriculture. Plants. 2022;11(19):2587.                         .  
https://doi.org/10.3390/plants11192587 

24. Klaine SJ, Alvarez PJJ, Batley GE, Fernandes TF, Handy RD, Lyon D, 
et al. Nanomaterials in the environment: Behavior, fate, 
bioavailability, and e�ects. Environ Toxicol Chem.                         .  

2008;27(9):1825-1851. https://doi.org/10.1897/08-090.1 
25. Mahajan P, Dhoke SK, Khanna AS. E�ect of nano-ZnO particle 

suspension on growth of mung (Vigna radiata) and gram (Cicer 
arietinum) seedlings using plant agar method. J Nanotech. 
2011;2011:1-7. https://doi.org/10.1155/2011/696535 

26. Srivastava G, Das CK, Das A, Singh SK, Roy M, Kim H, et al. Seed 
treatment with iron pyrite (FeS2) nanoparticles increases the 
production of spinach. RSC Advances. 2014;4(102):58495-58504. 
https://doi.org/10.1039/C4RA06861K 

27. Moghaddasi S, Fotovat A, Karimzadeh F, Khazaei HR, Khorassani 
R, Lakzian A. E�ects of coated and non-coated ZnO nanoparticles 
on cucumber seedlings grown in gel chamber. Arch Agron Soil Sci. 
2017;63(8):1108-1120.                         .  
https://doi.org/10.1080/03650340.2016.1256475 

28. Faizan M, Faraz A, Yusuf M, Khan ST, Hayat S. Zinc oxide 
nanoparticles mediated changes in photosynthetic e�ciency and 
antioxidant system of tomato plants. Photosynthetica.                         .  
2018;56:678-686. https://doi.org/10.1007/s11099-017-0717-0 

29. Zhang T, Sun H, Lv Z, Cui L, Mao H, Kopittke PM. Using 
synchrotron based approaches to examine the foliar application of 
ZnSO4 and ZnO nanoparticles for �eld-grown winter wheat. J Agric 
Food Chem. 2017;66(11):2572-2579.                         .  
https://doi.org/10.1021/acs.jafc.7b04153 

30. Wang Z, Xie X, Zhao J, Liu X, Feng W, White JC, et al. Xylem- and 
phloem-based transport of CuO nanoparticles in maize (Zea mays 
L.). Environ Sci Tech. 2012;46(8):4434-4441.                         .  
https://doi.org/10.1021/es204212z 

31. Hernandez-Viezcas JA, Castillo-Michel H, Andrews JC, Cotte M, 
Rico C, Peralta-Videa JR, et al. In Situ Synchrotron X-ray 
�uorescence mapping and speciation of CeO2 and ZnO 
Nanoparticles in soil cultivated soybean (Glycine max). ACS Nano. 
2013;7(2):1415-1423. https://doi.org/10.1021/nn305196q 

32. Rui M, Ma C, Hao Y, Guo J, Rui Y, Tang X, et al. Iron oxide 
nanoparticles as a potential iron fertilizer for peanut (Arachis 
hypogaea). Front Plant Sci. 2016;7:815.                         .  
https://doi.org/10.3389/fpls.2016.00815 

33. Keller AA, McFerran S, Lazareva A, Suh S. Global life cycle releases 
of engineered nanomaterials. J Nano Res. 2013;15:1-7.                         .  
https://doi.org/10.1088/1742-6596/2267/1/012049

34. Solanki P, Bhargava A, Chhipa H, Jain N, Panwar J. Nano-fertilizers 
and their smart delivery system. Nanotech Food Agric. 
2015;81-101. https://doi.org/10.1007/978-3-319-14024-7_4 

35. Davarpanah S, Tehranifar A, Davarynejad G, Abadía J, Khorasani 
R. E�ects of foliar applications of zinc and boron nano-fertilizers on 
pomegranate (Punica granatum R.cv. Ardestani) fruit yield and 
quality. Scientia Hort. 2016;210:57-64.                         .  
https://doi.org/10.1016/j.scienta.2016.07.003 

36. Heinlaan M, Ivask A, Blinova I, Dubourguier H-C, Kahru A. 
Toxicity of nanosized and bulk ZnO, CuO and TiO2 to bacteria 
Vibrio �scheri and crustaceans Daphnia magna and 
�amnocephalus platyurus. Chemosphere. 2008;71(7):1308-1316. 
https://doi.org/10.1016/j.chemosphere.2007.11.047 

37. Baek Y-W, An Y-J. Microbial toxicity of metal oxide nanoparticles 
(CuO, NiO, ZnO, and Sb2O3) to Escherichia coli, Bacillus subtilis, 
and Streptococcus aureus. Sci Total Env. 2011;409:1603-1608. 
https://doi.org/10.1016/j.scitotenv.2011.01.014 

38. Hajipour MJ, Fromm KM, Ashkarran AA, de Aberasturi DJ, 
Larramendi IRD, Rojo T, et al. Antibacterial properties of 
nanoparticles. Trends Biotech. 2012;30:499–511.                         .   
https://doi.org/10.1016/j.tibtech.2012.06.004 

39. Prasad T, Sudhakar P, Sreenivasulu Y, Latha P, Munaswamy V, 
Reddy KR, et al. E�ect of nanoscale zinc oxide particles on the 
germination, growth and yield of peanut. J Plant Nutr. 
2012;35:905-927.  https://doi.org/10.1080/01904167.2012.663443 

40. Mohasedat Z, Dehestani-Ardakani M, Kamali K, Eslami F. �e 
e�ects of nanobio fertilizer on vegetative growth and nutrient 
uptake in seedlings of three apple cultivars. Adv Biol Res. 
2018;9(2):128-134.

41. Pandey SK, Singh H. A simple, cost-e�ective method for leaf area 
estimation. J Bot. 2011;3:1-6. https://doi.org/10.1155/2011/658240

42. Mackinney G. Absorption of light by chlorophyll solutions. J Biol 
Chem. 1941;140:315-322.                         .  
https://doi.org/10.1016/S0021-9258(18)51320-X 

43. Bates LS, Waldren RT, Teare ID. Rapid determination of free proline 
for water stress studies. Plant Soil. 1973;39:205-207.                         .  
https://doi.org/10.1007/BF00018060 

44. Jaworski EG. Nitrate reductase assay in intact plant tissues. Biochem 
Biophys Res Comm. 1971;43(6):1274-1279.                         .   
https://doi.org/10.1016/S0006-291X(71)80010-4 

45. Abid M, Batool T, Siddique G, Ali S, Binyami R, Shahid MJ, et al. 
Integrated nutrient management enhances soil quality and crop 
productivity in maize based cropping system. Sustainability 
2020;12(23):10214. https://doi.org/10.3390/su122310214 

46. Morgan JB, Connolly EL. Plant-soil interactions: nutrient uptake. 
Nat Educ Knowl. 2013;4(8):2.

47. Bouchet AS, Laperche A, Bissuel-Belaygue C, Snowdon R, Nesi N, 
Stahl A. Nitrogen use e�ciency in rapeseed. A review. Agron Sust 
Dev. 2016;36:1-20. https://doi.org/10.1007/s13593-016-0371-0 

48. Heuermann D, Hahn H, von Wiren. Seed yield and nitrogen 
e�ciency in oilseed rape a�er ammonium nitrate or urea 
fertilization. Front Plant Sci. 2021;11:608785.                         .  
https://doi.org/10.3389/fpls.2020.608785 

49. Allen EJ, Morgen DG. A quantitative analysis of the e�ects of 
nitrogen on the growth development and yield of oil seed rape. J 
Agric Sci Cambridge. 1972;78(2):315-324.                         .  
https://doi.org/10.1017/S0021859600069161 

50. Yoneyama T, Tanno F, Tatsumi J, Mee T. Whole-plant dynamic 
system of nitrogen use for vegetative growth and grain �lling in rice 
plants (Oryza sativa L.) as revealed through the production of 350 
grains from a germinated seed over 150 days: A review and 
synthesis. Front Plant Sci. 2016;7:1151.                         .  
https://doi.org/10.3389/fpls.2016.01151 

51. Keerthi P, Pannu RK, Dhaka AK, Daniel J, Yogesh. Yield, nitrogen 
uptake and nutrient use e�ciency in Indian mustard (Brassica 
juncea L.) as e�ected by date of sowing and nitrogen levels in 
Western Haryana, India. Int J Curr Microb Appl Sci. 
2017;6(4):1168-1177. https://doi.org/10.20546/ijcmas.2017.604.143

52. Singh R, Lal M, Singh G, Kumar T. E�ect of nitrogen and 
phosphorus on growth parameter and yield of canola (Brassica 
napus L.). J Pharma Phytochem. 2019;8(1):380-384.

53. Mohapatra S, Satapathy MR, Sahoo TR, Maitra S, Nanda SP. E�ect 
of di�erent levels of fertilizers on nutrient uptake of Indian Mustard 
(Brassica junea L.). Biosci Biotech Res Commun. 2020;13:78-83.

54. Bankoti P, Kumar K, Kumar A. E�ect of nitrogen rates on 
performance of mustard (Brassica juncea L.). J Pharma Phytochem. 
2021;10:2847-2850.

55. Keivanrad S, Zandi P. E�ect of nitrogen levels on growth, yield and 
oil quality of Indian mustard grown under di�erent plant densities. 
�ai J Agric Sci. 2012;45(2):105-113.

56. Sefaoglu F, Erim E, Toktay Z, Ozturk E. Critical dose of nitrogen 
and phosphorus for the enhanced growth, yield, and quality 
components in mustard (Sinapsis arvensis L.) in a semi arid 
environment. Turk J Field Crops. 2021;26(2):244-252. 
https://doi.org/10.17557/tjfc.1038570 

57. Kolodiazhnyi OI. Phosphorus compounds of natural origin: 
Prebiotic, stereochemistry, application. Symmetry. 2021;13(5):889. 
https://doi.org/10.3390/sym13050889 

58. Malhotra H, Vandana, Sharma S, Pandey R. Phosphorus nutrition: 
Plant growth in response to de�ciency and excess. Plant Stress. 
2018;171-190. https://doi.org/10.1007/978-981-10-9044-8_7 

59. Meng X, Chen WW, Wang YY, Huang ZR, Ye X, Chen LS, et al. 
E�ects of phosphorus de�ciency on the absorption of mineral 
nutrients, photosynthetic system performance and antioxidant 
metabolism in Citrus grandis. PLoS One. 2021;16(2):e0246944. 
https://doi.org/10.1371/journal.pone.0246944 

60. Gill HK, Brar AS, Singh G. Impact of phosphorus and sulphur on 
yield and quality of mustard: A review. Pharma Innov J. 
2021;10(4):954-957.

61. Chislock MF, Doster E, Zitomer RA, Wilson AE. Eutrophication: 
causes, consequences, and controls in aquatic ecosystems. Nature 

Educ Know. 2013;4(4):10.
62. Astaneh N, Bazrafshan F, Zare M, Amiri B, Bahrani A. 

Nano-fertilizer prevents environmental pollution and improves 
physiological traits of wheat grown under drought stress conditions. 
Sci Agropecu. 2021;12(1):41-47.                         .  
https://doi.org/10.17268/sci.agropecu.2021.005

63. Arunachalam P, Kannan P, Prabukumar G, Govindaraj M. Zinc 
de�ciency in Indian soils with special focus to enrich zinc in 
peanut. Afr J Agric Res. 2013;8(50):6681-6688.

64. Laik R, Singh SK, Kumar V, Singh SP, Shukla A, Nidhi, et al. Zinc 
fertilization in rice-wheat cropping system under upland calcareous 
soil. J Plant Nutr. 2019;42:296-306.                         .  
https://doi.org/10.1080/01904167.2018.1482916 

65. Kaya C, Higgs D. Inter-relationships between zinc nutrition, growth 
parameters, and nutrient physiology in a hydroponically grown 
tomato cultivar. J Plant Nutr. 2001;24(10):1491-1503.                         .  
https://doi.org/10.1081/PLN-100106016 

66. Li C, Wang P, Lombi E, Cheng M, Tang C, Howard DL, et al. 
Absorption of foliar-applied Zn fertilizers by trichomes in soybean 
and tomato. J Exp Bot. 2018;69(10):2717-2729.                         .  
https://doi.org/10.1093/jxb/ery085 

67. Li C, Wang P, Van der Ent A, Cheng M, Jiang H, Read TL, et al. 
Absorption of foliar-applied Zn in sun�ower (Helianthus annuus): 
Importance of the cuticle, stomata and trichomes. Ann Bot. 
2019;123(1):57-68. https://doi.org/10.1093/aob/mcy135 

68. Read TL, Doolette CL, Li C, Schjoerring JK, Kopittke PM, Donner 
E, et al. Optimising the foliar uptake of zinc oxide nanoparticles: Do 
leaf surface properties and particle coating a�ect absorption? 
Physiol Plant. 2020;170(3):384-397.                         .  
https://doi.org/10.1111/ppl.13167 

69. Ditta A, Arshad M. Applications and perspectives of using 
nanomaterials for sustainable plant nutrition. Nanotech Rev. 
2016;5(2):209-229. https://doi.org/10.1515/ntrev-2015-0060 

70. Monreal CM, DeRosa M, Mallubhotla SC, Bindraban PS, Dimkpa 
C. Nanotechnologies for increasing the crop use e�ciency of 
fertilizer-micronutrients. Biol Fert Soil. 2016;52:423-437. 
https://doi.org/10.1007/s00374-015-1073-5

71. Khan ZS, Rizwan M, Hafeez M, Ali S, Javed MR, Adrees M. �e 
accumulation of cadmium in wheat (Triticum aestivum) as 
in�uenced by zinc oxide nanoparticles and soil moisture 
conditions. Env Sci Poll Res. 2019;26:19859-19870. 
https://doi.org/10.1007/s11356-019-05333-5 

72. Adrees A, Khan ZS, Hafeez M, Rizwan M, Hussain K, Asrar M, et al. 
Foliar exposure of zinc oxide nanoparticles improved the growth of 
wheat (Triticum aestivum L.) and decreased cadmium 
concentration in grains under simultaneous Cd and water de�cient 
stress. Ecotoxic Env Safety. 2021;208:111627.                         .  
https://doi.org/10.1016/j.ecoenv.2020.111627 

73. Rao S, Shekhawat GS. Toxicity of ZnO engineered nanoparticles 
and evaluation of their e�ect on growth, metabolism and tissue 
speci�c accumulation in Brassica juncea. J Env Chem Eng. 
2014;2(1):105-114. https://doi.org/10.1016/j.jece.2013.11.029 

74. Panwar J. Positive e�ect of zinc oxide nanoparticles on tomato 
plants: A step towards developing nano-fertilizers. In International 
conference on environmental research and technology (ICERT) 
2012. 

75. A El-Kereti M, A El-feky S, S Khater M, A Osman Y, A El-sherbini 
ES. ZnO nanofertilizer and He Ne laser irradiation for promoting 
growth and yield of sweet basil plant. Recent Pat on food, Nutr 
Agric. 2013;5(3):169-181.                         .  
https://doi.org/10.2174/2212798405666131112142517 

76. Tarafdar JC, Raliya R, Mahawar H, Rathore I. Development of zinc 
nanofertilizer to enhance crop production in pearl millet 
(Pennisetum americanum). Agric Res. 2014;3:257-262.                         .  
https://doi.org/10.1007/s40003-014-0113-y 

77. Pavani K, Divya V, Veena I, Aditya M, Devakinandan G. In�uence 
of bio-engineered zinc nanoparticles and Zinc metal on Cicer 
arietinum seedlings growth. Asian J Agric Biol. 2014;2:216-223.

78. Rout GR, Das P. E�ect of metal toxicity on plant growth and 
metabolism: I. Zinc. Sustain Agric. 2009;873-884.                         .  

https://doi.org/10.1007/978-90-481-2666-8_53 
79. Sharma SS, Schat H, Vooijs R, van Heerwaarden LM. Combination 

toxicology of copper, zinc, and cadmium in binary mixtures: 
Concentration-dependent antagonistic, nonadditive, and 
synergistic e�ects on root growth in Silene vulgaris. Env Toxic 
Chem. 1999;18(2):348-355. https://doi.org/10.1002/etc.5620180235 

80. Rossia L, Fedeniab LN, Sharifana H, Ma X, Lombardini L. E�ects of 
foliar application of zinc sulfate and zinc nanoparticles in co�ee 
(Co�ea arabica L.) plants. Plant Physiol Biochem. 
2019;135:160-166. https://doi.org/10.1016/j.plaphy.2018.12.005 

81. Holmes MRJ, Ainsley AM. Fertiliser requirements of spring oilseed 
rape. J Sci Food Agric. 1977;28(3):301-311.                         .  
https://doi.org/10.1002/jsfa.2740280314 

82. Salama ZA, El-Fouly MM, Lazova G, Popova LP. Carboxylating 
enzymes and carbonic anhydrase functions were suppressed by zinc 
de�ciency in maize and chickpea plants. Acta Physiol Plant. 
2006;28:445-451. https://doi.org/10.1007/BF02706627 

83. Li BY, Zhou DM, Cang L, Zhang HL, Fan XH, Qin SW. Soil 
micronutrient availability to crops as a�ected by long-term 
inorganic and organic fertilizer applications. Soil Tillage Res. 
2007;96(1-2):166-173. https://doi.org/10.1016/j.still.2007.05.005 

84. Peralta-Videa JR, Hernandez-Viezcas JA, Zhao L, Diaz BC, Ge Y, 
Priester JH, et al. Cerium dioxide and zinc oxide nanoparticles alter 
the nutritional value of soil cultivated soybean plants. Plant Physiol 
Biochem. 2014;80:128-135.                         .  
https://doi.org/10.1016/j.plaphy.2014.03.028 

85. Chaney RL. Zinc phytotoxicity. In: Robson D. (ed.) A Zinc in Soils 
and Plants: Proceedings of the International Symposium on ‘Zinc in 
Soils and Plants’, Held at the University of Western Australia, 27–28. 
Springer Netherlands, Dordrecht. 1993;135-150.                         .  
https://doi.org/10.1007/978-94-011-0878-2_10 

86. Prasad TNVKV, Sudhakar P, Sreenivasulu Y, Latha P, Munaswamy 
V, Reddy KR, et al. E�ect of nanoscale zinc oxide particles on the 
germination, growth and yield of peanut. J Plant Nutr. 
2012;35(6):905-927.                         .  
https://doi.org/10.1080/01904167.2012.663443 

87. Dhoke SK, Mahajan P, Kamble R, Khanna A. E�ect of nanoparticles 
suspension on the growth of mung (Vigna radiata) seedlings by 
foliar spray method. Nanotechnol Dev. 2013;3(1):e. 
https://doi.org/10.4081/nd.2013.e1 

88. Patra P, Choudhury SR, Mandal S, Basu A, Goswami A, Gogoi R, et 
al. E�ect sulfur and ZnO nanoparticles on stress physiology and 
plant (Vigna radiata) nutrition. In: Advanced Nanomaterials and 
Nanotechnology, Springer Berlin Heidelberg. 2013;301-309. 
https://doi.org/10.1007/978-3-642-34216-5_31 

89. Burman U, Saini M, Kumar P. E�ect of zinc oxide nanoparticles on 
growth and antioxidant system of chickpea seedlings. Toxicol 
Environ Chem. 2013;95(4):605-612.                         .  
https://doi.org/10.1080/02772248.2013.803796 

90. Sedghi M, Hadi M, Toluie SG. E�ect of nano zinc oxide on the 
germination parameters of soybean seeds under drought stress. 
Ann West Univ Timiş, Ser Biol. 2013;16(2):73-78. 

91. Torabian S, Zahedi M, Khoshgo�armanesh A. E�ect of foliar spray 
of zinc oxide on some antioxidant enzymes activity of sun�ower 
under salt stress. J Agr Sci Tech. 2016;18(4):1013-1025.

92. Faizan M, Hayat S. E�ect of foliar spray of ZnO-NPs on the 
physiological parameters and antioxidant systems of Lycopersicon 
esculentum. Pol J Natur Sc. 2019;34(1):87-105.

93. Umavathi S, Mahboob S, Govindarajan M, Al-Ghanim KA, Ahmed 
Z, Virik P, et al. Green synthesis of ZnO nanoparticles for 
antimicrobial and vegetative growth applications: A novel approach 
for advancing e�cient high quality health care to human wellbeing. 
Saudi J Biol Sci. 2021;28(3):1808-1815.                         .  
https://doi.org/10.1016/j.sjbs.2020.12.025 

94. Ra�que M, Sohaib M, Tahir R, Tahir MB, Rizwan M. 
Plant-mediated green synthesis of zinc oxide nanoparticles using 
peel extract of citrus reticulate for boosting seed germination of 
Brassica nigra seeds. J Nanosci Nanotechnol. 2021;21(6):3573-3579. 
https://doi.org/10.1166/jnn.2021.19015 

95. Geremew A, Carson L, Woldesenbet S, Wang H, Reeves S, Brooks N 

Jr, et al. E�ect of zinc oxide nanoparticles synthesized from Carya 
illinoinensis leaf extract on growth and antioxidant properties of 
mustard (Brassica juncea). Front Plant Sci. 2023;14:1108186. 
https://doi.org/10.3389/fpls.2023.1108186 

96. Reed L, Glick BR. �e Recent Use of 
Plant-Growth-Promoting-Bacteria to Promote the Growth of 
Agricultural Food Crops. Agriculture. 2023;13(5):1089. 
https://doi.org/10.3390/agriculture13051089

97. Srivastava A, Sharma VK, Kaushik P, El-Sheikh MA, Qadir S, 
Mansoor S. E�ect of silicon application with mycorrhizal 
inoculation on Brassica juncea cultivated under water stress. PLoS 
One. 2022;17(4):e0261569.                         .  
https://doi.org/10.1371/journal.pone.0261569 

98. Halim Jaya AM, Dedi E, Suramas RF. E�ectiveness of arbuscular 
mycorrhiza fungi propagules to growth of mustard plant (Brassica 
juncea L.) under net house treatment. World J Adv Res Rev. 
2019;2(1):001-006. https://doi.org/10.30574/wjarr.2019.2.1.0022

99. Poveda J, Hermosa R, Monte E, Nicolás C. Trichoderma harzianum 
favours the access of arbuscular mycorrhizal fungi to non-host 
Brassicaceae roots and increases plant productivity. Sci Rep. 
2019;9(1):11650. https://doi.org/10.1038/s41598-019-48269-z

100. Ramdhani I, Widawati S. Synergistic Interaction of Arbuscular 
Mycorrhizal Fungi and Phosphate-Solubilizing Bacteria on 
Sorghum bicolor (L.) Moench Growth under Saline Condition. 
Microbiol Indones. 2020;14(2):73-82.                         .  
https://doi.org/10.5454/mi.14.2.4

101. Begum N, Qin C, Ahanger MA, Raza S, Khan MI, Ashraf M, et al. 
Role of arbuscular mycorrhizal fungi in plant growth regulation: 
implications in abiotic stress tolerance. Front Plant Sci. 
2019;10:1068. https://doi.org/10.3389/fpls.2019.01068

102. Nadeem SM, Ahmad M, Zahir ZA, Javaid A, Ashraf M. �e role of 
mycorrhizae and plant growth promoting rhizobacteria (PGPR) in 
improving crop productivity under stressful environments. 
Biotechnol Adv. 2014;32(2):429-448.                         .  
https://doi.org/10.1016/j.biotechadv.2013.12.005

103. Zhang Q, Gong M, Liu K, Chen Y, Yuan J, Chang Q. Rhizoglomus 
intraradices improves plant growth, root morphology and 
phytohormone balance of Robinia pseudoacacia in 
arsenic-contaminated soils. Front Microbiol. 2020;11:1428. 
https://doi.org/10.3389/fmicb.2020.01428

104. Sharma A, Sinharoy S, Bisht NC. �e mysterious non‐arbuscular 
mycorrhizal status of Brassicaceae species. Environ Microbiol. 
2023;25(5):917-930. https://doi.org/10.1111/1462-2920.16339 

105. Shukla A, Kumar A, Chaturvedi OP, Nagori T, Kumar N, Gupta A. 
E�cacy of rhizobial and phosphate-solubilizing bacteria and 
arbuscular mycorrhizal fungi to ameliorate shade response on six 
pulse crops. Agrofor Syst. 2018;92:499-509.                         .  
https://doi.org/10.1007/s10457-017-0070-0 

106. Rohith C, Umesha C. E�ects of Biofertilizers and Phosphorus on 
Growth and Yield of Mustard. Int J Environ Clim Change. 
2023;13(10):441-445.                         .  
https://doi.org/10.9734/IJECC/2023/v13i102664

J. Plant Res. Innov., 2024, 2, 1-10 © Reseapro Journals 2024
https://doi.org/10.61577/jpri.2024.100001

JOURNAL OF PLANT RESEARCH AND INNOVATIONS   
2024, VOL. 2, ISSUE 1

2



Mustard (Brassica juncea L.) is one of the important oilseed 
crops grown in the Rabi (winter) season and contributes to 25% 
of the oilseed economy of India [1,2]. �e use of chemical 
fertilizers in arable soil is a routine practice in modern 
agriculture to supplement the depleting nutrients from natural 
soil fertility, among them nitrogen, phosphorus, potassium 
(NPK) and zinc (Zn) are more common [3,4]. Mustard varieties 
also respond to chemical fertilizers, particularly N and P. �e 
recommended dose of chemical fertilizers is crop-speci�c; 
excess or less application may lead to suboptimal production of 
lethal e�ects. Increased population growth and demand for 
food supply required higher use of chemical fertilizers, a costly 
input [5]. Additionally, excess use of these fertilizers polluted all 
three spheres of the environment [6]. Potential substitutes, 
biofertilizers, including arbuscular mycorrhizal fungi (AMF) 
and phosphate-solubilizing bacteria (PSBs), are cost-e�ective, 
pollution-free, renewable, and safe for crops [7]. Arbuscular 
mycorrhizae supplement nitrate and phosphate ions along with 
other metal ions within the rhizosphere [8]. Phosphate 
solubilizing bacteria unlock the phosphate from the complex 
soil composites and solubilize them with the help of phytase 
enzyme, while AM fungi besides facilitating critical minerals 

modify host root architecture. �ese biofertilizers also secrete 
phytohormones in the host rhizosphere and protect them 
from soil borne pathogens [7,8]. Zinc plays a functional role in 
many physiological processes, in biochemical reactions, such 
as metalloenzymes [3,9], in the biosynthesis of proteins and 
chlorophyll, and in immune responses in animal systems [10]. 
Several metalloenzymes and biochemical reactions require Zn 
as a cofactor in cell metabolism [11]. Among the critical 
elements, nitrogen is an important part of the functional and 
structural part, i.e., proteins, secondary metabolites, 
coenzymes, and other molecules; phosphorus has a major role 
in nucleotide biosynthesis and energy transactions and 
signaling, while potassium regulates cell osmolarity and ion 
exchange [12]. Zinc de�ciency in crops is common and o�en 
represented as zinc hunger [13].

 In part, Zn hunger is prevalent due to the plant’s ine�cacy 
of absorbing and translocating it [14] or soil de�ciency [13]; 
thus, Zn fertilization improves the production and quality of 
produce in several crop plants. �erefore, to mitigate issues 
such as the limited availability of soil nutrients, high rates of 
loss of soil-applied fertilizers, and constraints on nutrient 
delivery to plant organs due to environmental conditions 

during critical growth stages. Foliar fertilization for sustainable 
crop management has recently been well-addressed [15]. 
Fertilization through foliar spray has been proven to alleviate 
micronutrient de�ciencies, reduce toxicity, and avoid 
fertilizer-related pollution [16-19]. Zn-induced phytotoxicity 
can directly reduce photosynthesis [20] or can create nutritional 
imbalance by interacting with other nutrients [21].

 To unleash the full potential of plant performance, 
nanoparticle fertilizer represents a new and e�ective technique 
of nutrient delivery. �is is crucial for creating more sustainable 
crop systems globally [22,23]. Nanoparticles are de�ned as 
particles with a size of less than 100 nm in at least one 
dimension [24]. Improvements in seed germination, seedling 
growth, biomass, total nitrogen content, protein and sugar 
contents, photosynthetic e�ciency, and nutrient uptake are all 
documented as positive impacts of nanoparticles (NPs) on plant 
growth in crops such as cucumber, mung, spinach, wheat, and 
tomato [25-29]. Research shows that NPs can enter plant tissues 
and then move inside a plant’s body systemically [30-32]. 
Among the di�erent NPs used, ZnO NPs are currently the 
fourth most widely used in the world [33]. Due to their unique 
characteristics compared to conventional Zn fertilizers, ZnO 
NPs can also serve as cutting-edge Zn fertilizers. Uncertainty 
exists regarding the process through which ZnO NPs enter 
plants. Studies have demonstrated that foliar ZnO NP and 
ZnSO4 spraying on wheat increased the Zn content in grains 
while leaving no traces of ZnO NP in them [29]. With slower 
delivery of micronutrients and a reduced risk of soil pollution 
and other environmental hazards compared to applying 
chemical fertilizers directly to the soil, nanoscale fertilization 
may be able to prevent the symptoms of phytotoxicity in plants 
[34]. In addition, nanoscale fertilizer application requires a 
lesser amount of fertilizer than conventional ones used through 
soil [35]. Even in stressed regimes, the use of nanofertilizers has 
been proven to have positive impacts on plant growth compared 
to normal  conditions [32,35-40]. However, whether it is a nano 
application, these e�ects depend on concentration.

 �e present research work is based on the hypothesis that 
foliar spraying of ZnO NPs or application of biofertilizers such 
as VAM or AMF and PSBs are more e�cient and promote plant 
growth better than generally used chemical fertilizer 
supplementation like nitrogen (N), phosphorus (P) and 
supplementation with zinc (Zn).

 �erefore, the present study aimed to compare the impacts 
of various soil-applied chemical fertilizers, such as N, P, Zn, 
foliar spray of ZnO NPs, and soil-applied bio-fertilizers such as 
phosphate solubilizing bacteria (PSBs) and arbuscular 
mycorrhizal fungi (AMF), on the growth and biochemical 
responses of mustard cultivars.

Materials and Methods
Experimental site and design
�e present experiment was performed in the Botany 
Department of Tilakdhari College, Jaunpur, state Uttar Pradesh 
(25° 73’ N latitude, 82°68’ E longitude at an elevation of 96 m 
above mean sea level). �e 25 × 25 cm earthen pots were �lled 
with 3 kg of �eld soil with the properties given in Table 1. �e 
recommended dose of fertilizers was mixed with the soil 
present in the pot. �e experiment was conducted under 
ambient environmental conditions in September-February 
2020.

 Pots were placed in a randomized completely block design 
(RCBD) where the experiment consisted of two factors and �ve 
replicates (2×7×5). �rst factor is two varieties of Brassica juncea 
(L.). �e second factor included seven levels of fertilizer 
treatments (control, ZnO NPs, Zn, N, P, PSB, and AMF) and �ve 
replicates for each treatment randomly distributed in block 
(RBD). �e total experimental units were 70(2×7×5=70).

Materials and experimental treatment plan
�e authentic seeds of Brassica juncea (L.) Czern and Coss cv. 
Alankar and Rohini were selected based on previous 
experiments and were procured from the National Seed 
Corporation Ltd., New Delhi, India. �e cultural strains of 
biofertilizers (Glomus intraradices) inoculum and PSB 
Pseudomonas aeruginosa) were procured from the Agriculture 
Department Seed Distribution Unit, District Agriculture O�ce, 
Quarsi Road, Aligarh. �e nanoparticles (ZnO-NPs) were 
purchased from Sigma-Aldrich Chemicals Pvt. Ltd. India. 100 
mM stock solution of ZnO-NPs was prepared by dissolving its 
required amount in 10 ml DDW in a 100 ml volumetric �ask, 
and making up total volume 100 ml by adding DDW. �e 
working concentrations of NPs were prepared by diluting this 
stock solution of ZnO-NPs as per requirement.

 Healthy, uniform-sized seeds were surface sterilized with a 
0.01% solution of mercuric chloride for 5 min to disinfect from 
surface pathogens and then washed repeatedly with double 
distilled water (DDW). To check the percent germination of 
seeds, a germination test was also conducted. Seeds of two 
mustard varieties, Alankar and Rohini, were sown in pot soils. 
�e soil analysis was conducted before the experiment 
presented in Table 1. Eight seeds per pot were sown and then 
thinned to three plants per pot one week a�er germination, 
selecting robust growing similar plants. 

 Among the six treatments (excluding control) of plants, 
three sets were maintained for the two mustard varieties. Five 
pots for each treatment were maintained as replicates (n=5). 
Mustard plants were irrigated with tap water as needed (Figure 1).
1. �e �rst set of plants was foliar sprayed with ZnO NPs (4 

millimoles aqueous solution).
2. For the next two di�erent sets, AM fungus and PSB were 

applied. Fi�y grams of Rhode grass cultured AM fungus; 
Glomus intraradices inoculum, was added to the soil around 
the seed to provide 500 IP (infective propagules) per pot. As 
a PSB, a suspension culture of Pseudomonas aeruginosa was 
used for the treatment of seeds. One milliliter of nutrient 
broth (Mannitol 10g, Yeast extract 1.0g, K2HPO4 0.5g, 

MgSO4.7H2O 0.2g, NaCl 0.1g per liter of DDW) suspension 
contained approximately 1.5×109 cfu per ml of media. Seeds 
were coated with this suspension culture and dried in a cool 
shady place before sowing. 

Figure 1. Treatment plan of the present work on two mustard varieties.
*Taking field soil per hectare (~36,00,000 kg), bulk density of soil (1.2 t/m3), and layer depth of 0.3 m, the following formula was used.
Nutrient requirement = 100/Nutrient content of fertilizer (%) × Recommended dose

3. For three di�erent sets, N, P, and Zn were amended in the 
pot soil as per recommended doses of 120, 60, and 25 kg/ha 
taking urea, single superphosphate, and ZnSO4 as fertilizers. 
�e fertilizer requirement per kg pot soil was calculated* as 
72, 104, and 19 mg, respectively.

Methodology
At 60 days a�er sowing (DAS), the plants were sampled to study 
the following growth features.

Growth analysis
�e root and shoot lengths of the two varieties were measured 
using a meter scale. �e ratio of the shoot by root length was 
calculated by dividing the lengths of the two. �e fresh and dry 
mass of roots and shoots was measured with an electronic 
balance. To analyze the dry mass, the uprooted plants (roots and 
shoots) were placed in an oven at 80°C for 72 h and wrapped in 
butter paper. �e dried plants were then weighed to record plant 
dry mass. �e leaf area of randomly selected leaves from each 
variety was determined by the graph paper method of Pandey 
and Singh [41].

Total chlorophyll and proline content in leaves
�e leaf ’s total chlorophyll content was estimated in �nely cut 
fresh leaves following the method of Mackinney [42]. �e leaf 
proline content in fresh tissue was determined by following the 
method of Bates et al. [43].

Activity of Carbonic anhydrase (CA) and Nitrate 
reductase (NR) enzyme
Carbonic anhydrase activity (CA, E.C. 4.2.1.1) and nitrate 
reductase activity (NR, E.C. 1.6.6.1) were determined by 
following Dwivedi and Randhawa [13] and Jaworski [44] in 
fresh leaf samples.

Statistical analysis
�e experiment was conducted according to a simple 
randomized block design (SRBD). Each treatment was 
replicated �ve times (n=5), and three plants per pot were 
maintained where each pot was considered a replicate. 
Treatment means were compared by analysis of variance using 
R ver. 3.1.0 for Windows. �e least signi�cant di�erence (LSD) 
between treatment means was calculated at a 5% probability 
level (p< 0.05). 

Results
Growth parameters
Most of the (bio)fertilizer treatments (ZnO NPs, Zn, N, P, PSBs 
or AMF) promoted the growth (length, fresh mass, dry mass of 
root and shoot and leaf area) parameters in both varieties in a 
treatment-dependent manner at 60 DAS (Figure 2). However, 
the maximum stimulation of most of the growth parameters is 
achieved by ZnO NPs followed by either PSB or AMF. However, 
the Alankar variety outperformed the treatment here. �e root 
dry mass of Alankar for ZnO NPs, PSB, and AMF was 88%, 
62%, and 86%, respectively, while for shoot dry mass it was 83%, 
72%, and 80%, compared to control plants. For the same 
treatments leaf area improvement of Alankar was 35%, 28%, 
and 34%, and for Rohini, it was 33%, 23%, and 28%, 
respectively. �e ratio of the shoot by root length showed 
di�erent responses for the treatments.

Total chlorophyll content in leaves
�e total chlorophyll content (Figure 3A) in leaves increased 
signi�cantly (p≤0.05) when the two varieties were foliar sprayed 
with ZnO NPs. Alankar registered a 28% increase, while Rohini 
re�ected a 19% increase. �e PSB and AMF treatments also 

signi�cantly (p≤0.05) increased the leaf chlorophyll contents by 
28% and 34% in Alankar and 10% and 16% in Rohini, 
respectively, compared to the control plants. No signi�cant (p≤
0.05) increase in leaf chlorophyll level was noticed against 
soil-mediated N, P, and Zn treatments in the two varieties of 
mustard. 

Proline content in leaves
A signi�cant (p≤0.05) increase in leaf proline content (Figure 
3B) was recorded against the leaf-sprayed ZnO NPs and the 
soil-mediated two biofertilizers (PSB and AMF/VAM) and 
nitrogen treatment in the Alankar and Rohini varieties of 
mustard plants. �e data indicated that proline accumulation 
was higher in Alankar than in Rohini against the given 
treatments. For the above treatments, the increase was 46%, 
39%, 42%, and 37%, respectively, for Alankar. For Rohini, the 
increase was lesser, and in the order of ZnO 
NPs>AMF>PSB>N, an insigni�cant increase of proline was 
registered for the treatments of soil-mediated Zn and P 
recorded compared to control plants in the two varieties.

Nitrate reductase (NR) and carbonic anhydrase (CA) 
activity
�e two mustard varieties; Alankar and Rohini, showed a 
signi�cant (p≤0.05) increase in NR and CA activity (Figure 3C 
and 3D) compared to most of the treatments. �e increase in 

the activity of these enzymes against all the treatments of 
chemicals and biofertilizers was higher in Rohini than in 
Alankar. For NR activity, ZnO NP was followed by Zn and N 
treatments in the two varieties, and for CA, it was followed by 
AMF/VAM and PSBs, respectively. For NR activity, the increase 
against ZnO NP treatment was 140% and 111% in Alankar. For 
the Zn and N treatments, however, the increase in NR activity 
was 99% and 72%, respectively, compared to the control plants. 
�e CA activity was 79% and 58% for the two varieties, Alankar 
and Rohini, respectively. 

Discussion
Our agricultural system depends on the supplementation of 
primary nutrients (such as N, P, and K) to maximize crop 
output and support modern agriculture [45]. Mineral ion 
uptake properties show variation among plant species and 
cultivars [46]. In mustard plants, the growing seeds and leaves 
compete for nitrogen, and the size of the nitrogen pool in the 
vegetative sections largely determines seed set, seed growth, and 

�nal seed production [47,48]. Nitrogen supply in�uences 
several growth parameters, produces more robust growth and 
development, and increases plant height, number of �owering 
branches, total plant weight, and leaf area, all of which 
cumulatively enhance the yield output [49,50]. Brassica growth 
and yield improved with the application of 100–130 kg/ha 
nitrogen, while yield also increased at the same rate with the 
application of phosphorus [51-54]. However, this demand is 
typically higher in arid and semiarid environments [55,56]. As 
stated above, phosphorus has a greater impact on yield than 
nitrogen and potassium. Phosphorus is a component of nucleic 
acids, cell signaling, and membrane phospholipids. It also plays 
a role in energy metabolism, cell division, and the formation of 
several coenzymes, including ATP, NAD(P)H, and GTP [57]. P 
de�ciency manifests as visible purplish pigmentation on leaves, 
young, stunted stems, early leaf shedding, and reduced seed 
output [58,59]. Single, double, and triple superphosphate (SSP, 
DSP, TSP), ammonium phosphate, dicalcium phosphate, basic 
slag, calcium meta-phosphate, rock phosphate, bone meal, etc., 
are the main sources of plant phosphorus [60]. �e application 
of chemical fertilizers also poses a serious threat to nitrogen and 
other chemical pollution in soil and water bodies, leading to 
eutrophication [61]. To avoid nitrogen pollution and 
eutrophication of nutrients in water bodies, the application of 
nanosized nutrients, such as nanofertilizers, nanobiochar, and 
essential element nanoparticles, through foliar spraying has 
become a trend in recent studies because it minimizes the loss 
of nutrients and allows them to be e�ciently absorbed by plant 
leaves due to their nano size, which saves the environment and 
expenses of farmers [18, 62].

 �e �ndings of the present study demonstrated that the use 
of ZnO NPs improved the growth of two varieties, including the 
root and shoot length, their ratio, fresh and dry weight, and leaf 
area (Figure 2). Signi�cant di�erences were seen in the foliar 
delivery of ZnO NPs compared to soil amendment of Zn, which 
may be a cost-e�ective method for providing nutrients to the 
plants. A�er nitrogen, phosphorus, and potassium, Zn is 
regarded as the nutrient that limits yield the most both globally 
and in Indian soils [63]. According to estimates, 36.5% of 
Indian soils lack Zn [64]. While it is normal practice in modern 
agriculture to add fertilizers to complement natural soil fertility, 
temperate and tropical soils frequently continue to be low in 
micronutrients, particularly Zn [4,65]. Two forms of Zn 
in�uenced mustard growth di�erently. In general, foliar 
treatments with 4 mM ZnO NPs brought signi�cant 
improvement in growth parameters compared to Zn, N, or P 
given through soil and control plants. �e growth promotion 
was even higher than that with biofertilizers, PSBs, and AM 
fungi. Zinc from ZnO NPs can accumulate in the leaves through 
foliar feeding, making these NPs potentially useful sources of 
Zn for plants to employ in metabolic processes [66,67]. 
According to a recent study by [68], the predominant channel 
for wheat and sun�ower (Helianthus annuus L.) to absorb ZnO 
NPs under experimental conditions was through the leaf 
cuticle. In addition, ZnO NPs are used as nanofertilizers, which 
may be a more e�ective and slow-releasing source of Zn than 
conventional fertilizers or other sources of Zn [66,69,70]. 
According to a study by [71], applying ZnO NPs to the soil at 
various concentrations increased the Zn content of wheat 
tissues under normal or water-stress conditions. A�erwards, 
Adrees et al. [72] demonstrated that foliar exposure to ZnO NPs 
enhanced wheat development through foliar application. �e 

larger weights of the plants may be a factor in the enhanced 
availability of Zn as NPs compared to Zn applied to the soil. �e 
mustard plants’ growth and antioxidant enzyme activities were 
improved when ZnO NPs were sprayed [73]. �e intensi�cation 
of the metabolism aided by Zn is what causes the rise in dry 
mass. Enzymes, including dehydrogenases, aldolases, 
isomerases, transphosphorylases, and RNA and DNA 
polymerases, all require zinc to function [74]. Moreover, it 
contributes to tryptophan production, cell division, membrane 
structure maintenance, and photosynthesis and functions as a 
regulatory cofactor in protein synthesis [3,9]. Several species 
have been the subject of ZnO NPs experiments, and the overall 
bene�cial interactions have been previously characterized 
[35,74-76]. An increase in the FW and DW of seedlings growing 
in the presence of ZnO NPs was observed in earlier studies [77]. 
Reduced growth and plant biomass, restriction of cell 
elongation and division, wilting, curling, and rolling of young 
leaves, chlorotic and necrotic leaf tips, and suppression of root 
growth are all signs of Zn toxicity [78,79]. According to the 
�ndings of Rossi et al. [80] on co�ee plants treated with ZnO 
NPs, the photosynthetic apparatus was enhanced. In the present 
study, positive interactions were found between ZnO NPs and 
the net carbon assimilation rate and stomatal conductance. 

 In the present study, the e�cacy of treatments followed the 
pattern of ZnO NPs>AMF>PSBs>N and increased the leaf 
chlorophyll level, proline content, NR, and CA activity (Figure 
3 A-D). Nitrogen is a key nutrient component that gives crops 
their lush green color by increasing the amount of chlorophyll 
in the leaves and boosts biomass by increasing carbon �xation. 
However, depending on factors such as soil type, climate, 
management practices, when nitrogen is applied, cultivars, etc., 
nitrogen fertilizer needs can vary greatly [81]. Zn is a cofactor of 
carbonic anhydrase, which raises the amount of CO2 in the 
chloroplast and, as a result, also increases the ability of the 
Rubisco enzyme to carboxylate [82]. Di�erent macro-and 
micronutrient uptake can be a�ected by zinc’s e�ects on 
absorption [83,84]. Zn typically causes severe Fe de�ciency 
chlorosis in dicots on acidic soils. Crops such as lettuce, 
mustard, and beet are particularly vulnerable to too much soil 
Zn [85]. Zn transport and uptake by leaves were also 
investigated. Typically, ZnO NPs enter the leaf system through 
wounds, hydathodes, cuticle penetration, and stomata [10]. 
�is is evident from the data, which reveal that ZnO NPs 
markedly increased Zn levels in the leaf, while ZnSO4 did not 
signi�cantly accumulate when compared to the control. It 
results from the e�ects of adding P and other minerals, as well 
as phytohormones secreted by PSBs and AM fungi in the root 
zone. Positive e�ects of ZnO NPs were also studied on the seed 
germination and vegetative growth in di�erent crops of Arachis 
hypogea [86], Vigna radiata [87,88], Cicer arietinum [89], 
Glycine max [90], Helianthus annuus [91], Lycopersicon 
esculentum [92], Sesamum indicum [93], Brassica nigra [94] and 
Brassica juncea [95]. PGPR, such as PSB, proves useful in 
enhancing crop productivity by making nutrients more 
bioavailable in the soil with chemical secretion in the 
rhizosphere [96]. Alone and combination of AM fungi with 
biocontrol fungi or nanoparticles also prove e�ective in 
increasing the crop productivity in plants by increasing the 
phosphorus and other nutrients available in the soil by releasing 
chemicals in the soil that change the pH and amount of 
available organic matter content in the soil [97-99]. 
Combinations of PGPR and AMF improved the crop 

productivity in various plants and also helped to manage 
growth under stress conditions [100-103]. Although the 
interaction of Glomus species with mustard plants is not 
common, recent studies clearly show that it helps the plants to 
increase their resistance against pathogens and increase crop 
productivity by regulating enzymatic activities in plants and 
increasing the amount of nutrients and organic matter in the 
soil [104-106]. 

Conclusions 
Foliar exposure to ZnO NPs may be thought of as both an 
e�cient and di�erent method to increase productivity 
compared to other treatments. Nanoparticles have microscopic 
size and large surface area, which help maximize their uptake 
and translocation as nutrients in plants via foliar spray. As a 
result, ZnO NPs had more favorable e�ects on plant growth, 
morphology, development, physiology, and metabolism than 
traditional Zn salt because nanoparticles induce the genes 
involved in nutrient assimilation pathways. It may also be 
crucial to research how ZnO NPs a�ect other nutrients 
necessary for plant health as well as the general ecology of the 
rhizosphere. When compared to chemical fertilizer applications 
of P or even N, biofertilizers such as AMF/VAM and PSBs are 
also preferable because their chemical activity solubilizes and 
increases the bioavailability of nutrients in the soil, ultimately 
enhancing the growth of the treated plants. Further research is 
required to grow di�erent crop species in the �eld under diverse 
agroclimatic circumstances to determine the cost-e�ectiveness 
and adaptability of foliar ZnO NP exposure.

 However, a future aspect of this research is to determine 
the growth and yield responses of crops upon exposure to the 
combination of nanoparticles and biofertilizers. 
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Mustard (Brassica juncea L.) is one of the important oilseed 
crops grown in the Rabi (winter) season and contributes to 25% 
of the oilseed economy of India [1,2]. �e use of chemical 
fertilizers in arable soil is a routine practice in modern 
agriculture to supplement the depleting nutrients from natural 
soil fertility, among them nitrogen, phosphorus, potassium 
(NPK) and zinc (Zn) are more common [3,4]. Mustard varieties 
also respond to chemical fertilizers, particularly N and P. �e 
recommended dose of chemical fertilizers is crop-speci�c; 
excess or less application may lead to suboptimal production of 
lethal e�ects. Increased population growth and demand for 
food supply required higher use of chemical fertilizers, a costly 
input [5]. Additionally, excess use of these fertilizers polluted all 
three spheres of the environment [6]. Potential substitutes, 
biofertilizers, including arbuscular mycorrhizal fungi (AMF) 
and phosphate-solubilizing bacteria (PSBs), are cost-e�ective, 
pollution-free, renewable, and safe for crops [7]. Arbuscular 
mycorrhizae supplement nitrate and phosphate ions along with 
other metal ions within the rhizosphere [8]. Phosphate 
solubilizing bacteria unlock the phosphate from the complex 
soil composites and solubilize them with the help of phytase 
enzyme, while AM fungi besides facilitating critical minerals 

modify host root architecture. �ese biofertilizers also secrete 
phytohormones in the host rhizosphere and protect them 
from soil borne pathogens [7,8]. Zinc plays a functional role in 
many physiological processes, in biochemical reactions, such 
as metalloenzymes [3,9], in the biosynthesis of proteins and 
chlorophyll, and in immune responses in animal systems [10]. 
Several metalloenzymes and biochemical reactions require Zn 
as a cofactor in cell metabolism [11]. Among the critical 
elements, nitrogen is an important part of the functional and 
structural part, i.e., proteins, secondary metabolites, 
coenzymes, and other molecules; phosphorus has a major role 
in nucleotide biosynthesis and energy transactions and 
signaling, while potassium regulates cell osmolarity and ion 
exchange [12]. Zinc de�ciency in crops is common and o�en 
represented as zinc hunger [13].

 In part, Zn hunger is prevalent due to the plant’s ine�cacy 
of absorbing and translocating it [14] or soil de�ciency [13]; 
thus, Zn fertilization improves the production and quality of 
produce in several crop plants. �erefore, to mitigate issues 
such as the limited availability of soil nutrients, high rates of 
loss of soil-applied fertilizers, and constraints on nutrient 
delivery to plant organs due to environmental conditions 

during critical growth stages. Foliar fertilization for sustainable 
crop management has recently been well-addressed [15]. 
Fertilization through foliar spray has been proven to alleviate 
micronutrient de�ciencies, reduce toxicity, and avoid 
fertilizer-related pollution [16-19]. Zn-induced phytotoxicity 
can directly reduce photosynthesis [20] or can create nutritional 
imbalance by interacting with other nutrients [21].

 To unleash the full potential of plant performance, 
nanoparticle fertilizer represents a new and e�ective technique 
of nutrient delivery. �is is crucial for creating more sustainable 
crop systems globally [22,23]. Nanoparticles are de�ned as 
particles with a size of less than 100 nm in at least one 
dimension [24]. Improvements in seed germination, seedling 
growth, biomass, total nitrogen content, protein and sugar 
contents, photosynthetic e�ciency, and nutrient uptake are all 
documented as positive impacts of nanoparticles (NPs) on plant 
growth in crops such as cucumber, mung, spinach, wheat, and 
tomato [25-29]. Research shows that NPs can enter plant tissues 
and then move inside a plant’s body systemically [30-32]. 
Among the di�erent NPs used, ZnO NPs are currently the 
fourth most widely used in the world [33]. Due to their unique 
characteristics compared to conventional Zn fertilizers, ZnO 
NPs can also serve as cutting-edge Zn fertilizers. Uncertainty 
exists regarding the process through which ZnO NPs enter 
plants. Studies have demonstrated that foliar ZnO NP and 
ZnSO4 spraying on wheat increased the Zn content in grains 
while leaving no traces of ZnO NP in them [29]. With slower 
delivery of micronutrients and a reduced risk of soil pollution 
and other environmental hazards compared to applying 
chemical fertilizers directly to the soil, nanoscale fertilization 
may be able to prevent the symptoms of phytotoxicity in plants 
[34]. In addition, nanoscale fertilizer application requires a 
lesser amount of fertilizer than conventional ones used through 
soil [35]. Even in stressed regimes, the use of nanofertilizers has 
been proven to have positive impacts on plant growth compared 
to normal  conditions [32,35-40]. However, whether it is a nano 
application, these e�ects depend on concentration.

 �e present research work is based on the hypothesis that 
foliar spraying of ZnO NPs or application of biofertilizers such 
as VAM or AMF and PSBs are more e�cient and promote plant 
growth better than generally used chemical fertilizer 
supplementation like nitrogen (N), phosphorus (P) and 
supplementation with zinc (Zn).

 �erefore, the present study aimed to compare the impacts 
of various soil-applied chemical fertilizers, such as N, P, Zn, 
foliar spray of ZnO NPs, and soil-applied bio-fertilizers such as 
phosphate solubilizing bacteria (PSBs) and arbuscular 
mycorrhizal fungi (AMF), on the growth and biochemical 
responses of mustard cultivars.

Materials and Methods
Experimental site and design
�e present experiment was performed in the Botany 
Department of Tilakdhari College, Jaunpur, state Uttar Pradesh 
(25° 73’ N latitude, 82°68’ E longitude at an elevation of 96 m 
above mean sea level). �e 25 × 25 cm earthen pots were �lled 
with 3 kg of �eld soil with the properties given in Table 1. �e 
recommended dose of fertilizers was mixed with the soil 
present in the pot. �e experiment was conducted under 
ambient environmental conditions in September-February 
2020.

 Pots were placed in a randomized completely block design 
(RCBD) where the experiment consisted of two factors and �ve 
replicates (2×7×5). �rst factor is two varieties of Brassica juncea 
(L.). �e second factor included seven levels of fertilizer 
treatments (control, ZnO NPs, Zn, N, P, PSB, and AMF) and �ve 
replicates for each treatment randomly distributed in block 
(RBD). �e total experimental units were 70(2×7×5=70).

Materials and experimental treatment plan
�e authentic seeds of Brassica juncea (L.) Czern and Coss cv. 
Alankar and Rohini were selected based on previous 
experiments and were procured from the National Seed 
Corporation Ltd., New Delhi, India. �e cultural strains of 
biofertilizers (Glomus intraradices) inoculum and PSB 
Pseudomonas aeruginosa) were procured from the Agriculture 
Department Seed Distribution Unit, District Agriculture O�ce, 
Quarsi Road, Aligarh. �e nanoparticles (ZnO-NPs) were 
purchased from Sigma-Aldrich Chemicals Pvt. Ltd. India. 100 
mM stock solution of ZnO-NPs was prepared by dissolving its 
required amount in 10 ml DDW in a 100 ml volumetric �ask, 
and making up total volume 100 ml by adding DDW. �e 
working concentrations of NPs were prepared by diluting this 
stock solution of ZnO-NPs as per requirement.

 Healthy, uniform-sized seeds were surface sterilized with a 
0.01% solution of mercuric chloride for 5 min to disinfect from 
surface pathogens and then washed repeatedly with double 
distilled water (DDW). To check the percent germination of 
seeds, a germination test was also conducted. Seeds of two 
mustard varieties, Alankar and Rohini, were sown in pot soils. 
�e soil analysis was conducted before the experiment 
presented in Table 1. Eight seeds per pot were sown and then 
thinned to three plants per pot one week a�er germination, 
selecting robust growing similar plants. 

 Among the six treatments (excluding control) of plants, 
three sets were maintained for the two mustard varieties. Five 
pots for each treatment were maintained as replicates (n=5). 
Mustard plants were irrigated with tap water as needed (Figure 1).
1. �e �rst set of plants was foliar sprayed with ZnO NPs (4 

millimoles aqueous solution).
2. For the next two di�erent sets, AM fungus and PSB were 

applied. Fi�y grams of Rhode grass cultured AM fungus; 
Glomus intraradices inoculum, was added to the soil around 
the seed to provide 500 IP (infective propagules) per pot. As 
a PSB, a suspension culture of Pseudomonas aeruginosa was 
used for the treatment of seeds. One milliliter of nutrient 
broth (Mannitol 10g, Yeast extract 1.0g, K2HPO4 0.5g, 

MgSO4.7H2O 0.2g, NaCl 0.1g per liter of DDW) suspension 
contained approximately 1.5×109 cfu per ml of media. Seeds 
were coated with this suspension culture and dried in a cool 
shady place before sowing. 

3. For three di�erent sets, N, P, and Zn were amended in the 
pot soil as per recommended doses of 120, 60, and 25 kg/ha 
taking urea, single superphosphate, and ZnSO4 as fertilizers. 
�e fertilizer requirement per kg pot soil was calculated* as 
72, 104, and 19 mg, respectively.

Methodology
At 60 days a�er sowing (DAS), the plants were sampled to study 
the following growth features.

Growth analysis
�e root and shoot lengths of the two varieties were measured 
using a meter scale. �e ratio of the shoot by root length was 
calculated by dividing the lengths of the two. �e fresh and dry 
mass of roots and shoots was measured with an electronic 
balance. To analyze the dry mass, the uprooted plants (roots and 
shoots) were placed in an oven at 80°C for 72 h and wrapped in 
butter paper. �e dried plants were then weighed to record plant 
dry mass. �e leaf area of randomly selected leaves from each 
variety was determined by the graph paper method of Pandey 
and Singh [41].

Total chlorophyll and proline content in leaves
�e leaf ’s total chlorophyll content was estimated in �nely cut 
fresh leaves following the method of Mackinney [42]. �e leaf 
proline content in fresh tissue was determined by following the 
method of Bates et al. [43].

Activity of Carbonic anhydrase (CA) and Nitrate 
reductase (NR) enzyme
Carbonic anhydrase activity (CA, E.C. 4.2.1.1) and nitrate 
reductase activity (NR, E.C. 1.6.6.1) were determined by 
following Dwivedi and Randhawa [13] and Jaworski [44] in 
fresh leaf samples.

Statistical analysis
�e experiment was conducted according to a simple 
randomized block design (SRBD). Each treatment was 
replicated �ve times (n=5), and three plants per pot were 
maintained where each pot was considered a replicate. 
Treatment means were compared by analysis of variance using 
R ver. 3.1.0 for Windows. �e least signi�cant di�erence (LSD) 
between treatment means was calculated at a 5% probability 
level (p< 0.05). 

Results
Growth parameters
Most of the (bio)fertilizer treatments (ZnO NPs, Zn, N, P, PSBs 
or AMF) promoted the growth (length, fresh mass, dry mass of 
root and shoot and leaf area) parameters in both varieties in a 
treatment-dependent manner at 60 DAS (Figure 2). However, 
the maximum stimulation of most of the growth parameters is 
achieved by ZnO NPs followed by either PSB or AMF. However, 
the Alankar variety outperformed the treatment here. �e root 
dry mass of Alankar for ZnO NPs, PSB, and AMF was 88%, 
62%, and 86%, respectively, while for shoot dry mass it was 83%, 
72%, and 80%, compared to control plants. For the same 
treatments leaf area improvement of Alankar was 35%, 28%, 
and 34%, and for Rohini, it was 33%, 23%, and 28%, 
respectively. �e ratio of the shoot by root length showed 
di�erent responses for the treatments.

Figure 2. Effect of foliar and soil mediated chemical and biofertilizers (Zn, Nitrogen, PSB, and AM) on two different mustard varieties Brassica 
juncea var. Alankar and Rohini on (A, B) lengths (cm), (C, D) fresh masses (g), (E, F) dry masses of roots and shoots, (G) leaf area, and (H) 
shoot/root dry mass ratio at 60 days after sowing (DAS). Data are presented as the treatment mean ± standard error (n = 5). The different letters 
above the bars show that data are significantly different at p ≤0.05 by Duncan’s multiple range test (DMRT).

Total chlorophyll content in leaves
�e total chlorophyll content (Figure 3A) in leaves increased 
signi�cantly (p≤0.05) when the two varieties were foliar sprayed 
with ZnO NPs. Alankar registered a 28% increase, while Rohini 
re�ected a 19% increase. �e PSB and AMF treatments also 

signi�cantly (p≤0.05) increased the leaf chlorophyll contents by 
28% and 34% in Alankar and 10% and 16% in Rohini, 
respectively, compared to the control plants. No signi�cant (p≤
0.05) increase in leaf chlorophyll level was noticed against 
soil-mediated N, P, and Zn treatments in the two varieties of 
mustard. 

Proline content in leaves
A signi�cant (p≤0.05) increase in leaf proline content (Figure 
3B) was recorded against the leaf-sprayed ZnO NPs and the 
soil-mediated two biofertilizers (PSB and AMF/VAM) and 
nitrogen treatment in the Alankar and Rohini varieties of 
mustard plants. �e data indicated that proline accumulation 
was higher in Alankar than in Rohini against the given 
treatments. For the above treatments, the increase was 46%, 
39%, 42%, and 37%, respectively, for Alankar. For Rohini, the 
increase was lesser, and in the order of ZnO 
NPs>AMF>PSB>N, an insigni�cant increase of proline was 
registered for the treatments of soil-mediated Zn and P 
recorded compared to control plants in the two varieties.

Nitrate reductase (NR) and carbonic anhydrase (CA) 
activity
�e two mustard varieties; Alankar and Rohini, showed a 
signi�cant (p≤0.05) increase in NR and CA activity (Figure 3C 
and 3D) compared to most of the treatments. �e increase in 

the activity of these enzymes against all the treatments of 
chemicals and biofertilizers was higher in Rohini than in 
Alankar. For NR activity, ZnO NP was followed by Zn and N 
treatments in the two varieties, and for CA, it was followed by 
AMF/VAM and PSBs, respectively. For NR activity, the increase 
against ZnO NP treatment was 140% and 111% in Alankar. For 
the Zn and N treatments, however, the increase in NR activity 
was 99% and 72%, respectively, compared to the control plants. 
�e CA activity was 79% and 58% for the two varieties, Alankar 
and Rohini, respectively. 

Discussion
Our agricultural system depends on the supplementation of 
primary nutrients (such as N, P, and K) to maximize crop 
output and support modern agriculture [45]. Mineral ion 
uptake properties show variation among plant species and 
cultivars [46]. In mustard plants, the growing seeds and leaves 
compete for nitrogen, and the size of the nitrogen pool in the 
vegetative sections largely determines seed set, seed growth, and 

�nal seed production [47,48]. Nitrogen supply in�uences 
several growth parameters, produces more robust growth and 
development, and increases plant height, number of �owering 
branches, total plant weight, and leaf area, all of which 
cumulatively enhance the yield output [49,50]. Brassica growth 
and yield improved with the application of 100–130 kg/ha 
nitrogen, while yield also increased at the same rate with the 
application of phosphorus [51-54]. However, this demand is 
typically higher in arid and semiarid environments [55,56]. As 
stated above, phosphorus has a greater impact on yield than 
nitrogen and potassium. Phosphorus is a component of nucleic 
acids, cell signaling, and membrane phospholipids. It also plays 
a role in energy metabolism, cell division, and the formation of 
several coenzymes, including ATP, NAD(P)H, and GTP [57]. P 
de�ciency manifests as visible purplish pigmentation on leaves, 
young, stunted stems, early leaf shedding, and reduced seed 
output [58,59]. Single, double, and triple superphosphate (SSP, 
DSP, TSP), ammonium phosphate, dicalcium phosphate, basic 
slag, calcium meta-phosphate, rock phosphate, bone meal, etc., 
are the main sources of plant phosphorus [60]. �e application 
of chemical fertilizers also poses a serious threat to nitrogen and 
other chemical pollution in soil and water bodies, leading to 
eutrophication [61]. To avoid nitrogen pollution and 
eutrophication of nutrients in water bodies, the application of 
nanosized nutrients, such as nanofertilizers, nanobiochar, and 
essential element nanoparticles, through foliar spraying has 
become a trend in recent studies because it minimizes the loss 
of nutrients and allows them to be e�ciently absorbed by plant 
leaves due to their nano size, which saves the environment and 
expenses of farmers [18, 62].

 �e �ndings of the present study demonstrated that the use 
of ZnO NPs improved the growth of two varieties, including the 
root and shoot length, their ratio, fresh and dry weight, and leaf 
area (Figure 2). Signi�cant di�erences were seen in the foliar 
delivery of ZnO NPs compared to soil amendment of Zn, which 
may be a cost-e�ective method for providing nutrients to the 
plants. A�er nitrogen, phosphorus, and potassium, Zn is 
regarded as the nutrient that limits yield the most both globally 
and in Indian soils [63]. According to estimates, 36.5% of 
Indian soils lack Zn [64]. While it is normal practice in modern 
agriculture to add fertilizers to complement natural soil fertility, 
temperate and tropical soils frequently continue to be low in 
micronutrients, particularly Zn [4,65]. Two forms of Zn 
in�uenced mustard growth di�erently. In general, foliar 
treatments with 4 mM ZnO NPs brought signi�cant 
improvement in growth parameters compared to Zn, N, or P 
given through soil and control plants. �e growth promotion 
was even higher than that with biofertilizers, PSBs, and AM 
fungi. Zinc from ZnO NPs can accumulate in the leaves through 
foliar feeding, making these NPs potentially useful sources of 
Zn for plants to employ in metabolic processes [66,67]. 
According to a recent study by [68], the predominant channel 
for wheat and sun�ower (Helianthus annuus L.) to absorb ZnO 
NPs under experimental conditions was through the leaf 
cuticle. In addition, ZnO NPs are used as nanofertilizers, which 
may be a more e�ective and slow-releasing source of Zn than 
conventional fertilizers or other sources of Zn [66,69,70]. 
According to a study by [71], applying ZnO NPs to the soil at 
various concentrations increased the Zn content of wheat 
tissues under normal or water-stress conditions. A�erwards, 
Adrees et al. [72] demonstrated that foliar exposure to ZnO NPs 
enhanced wheat development through foliar application. �e 

larger weights of the plants may be a factor in the enhanced 
availability of Zn as NPs compared to Zn applied to the soil. �e 
mustard plants’ growth and antioxidant enzyme activities were 
improved when ZnO NPs were sprayed [73]. �e intensi�cation 
of the metabolism aided by Zn is what causes the rise in dry 
mass. Enzymes, including dehydrogenases, aldolases, 
isomerases, transphosphorylases, and RNA and DNA 
polymerases, all require zinc to function [74]. Moreover, it 
contributes to tryptophan production, cell division, membrane 
structure maintenance, and photosynthesis and functions as a 
regulatory cofactor in protein synthesis [3,9]. Several species 
have been the subject of ZnO NPs experiments, and the overall 
bene�cial interactions have been previously characterized 
[35,74-76]. An increase in the FW and DW of seedlings growing 
in the presence of ZnO NPs was observed in earlier studies [77]. 
Reduced growth and plant biomass, restriction of cell 
elongation and division, wilting, curling, and rolling of young 
leaves, chlorotic and necrotic leaf tips, and suppression of root 
growth are all signs of Zn toxicity [78,79]. According to the 
�ndings of Rossi et al. [80] on co�ee plants treated with ZnO 
NPs, the photosynthetic apparatus was enhanced. In the present 
study, positive interactions were found between ZnO NPs and 
the net carbon assimilation rate and stomatal conductance. 

 In the present study, the e�cacy of treatments followed the 
pattern of ZnO NPs>AMF>PSBs>N and increased the leaf 
chlorophyll level, proline content, NR, and CA activity (Figure 
3 A-D). Nitrogen is a key nutrient component that gives crops 
their lush green color by increasing the amount of chlorophyll 
in the leaves and boosts biomass by increasing carbon �xation. 
However, depending on factors such as soil type, climate, 
management practices, when nitrogen is applied, cultivars, etc., 
nitrogen fertilizer needs can vary greatly [81]. Zn is a cofactor of 
carbonic anhydrase, which raises the amount of CO2 in the 
chloroplast and, as a result, also increases the ability of the 
Rubisco enzyme to carboxylate [82]. Di�erent macro-and 
micronutrient uptake can be a�ected by zinc’s e�ects on 
absorption [83,84]. Zn typically causes severe Fe de�ciency 
chlorosis in dicots on acidic soils. Crops such as lettuce, 
mustard, and beet are particularly vulnerable to too much soil 
Zn [85]. Zn transport and uptake by leaves were also 
investigated. Typically, ZnO NPs enter the leaf system through 
wounds, hydathodes, cuticle penetration, and stomata [10]. 
�is is evident from the data, which reveal that ZnO NPs 
markedly increased Zn levels in the leaf, while ZnSO4 did not 
signi�cantly accumulate when compared to the control. It 
results from the e�ects of adding P and other minerals, as well 
as phytohormones secreted by PSBs and AM fungi in the root 
zone. Positive e�ects of ZnO NPs were also studied on the seed 
germination and vegetative growth in di�erent crops of Arachis 
hypogea [86], Vigna radiata [87,88], Cicer arietinum [89], 
Glycine max [90], Helianthus annuus [91], Lycopersicon 
esculentum [92], Sesamum indicum [93], Brassica nigra [94] and 
Brassica juncea [95]. PGPR, such as PSB, proves useful in 
enhancing crop productivity by making nutrients more 
bioavailable in the soil with chemical secretion in the 
rhizosphere [96]. Alone and combination of AM fungi with 
biocontrol fungi or nanoparticles also prove e�ective in 
increasing the crop productivity in plants by increasing the 
phosphorus and other nutrients available in the soil by releasing 
chemicals in the soil that change the pH and amount of 
available organic matter content in the soil [97-99]. 
Combinations of PGPR and AMF improved the crop 

productivity in various plants and also helped to manage 
growth under stress conditions [100-103]. Although the 
interaction of Glomus species with mustard plants is not 
common, recent studies clearly show that it helps the plants to 
increase their resistance against pathogens and increase crop 
productivity by regulating enzymatic activities in plants and 
increasing the amount of nutrients and organic matter in the 
soil [104-106]. 

Conclusions 
Foliar exposure to ZnO NPs may be thought of as both an 
e�cient and di�erent method to increase productivity 
compared to other treatments. Nanoparticles have microscopic 
size and large surface area, which help maximize their uptake 
and translocation as nutrients in plants via foliar spray. As a 
result, ZnO NPs had more favorable e�ects on plant growth, 
morphology, development, physiology, and metabolism than 
traditional Zn salt because nanoparticles induce the genes 
involved in nutrient assimilation pathways. It may also be 
crucial to research how ZnO NPs a�ect other nutrients 
necessary for plant health as well as the general ecology of the 
rhizosphere. When compared to chemical fertilizer applications 
of P or even N, biofertilizers such as AMF/VAM and PSBs are 
also preferable because their chemical activity solubilizes and 
increases the bioavailability of nutrients in the soil, ultimately 
enhancing the growth of the treated plants. Further research is 
required to grow di�erent crop species in the �eld under diverse 
agroclimatic circumstances to determine the cost-e�ectiveness 
and adaptability of foliar ZnO NP exposure.

 However, a future aspect of this research is to determine 
the growth and yield responses of crops upon exposure to the 
combination of nanoparticles and biofertilizers. 
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Mustard (Brassica juncea L.) is one of the important oilseed 
crops grown in the Rabi (winter) season and contributes to 25% 
of the oilseed economy of India [1,2]. �e use of chemical 
fertilizers in arable soil is a routine practice in modern 
agriculture to supplement the depleting nutrients from natural 
soil fertility, among them nitrogen, phosphorus, potassium 
(NPK) and zinc (Zn) are more common [3,4]. Mustard varieties 
also respond to chemical fertilizers, particularly N and P. �e 
recommended dose of chemical fertilizers is crop-speci�c; 
excess or less application may lead to suboptimal production of 
lethal e�ects. Increased population growth and demand for 
food supply required higher use of chemical fertilizers, a costly 
input [5]. Additionally, excess use of these fertilizers polluted all 
three spheres of the environment [6]. Potential substitutes, 
biofertilizers, including arbuscular mycorrhizal fungi (AMF) 
and phosphate-solubilizing bacteria (PSBs), are cost-e�ective, 
pollution-free, renewable, and safe for crops [7]. Arbuscular 
mycorrhizae supplement nitrate and phosphate ions along with 
other metal ions within the rhizosphere [8]. Phosphate 
solubilizing bacteria unlock the phosphate from the complex 
soil composites and solubilize them with the help of phytase 
enzyme, while AM fungi besides facilitating critical minerals 

modify host root architecture. �ese biofertilizers also secrete 
phytohormones in the host rhizosphere and protect them 
from soil borne pathogens [7,8]. Zinc plays a functional role in 
many physiological processes, in biochemical reactions, such 
as metalloenzymes [3,9], in the biosynthesis of proteins and 
chlorophyll, and in immune responses in animal systems [10]. 
Several metalloenzymes and biochemical reactions require Zn 
as a cofactor in cell metabolism [11]. Among the critical 
elements, nitrogen is an important part of the functional and 
structural part, i.e., proteins, secondary metabolites, 
coenzymes, and other molecules; phosphorus has a major role 
in nucleotide biosynthesis and energy transactions and 
signaling, while potassium regulates cell osmolarity and ion 
exchange [12]. Zinc de�ciency in crops is common and o�en 
represented as zinc hunger [13].

 In part, Zn hunger is prevalent due to the plant’s ine�cacy 
of absorbing and translocating it [14] or soil de�ciency [13]; 
thus, Zn fertilization improves the production and quality of 
produce in several crop plants. �erefore, to mitigate issues 
such as the limited availability of soil nutrients, high rates of 
loss of soil-applied fertilizers, and constraints on nutrient 
delivery to plant organs due to environmental conditions 

during critical growth stages. Foliar fertilization for sustainable 
crop management has recently been well-addressed [15]. 
Fertilization through foliar spray has been proven to alleviate 
micronutrient de�ciencies, reduce toxicity, and avoid 
fertilizer-related pollution [16-19]. Zn-induced phytotoxicity 
can directly reduce photosynthesis [20] or can create nutritional 
imbalance by interacting with other nutrients [21].

 To unleash the full potential of plant performance, 
nanoparticle fertilizer represents a new and e�ective technique 
of nutrient delivery. �is is crucial for creating more sustainable 
crop systems globally [22,23]. Nanoparticles are de�ned as 
particles with a size of less than 100 nm in at least one 
dimension [24]. Improvements in seed germination, seedling 
growth, biomass, total nitrogen content, protein and sugar 
contents, photosynthetic e�ciency, and nutrient uptake are all 
documented as positive impacts of nanoparticles (NPs) on plant 
growth in crops such as cucumber, mung, spinach, wheat, and 
tomato [25-29]. Research shows that NPs can enter plant tissues 
and then move inside a plant’s body systemically [30-32]. 
Among the di�erent NPs used, ZnO NPs are currently the 
fourth most widely used in the world [33]. Due to their unique 
characteristics compared to conventional Zn fertilizers, ZnO 
NPs can also serve as cutting-edge Zn fertilizers. Uncertainty 
exists regarding the process through which ZnO NPs enter 
plants. Studies have demonstrated that foliar ZnO NP and 
ZnSO4 spraying on wheat increased the Zn content in grains 
while leaving no traces of ZnO NP in them [29]. With slower 
delivery of micronutrients and a reduced risk of soil pollution 
and other environmental hazards compared to applying 
chemical fertilizers directly to the soil, nanoscale fertilization 
may be able to prevent the symptoms of phytotoxicity in plants 
[34]. In addition, nanoscale fertilizer application requires a 
lesser amount of fertilizer than conventional ones used through 
soil [35]. Even in stressed regimes, the use of nanofertilizers has 
been proven to have positive impacts on plant growth compared 
to normal  conditions [32,35-40]. However, whether it is a nano 
application, these e�ects depend on concentration.

 �e present research work is based on the hypothesis that 
foliar spraying of ZnO NPs or application of biofertilizers such 
as VAM or AMF and PSBs are more e�cient and promote plant 
growth better than generally used chemical fertilizer 
supplementation like nitrogen (N), phosphorus (P) and 
supplementation with zinc (Zn).

 �erefore, the present study aimed to compare the impacts 
of various soil-applied chemical fertilizers, such as N, P, Zn, 
foliar spray of ZnO NPs, and soil-applied bio-fertilizers such as 
phosphate solubilizing bacteria (PSBs) and arbuscular 
mycorrhizal fungi (AMF), on the growth and biochemical 
responses of mustard cultivars.

Materials and Methods
Experimental site and design
�e present experiment was performed in the Botany 
Department of Tilakdhari College, Jaunpur, state Uttar Pradesh 
(25° 73’ N latitude, 82°68’ E longitude at an elevation of 96 m 
above mean sea level). �e 25 × 25 cm earthen pots were �lled 
with 3 kg of �eld soil with the properties given in Table 1. �e 
recommended dose of fertilizers was mixed with the soil 
present in the pot. �e experiment was conducted under 
ambient environmental conditions in September-February 
2020.

 Pots were placed in a randomized completely block design 
(RCBD) where the experiment consisted of two factors and �ve 
replicates (2×7×5). �rst factor is two varieties of Brassica juncea 
(L.). �e second factor included seven levels of fertilizer 
treatments (control, ZnO NPs, Zn, N, P, PSB, and AMF) and �ve 
replicates for each treatment randomly distributed in block 
(RBD). �e total experimental units were 70(2×7×5=70).

Materials and experimental treatment plan
�e authentic seeds of Brassica juncea (L.) Czern and Coss cv. 
Alankar and Rohini were selected based on previous 
experiments and were procured from the National Seed 
Corporation Ltd., New Delhi, India. �e cultural strains of 
biofertilizers (Glomus intraradices) inoculum and PSB 
Pseudomonas aeruginosa) were procured from the Agriculture 
Department Seed Distribution Unit, District Agriculture O�ce, 
Quarsi Road, Aligarh. �e nanoparticles (ZnO-NPs) were 
purchased from Sigma-Aldrich Chemicals Pvt. Ltd. India. 100 
mM stock solution of ZnO-NPs was prepared by dissolving its 
required amount in 10 ml DDW in a 100 ml volumetric �ask, 
and making up total volume 100 ml by adding DDW. �e 
working concentrations of NPs were prepared by diluting this 
stock solution of ZnO-NPs as per requirement.

 Healthy, uniform-sized seeds were surface sterilized with a 
0.01% solution of mercuric chloride for 5 min to disinfect from 
surface pathogens and then washed repeatedly with double 
distilled water (DDW). To check the percent germination of 
seeds, a germination test was also conducted. Seeds of two 
mustard varieties, Alankar and Rohini, were sown in pot soils. 
�e soil analysis was conducted before the experiment 
presented in Table 1. Eight seeds per pot were sown and then 
thinned to three plants per pot one week a�er germination, 
selecting robust growing similar plants. 

 Among the six treatments (excluding control) of plants, 
three sets were maintained for the two mustard varieties. Five 
pots for each treatment were maintained as replicates (n=5). 
Mustard plants were irrigated with tap water as needed (Figure 1).
1. �e �rst set of plants was foliar sprayed with ZnO NPs (4 

millimoles aqueous solution).
2. For the next two di�erent sets, AM fungus and PSB were 

applied. Fi�y grams of Rhode grass cultured AM fungus; 
Glomus intraradices inoculum, was added to the soil around 
the seed to provide 500 IP (infective propagules) per pot. As 
a PSB, a suspension culture of Pseudomonas aeruginosa was 
used for the treatment of seeds. One milliliter of nutrient 
broth (Mannitol 10g, Yeast extract 1.0g, K2HPO4 0.5g, 

MgSO4.7H2O 0.2g, NaCl 0.1g per liter of DDW) suspension 
contained approximately 1.5×109 cfu per ml of media. Seeds 
were coated with this suspension culture and dried in a cool 
shady place before sowing. 

3. For three di�erent sets, N, P, and Zn were amended in the 
pot soil as per recommended doses of 120, 60, and 25 kg/ha 
taking urea, single superphosphate, and ZnSO4 as fertilizers. 
�e fertilizer requirement per kg pot soil was calculated* as 
72, 104, and 19 mg, respectively.

Methodology
At 60 days a�er sowing (DAS), the plants were sampled to study 
the following growth features.

Growth analysis
�e root and shoot lengths of the two varieties were measured 
using a meter scale. �e ratio of the shoot by root length was 
calculated by dividing the lengths of the two. �e fresh and dry 
mass of roots and shoots was measured with an electronic 
balance. To analyze the dry mass, the uprooted plants (roots and 
shoots) were placed in an oven at 80°C for 72 h and wrapped in 
butter paper. �e dried plants were then weighed to record plant 
dry mass. �e leaf area of randomly selected leaves from each 
variety was determined by the graph paper method of Pandey 
and Singh [41].

Total chlorophyll and proline content in leaves
�e leaf ’s total chlorophyll content was estimated in �nely cut 
fresh leaves following the method of Mackinney [42]. �e leaf 
proline content in fresh tissue was determined by following the 
method of Bates et al. [43].

Activity of Carbonic anhydrase (CA) and Nitrate 
reductase (NR) enzyme
Carbonic anhydrase activity (CA, E.C. 4.2.1.1) and nitrate 
reductase activity (NR, E.C. 1.6.6.1) were determined by 
following Dwivedi and Randhawa [13] and Jaworski [44] in 
fresh leaf samples.

Statistical analysis
�e experiment was conducted according to a simple 
randomized block design (SRBD). Each treatment was 
replicated �ve times (n=5), and three plants per pot were 
maintained where each pot was considered a replicate. 
Treatment means were compared by analysis of variance using 
R ver. 3.1.0 for Windows. �e least signi�cant di�erence (LSD) 
between treatment means was calculated at a 5% probability 
level (p< 0.05). 

Results
Growth parameters
Most of the (bio)fertilizer treatments (ZnO NPs, Zn, N, P, PSBs 
or AMF) promoted the growth (length, fresh mass, dry mass of 
root and shoot and leaf area) parameters in both varieties in a 
treatment-dependent manner at 60 DAS (Figure 2). However, 
the maximum stimulation of most of the growth parameters is 
achieved by ZnO NPs followed by either PSB or AMF. However, 
the Alankar variety outperformed the treatment here. �e root 
dry mass of Alankar for ZnO NPs, PSB, and AMF was 88%, 
62%, and 86%, respectively, while for shoot dry mass it was 83%, 
72%, and 80%, compared to control plants. For the same 
treatments leaf area improvement of Alankar was 35%, 28%, 
and 34%, and for Rohini, it was 33%, 23%, and 28%, 
respectively. �e ratio of the shoot by root length showed 
di�erent responses for the treatments.

Figure 3. Effect of foliar and soil mediated chemical and biofertilizers (Zn, Nitrogen, PSB, and AM fungi) on two different mustard varieties 
Brassica juncea var. Alankar and Rohini on (A) total chlorophyll, (B) proline level, (C) nitrate reductase activity, and (D) carbonic anhydrase 
activity at 60 days after sowing (DAS). Data are presented as the treatment mean ± standard error (n = 5). The different letters above the bars show 
that data are significantly different at p≤ 0.05 by Duncan’s multiple range test (DMRT).

Total chlorophyll content in leaves
�e total chlorophyll content (Figure 3A) in leaves increased 
signi�cantly (p≤0.05) when the two varieties were foliar sprayed 
with ZnO NPs. Alankar registered a 28% increase, while Rohini 
re�ected a 19% increase. �e PSB and AMF treatments also 

signi�cantly (p≤0.05) increased the leaf chlorophyll contents by 
28% and 34% in Alankar and 10% and 16% in Rohini, 
respectively, compared to the control plants. No signi�cant (p≤
0.05) increase in leaf chlorophyll level was noticed against 
soil-mediated N, P, and Zn treatments in the two varieties of 
mustard. 

Proline content in leaves
A signi�cant (p≤0.05) increase in leaf proline content (Figure 
3B) was recorded against the leaf-sprayed ZnO NPs and the 
soil-mediated two biofertilizers (PSB and AMF/VAM) and 
nitrogen treatment in the Alankar and Rohini varieties of 
mustard plants. �e data indicated that proline accumulation 
was higher in Alankar than in Rohini against the given 
treatments. For the above treatments, the increase was 46%, 
39%, 42%, and 37%, respectively, for Alankar. For Rohini, the 
increase was lesser, and in the order of ZnO 
NPs>AMF>PSB>N, an insigni�cant increase of proline was 
registered for the treatments of soil-mediated Zn and P 
recorded compared to control plants in the two varieties.

Nitrate reductase (NR) and carbonic anhydrase (CA) 
activity
�e two mustard varieties; Alankar and Rohini, showed a 
signi�cant (p≤0.05) increase in NR and CA activity (Figure 3C 
and 3D) compared to most of the treatments. �e increase in 

the activity of these enzymes against all the treatments of 
chemicals and biofertilizers was higher in Rohini than in 
Alankar. For NR activity, ZnO NP was followed by Zn and N 
treatments in the two varieties, and for CA, it was followed by 
AMF/VAM and PSBs, respectively. For NR activity, the increase 
against ZnO NP treatment was 140% and 111% in Alankar. For 
the Zn and N treatments, however, the increase in NR activity 
was 99% and 72%, respectively, compared to the control plants. 
�e CA activity was 79% and 58% for the two varieties, Alankar 
and Rohini, respectively. 

Discussion
Our agricultural system depends on the supplementation of 
primary nutrients (such as N, P, and K) to maximize crop 
output and support modern agriculture [45]. Mineral ion 
uptake properties show variation among plant species and 
cultivars [46]. In mustard plants, the growing seeds and leaves 
compete for nitrogen, and the size of the nitrogen pool in the 
vegetative sections largely determines seed set, seed growth, and 

�nal seed production [47,48]. Nitrogen supply in�uences 
several growth parameters, produces more robust growth and 
development, and increases plant height, number of �owering 
branches, total plant weight, and leaf area, all of which 
cumulatively enhance the yield output [49,50]. Brassica growth 
and yield improved with the application of 100–130 kg/ha 
nitrogen, while yield also increased at the same rate with the 
application of phosphorus [51-54]. However, this demand is 
typically higher in arid and semiarid environments [55,56]. As 
stated above, phosphorus has a greater impact on yield than 
nitrogen and potassium. Phosphorus is a component of nucleic 
acids, cell signaling, and membrane phospholipids. It also plays 
a role in energy metabolism, cell division, and the formation of 
several coenzymes, including ATP, NAD(P)H, and GTP [57]. P 
de�ciency manifests as visible purplish pigmentation on leaves, 
young, stunted stems, early leaf shedding, and reduced seed 
output [58,59]. Single, double, and triple superphosphate (SSP, 
DSP, TSP), ammonium phosphate, dicalcium phosphate, basic 
slag, calcium meta-phosphate, rock phosphate, bone meal, etc., 
are the main sources of plant phosphorus [60]. �e application 
of chemical fertilizers also poses a serious threat to nitrogen and 
other chemical pollution in soil and water bodies, leading to 
eutrophication [61]. To avoid nitrogen pollution and 
eutrophication of nutrients in water bodies, the application of 
nanosized nutrients, such as nanofertilizers, nanobiochar, and 
essential element nanoparticles, through foliar spraying has 
become a trend in recent studies because it minimizes the loss 
of nutrients and allows them to be e�ciently absorbed by plant 
leaves due to their nano size, which saves the environment and 
expenses of farmers [18, 62].

 �e �ndings of the present study demonstrated that the use 
of ZnO NPs improved the growth of two varieties, including the 
root and shoot length, their ratio, fresh and dry weight, and leaf 
area (Figure 2). Signi�cant di�erences were seen in the foliar 
delivery of ZnO NPs compared to soil amendment of Zn, which 
may be a cost-e�ective method for providing nutrients to the 
plants. A�er nitrogen, phosphorus, and potassium, Zn is 
regarded as the nutrient that limits yield the most both globally 
and in Indian soils [63]. According to estimates, 36.5% of 
Indian soils lack Zn [64]. While it is normal practice in modern 
agriculture to add fertilizers to complement natural soil fertility, 
temperate and tropical soils frequently continue to be low in 
micronutrients, particularly Zn [4,65]. Two forms of Zn 
in�uenced mustard growth di�erently. In general, foliar 
treatments with 4 mM ZnO NPs brought signi�cant 
improvement in growth parameters compared to Zn, N, or P 
given through soil and control plants. �e growth promotion 
was even higher than that with biofertilizers, PSBs, and AM 
fungi. Zinc from ZnO NPs can accumulate in the leaves through 
foliar feeding, making these NPs potentially useful sources of 
Zn for plants to employ in metabolic processes [66,67]. 
According to a recent study by [68], the predominant channel 
for wheat and sun�ower (Helianthus annuus L.) to absorb ZnO 
NPs under experimental conditions was through the leaf 
cuticle. In addition, ZnO NPs are used as nanofertilizers, which 
may be a more e�ective and slow-releasing source of Zn than 
conventional fertilizers or other sources of Zn [66,69,70]. 
According to a study by [71], applying ZnO NPs to the soil at 
various concentrations increased the Zn content of wheat 
tissues under normal or water-stress conditions. A�erwards, 
Adrees et al. [72] demonstrated that foliar exposure to ZnO NPs 
enhanced wheat development through foliar application. �e 

larger weights of the plants may be a factor in the enhanced 
availability of Zn as NPs compared to Zn applied to the soil. �e 
mustard plants’ growth and antioxidant enzyme activities were 
improved when ZnO NPs were sprayed [73]. �e intensi�cation 
of the metabolism aided by Zn is what causes the rise in dry 
mass. Enzymes, including dehydrogenases, aldolases, 
isomerases, transphosphorylases, and RNA and DNA 
polymerases, all require zinc to function [74]. Moreover, it 
contributes to tryptophan production, cell division, membrane 
structure maintenance, and photosynthesis and functions as a 
regulatory cofactor in protein synthesis [3,9]. Several species 
have been the subject of ZnO NPs experiments, and the overall 
bene�cial interactions have been previously characterized 
[35,74-76]. An increase in the FW and DW of seedlings growing 
in the presence of ZnO NPs was observed in earlier studies [77]. 
Reduced growth and plant biomass, restriction of cell 
elongation and division, wilting, curling, and rolling of young 
leaves, chlorotic and necrotic leaf tips, and suppression of root 
growth are all signs of Zn toxicity [78,79]. According to the 
�ndings of Rossi et al. [80] on co�ee plants treated with ZnO 
NPs, the photosynthetic apparatus was enhanced. In the present 
study, positive interactions were found between ZnO NPs and 
the net carbon assimilation rate and stomatal conductance. 

 In the present study, the e�cacy of treatments followed the 
pattern of ZnO NPs>AMF>PSBs>N and increased the leaf 
chlorophyll level, proline content, NR, and CA activity (Figure 
3 A-D). Nitrogen is a key nutrient component that gives crops 
their lush green color by increasing the amount of chlorophyll 
in the leaves and boosts biomass by increasing carbon �xation. 
However, depending on factors such as soil type, climate, 
management practices, when nitrogen is applied, cultivars, etc., 
nitrogen fertilizer needs can vary greatly [81]. Zn is a cofactor of 
carbonic anhydrase, which raises the amount of CO2 in the 
chloroplast and, as a result, also increases the ability of the 
Rubisco enzyme to carboxylate [82]. Di�erent macro-and 
micronutrient uptake can be a�ected by zinc’s e�ects on 
absorption [83,84]. Zn typically causes severe Fe de�ciency 
chlorosis in dicots on acidic soils. Crops such as lettuce, 
mustard, and beet are particularly vulnerable to too much soil 
Zn [85]. Zn transport and uptake by leaves were also 
investigated. Typically, ZnO NPs enter the leaf system through 
wounds, hydathodes, cuticle penetration, and stomata [10]. 
�is is evident from the data, which reveal that ZnO NPs 
markedly increased Zn levels in the leaf, while ZnSO4 did not 
signi�cantly accumulate when compared to the control. It 
results from the e�ects of adding P and other minerals, as well 
as phytohormones secreted by PSBs and AM fungi in the root 
zone. Positive e�ects of ZnO NPs were also studied on the seed 
germination and vegetative growth in di�erent crops of Arachis 
hypogea [86], Vigna radiata [87,88], Cicer arietinum [89], 
Glycine max [90], Helianthus annuus [91], Lycopersicon 
esculentum [92], Sesamum indicum [93], Brassica nigra [94] and 
Brassica juncea [95]. PGPR, such as PSB, proves useful in 
enhancing crop productivity by making nutrients more 
bioavailable in the soil with chemical secretion in the 
rhizosphere [96]. Alone and combination of AM fungi with 
biocontrol fungi or nanoparticles also prove e�ective in 
increasing the crop productivity in plants by increasing the 
phosphorus and other nutrients available in the soil by releasing 
chemicals in the soil that change the pH and amount of 
available organic matter content in the soil [97-99]. 
Combinations of PGPR and AMF improved the crop 

productivity in various plants and also helped to manage 
growth under stress conditions [100-103]. Although the 
interaction of Glomus species with mustard plants is not 
common, recent studies clearly show that it helps the plants to 
increase their resistance against pathogens and increase crop 
productivity by regulating enzymatic activities in plants and 
increasing the amount of nutrients and organic matter in the 
soil [104-106]. 

Conclusions 
Foliar exposure to ZnO NPs may be thought of as both an 
e�cient and di�erent method to increase productivity 
compared to other treatments. Nanoparticles have microscopic 
size and large surface area, which help maximize their uptake 
and translocation as nutrients in plants via foliar spray. As a 
result, ZnO NPs had more favorable e�ects on plant growth, 
morphology, development, physiology, and metabolism than 
traditional Zn salt because nanoparticles induce the genes 
involved in nutrient assimilation pathways. It may also be 
crucial to research how ZnO NPs a�ect other nutrients 
necessary for plant health as well as the general ecology of the 
rhizosphere. When compared to chemical fertilizer applications 
of P or even N, biofertilizers such as AMF/VAM and PSBs are 
also preferable because their chemical activity solubilizes and 
increases the bioavailability of nutrients in the soil, ultimately 
enhancing the growth of the treated plants. Further research is 
required to grow di�erent crop species in the �eld under diverse 
agroclimatic circumstances to determine the cost-e�ectiveness 
and adaptability of foliar ZnO NP exposure.

 However, a future aspect of this research is to determine 
the growth and yield responses of crops upon exposure to the 
combination of nanoparticles and biofertilizers. 
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Mustard (Brassica juncea L.) is one of the important oilseed 
crops grown in the Rabi (winter) season and contributes to 25% 
of the oilseed economy of India [1,2]. �e use of chemical 
fertilizers in arable soil is a routine practice in modern 
agriculture to supplement the depleting nutrients from natural 
soil fertility, among them nitrogen, phosphorus, potassium 
(NPK) and zinc (Zn) are more common [3,4]. Mustard varieties 
also respond to chemical fertilizers, particularly N and P. �e 
recommended dose of chemical fertilizers is crop-speci�c; 
excess or less application may lead to suboptimal production of 
lethal e�ects. Increased population growth and demand for 
food supply required higher use of chemical fertilizers, a costly 
input [5]. Additionally, excess use of these fertilizers polluted all 
three spheres of the environment [6]. Potential substitutes, 
biofertilizers, including arbuscular mycorrhizal fungi (AMF) 
and phosphate-solubilizing bacteria (PSBs), are cost-e�ective, 
pollution-free, renewable, and safe for crops [7]. Arbuscular 
mycorrhizae supplement nitrate and phosphate ions along with 
other metal ions within the rhizosphere [8]. Phosphate 
solubilizing bacteria unlock the phosphate from the complex 
soil composites and solubilize them with the help of phytase 
enzyme, while AM fungi besides facilitating critical minerals 

modify host root architecture. �ese biofertilizers also secrete 
phytohormones in the host rhizosphere and protect them 
from soil borne pathogens [7,8]. Zinc plays a functional role in 
many physiological processes, in biochemical reactions, such 
as metalloenzymes [3,9], in the biosynthesis of proteins and 
chlorophyll, and in immune responses in animal systems [10]. 
Several metalloenzymes and biochemical reactions require Zn 
as a cofactor in cell metabolism [11]. Among the critical 
elements, nitrogen is an important part of the functional and 
structural part, i.e., proteins, secondary metabolites, 
coenzymes, and other molecules; phosphorus has a major role 
in nucleotide biosynthesis and energy transactions and 
signaling, while potassium regulates cell osmolarity and ion 
exchange [12]. Zinc de�ciency in crops is common and o�en 
represented as zinc hunger [13].

 In part, Zn hunger is prevalent due to the plant’s ine�cacy 
of absorbing and translocating it [14] or soil de�ciency [13]; 
thus, Zn fertilization improves the production and quality of 
produce in several crop plants. �erefore, to mitigate issues 
such as the limited availability of soil nutrients, high rates of 
loss of soil-applied fertilizers, and constraints on nutrient 
delivery to plant organs due to environmental conditions 

during critical growth stages. Foliar fertilization for sustainable 
crop management has recently been well-addressed [15]. 
Fertilization through foliar spray has been proven to alleviate 
micronutrient de�ciencies, reduce toxicity, and avoid 
fertilizer-related pollution [16-19]. Zn-induced phytotoxicity 
can directly reduce photosynthesis [20] or can create nutritional 
imbalance by interacting with other nutrients [21].

 To unleash the full potential of plant performance, 
nanoparticle fertilizer represents a new and e�ective technique 
of nutrient delivery. �is is crucial for creating more sustainable 
crop systems globally [22,23]. Nanoparticles are de�ned as 
particles with a size of less than 100 nm in at least one 
dimension [24]. Improvements in seed germination, seedling 
growth, biomass, total nitrogen content, protein and sugar 
contents, photosynthetic e�ciency, and nutrient uptake are all 
documented as positive impacts of nanoparticles (NPs) on plant 
growth in crops such as cucumber, mung, spinach, wheat, and 
tomato [25-29]. Research shows that NPs can enter plant tissues 
and then move inside a plant’s body systemically [30-32]. 
Among the di�erent NPs used, ZnO NPs are currently the 
fourth most widely used in the world [33]. Due to their unique 
characteristics compared to conventional Zn fertilizers, ZnO 
NPs can also serve as cutting-edge Zn fertilizers. Uncertainty 
exists regarding the process through which ZnO NPs enter 
plants. Studies have demonstrated that foliar ZnO NP and 
ZnSO4 spraying on wheat increased the Zn content in grains 
while leaving no traces of ZnO NP in them [29]. With slower 
delivery of micronutrients and a reduced risk of soil pollution 
and other environmental hazards compared to applying 
chemical fertilizers directly to the soil, nanoscale fertilization 
may be able to prevent the symptoms of phytotoxicity in plants 
[34]. In addition, nanoscale fertilizer application requires a 
lesser amount of fertilizer than conventional ones used through 
soil [35]. Even in stressed regimes, the use of nanofertilizers has 
been proven to have positive impacts on plant growth compared 
to normal  conditions [32,35-40]. However, whether it is a nano 
application, these e�ects depend on concentration.

 �e present research work is based on the hypothesis that 
foliar spraying of ZnO NPs or application of biofertilizers such 
as VAM or AMF and PSBs are more e�cient and promote plant 
growth better than generally used chemical fertilizer 
supplementation like nitrogen (N), phosphorus (P) and 
supplementation with zinc (Zn).

 �erefore, the present study aimed to compare the impacts 
of various soil-applied chemical fertilizers, such as N, P, Zn, 
foliar spray of ZnO NPs, and soil-applied bio-fertilizers such as 
phosphate solubilizing bacteria (PSBs) and arbuscular 
mycorrhizal fungi (AMF), on the growth and biochemical 
responses of mustard cultivars.

Materials and Methods
Experimental site and design
�e present experiment was performed in the Botany 
Department of Tilakdhari College, Jaunpur, state Uttar Pradesh 
(25° 73’ N latitude, 82°68’ E longitude at an elevation of 96 m 
above mean sea level). �e 25 × 25 cm earthen pots were �lled 
with 3 kg of �eld soil with the properties given in Table 1. �e 
recommended dose of fertilizers was mixed with the soil 
present in the pot. �e experiment was conducted under 
ambient environmental conditions in September-February 
2020.

 Pots were placed in a randomized completely block design 
(RCBD) where the experiment consisted of two factors and �ve 
replicates (2×7×5). �rst factor is two varieties of Brassica juncea 
(L.). �e second factor included seven levels of fertilizer 
treatments (control, ZnO NPs, Zn, N, P, PSB, and AMF) and �ve 
replicates for each treatment randomly distributed in block 
(RBD). �e total experimental units were 70(2×7×5=70).

Materials and experimental treatment plan
�e authentic seeds of Brassica juncea (L.) Czern and Coss cv. 
Alankar and Rohini were selected based on previous 
experiments and were procured from the National Seed 
Corporation Ltd., New Delhi, India. �e cultural strains of 
biofertilizers (Glomus intraradices) inoculum and PSB 
Pseudomonas aeruginosa) were procured from the Agriculture 
Department Seed Distribution Unit, District Agriculture O�ce, 
Quarsi Road, Aligarh. �e nanoparticles (ZnO-NPs) were 
purchased from Sigma-Aldrich Chemicals Pvt. Ltd. India. 100 
mM stock solution of ZnO-NPs was prepared by dissolving its 
required amount in 10 ml DDW in a 100 ml volumetric �ask, 
and making up total volume 100 ml by adding DDW. �e 
working concentrations of NPs were prepared by diluting this 
stock solution of ZnO-NPs as per requirement.

 Healthy, uniform-sized seeds were surface sterilized with a 
0.01% solution of mercuric chloride for 5 min to disinfect from 
surface pathogens and then washed repeatedly with double 
distilled water (DDW). To check the percent germination of 
seeds, a germination test was also conducted. Seeds of two 
mustard varieties, Alankar and Rohini, were sown in pot soils. 
�e soil analysis was conducted before the experiment 
presented in Table 1. Eight seeds per pot were sown and then 
thinned to three plants per pot one week a�er germination, 
selecting robust growing similar plants. 

 Among the six treatments (excluding control) of plants, 
three sets were maintained for the two mustard varieties. Five 
pots for each treatment were maintained as replicates (n=5). 
Mustard plants were irrigated with tap water as needed (Figure 1).
1. �e �rst set of plants was foliar sprayed with ZnO NPs (4 

millimoles aqueous solution).
2. For the next two di�erent sets, AM fungus and PSB were 

applied. Fi�y grams of Rhode grass cultured AM fungus; 
Glomus intraradices inoculum, was added to the soil around 
the seed to provide 500 IP (infective propagules) per pot. As 
a PSB, a suspension culture of Pseudomonas aeruginosa was 
used for the treatment of seeds. One milliliter of nutrient 
broth (Mannitol 10g, Yeast extract 1.0g, K2HPO4 0.5g, 

MgSO4.7H2O 0.2g, NaCl 0.1g per liter of DDW) suspension 
contained approximately 1.5×109 cfu per ml of media. Seeds 
were coated with this suspension culture and dried in a cool 
shady place before sowing. 

3. For three di�erent sets, N, P, and Zn were amended in the 
pot soil as per recommended doses of 120, 60, and 25 kg/ha 
taking urea, single superphosphate, and ZnSO4 as fertilizers. 
�e fertilizer requirement per kg pot soil was calculated* as 
72, 104, and 19 mg, respectively.

Methodology
At 60 days a�er sowing (DAS), the plants were sampled to study 
the following growth features.

Growth analysis
�e root and shoot lengths of the two varieties were measured 
using a meter scale. �e ratio of the shoot by root length was 
calculated by dividing the lengths of the two. �e fresh and dry 
mass of roots and shoots was measured with an electronic 
balance. To analyze the dry mass, the uprooted plants (roots and 
shoots) were placed in an oven at 80°C for 72 h and wrapped in 
butter paper. �e dried plants were then weighed to record plant 
dry mass. �e leaf area of randomly selected leaves from each 
variety was determined by the graph paper method of Pandey 
and Singh [41].

Total chlorophyll and proline content in leaves
�e leaf ’s total chlorophyll content was estimated in �nely cut 
fresh leaves following the method of Mackinney [42]. �e leaf 
proline content in fresh tissue was determined by following the 
method of Bates et al. [43].

Activity of Carbonic anhydrase (CA) and Nitrate 
reductase (NR) enzyme
Carbonic anhydrase activity (CA, E.C. 4.2.1.1) and nitrate 
reductase activity (NR, E.C. 1.6.6.1) were determined by 
following Dwivedi and Randhawa [13] and Jaworski [44] in 
fresh leaf samples.

Statistical analysis
�e experiment was conducted according to a simple 
randomized block design (SRBD). Each treatment was 
replicated �ve times (n=5), and three plants per pot were 
maintained where each pot was considered a replicate. 
Treatment means were compared by analysis of variance using 
R ver. 3.1.0 for Windows. �e least signi�cant di�erence (LSD) 
between treatment means was calculated at a 5% probability 
level (p< 0.05). 

Results
Growth parameters
Most of the (bio)fertilizer treatments (ZnO NPs, Zn, N, P, PSBs 
or AMF) promoted the growth (length, fresh mass, dry mass of 
root and shoot and leaf area) parameters in both varieties in a 
treatment-dependent manner at 60 DAS (Figure 2). However, 
the maximum stimulation of most of the growth parameters is 
achieved by ZnO NPs followed by either PSB or AMF. However, 
the Alankar variety outperformed the treatment here. �e root 
dry mass of Alankar for ZnO NPs, PSB, and AMF was 88%, 
62%, and 86%, respectively, while for shoot dry mass it was 83%, 
72%, and 80%, compared to control plants. For the same 
treatments leaf area improvement of Alankar was 35%, 28%, 
and 34%, and for Rohini, it was 33%, 23%, and 28%, 
respectively. �e ratio of the shoot by root length showed 
di�erent responses for the treatments.

Total chlorophyll content in leaves
�e total chlorophyll content (Figure 3A) in leaves increased 
signi�cantly (p≤0.05) when the two varieties were foliar sprayed 
with ZnO NPs. Alankar registered a 28% increase, while Rohini 
re�ected a 19% increase. �e PSB and AMF treatments also 

signi�cantly (p≤0.05) increased the leaf chlorophyll contents by 
28% and 34% in Alankar and 10% and 16% in Rohini, 
respectively, compared to the control plants. No signi�cant (p≤
0.05) increase in leaf chlorophyll level was noticed against 
soil-mediated N, P, and Zn treatments in the two varieties of 
mustard. 

Proline content in leaves
A signi�cant (p≤0.05) increase in leaf proline content (Figure 
3B) was recorded against the leaf-sprayed ZnO NPs and the 
soil-mediated two biofertilizers (PSB and AMF/VAM) and 
nitrogen treatment in the Alankar and Rohini varieties of 
mustard plants. �e data indicated that proline accumulation 
was higher in Alankar than in Rohini against the given 
treatments. For the above treatments, the increase was 46%, 
39%, 42%, and 37%, respectively, for Alankar. For Rohini, the 
increase was lesser, and in the order of ZnO 
NPs>AMF>PSB>N, an insigni�cant increase of proline was 
registered for the treatments of soil-mediated Zn and P 
recorded compared to control plants in the two varieties.

Nitrate reductase (NR) and carbonic anhydrase (CA) 
activity
�e two mustard varieties; Alankar and Rohini, showed a 
signi�cant (p≤0.05) increase in NR and CA activity (Figure 3C 
and 3D) compared to most of the treatments. �e increase in 

the activity of these enzymes against all the treatments of 
chemicals and biofertilizers was higher in Rohini than in 
Alankar. For NR activity, ZnO NP was followed by Zn and N 
treatments in the two varieties, and for CA, it was followed by 
AMF/VAM and PSBs, respectively. For NR activity, the increase 
against ZnO NP treatment was 140% and 111% in Alankar. For 
the Zn and N treatments, however, the increase in NR activity 
was 99% and 72%, respectively, compared to the control plants. 
�e CA activity was 79% and 58% for the two varieties, Alankar 
and Rohini, respectively. 

Discussion
Our agricultural system depends on the supplementation of 
primary nutrients (such as N, P, and K) to maximize crop 
output and support modern agriculture [45]. Mineral ion 
uptake properties show variation among plant species and 
cultivars [46]. In mustard plants, the growing seeds and leaves 
compete for nitrogen, and the size of the nitrogen pool in the 
vegetative sections largely determines seed set, seed growth, and 

�nal seed production [47,48]. Nitrogen supply in�uences 
several growth parameters, produces more robust growth and 
development, and increases plant height, number of �owering 
branches, total plant weight, and leaf area, all of which 
cumulatively enhance the yield output [49,50]. Brassica growth 
and yield improved with the application of 100–130 kg/ha 
nitrogen, while yield also increased at the same rate with the 
application of phosphorus [51-54]. However, this demand is 
typically higher in arid and semiarid environments [55,56]. As 
stated above, phosphorus has a greater impact on yield than 
nitrogen and potassium. Phosphorus is a component of nucleic 
acids, cell signaling, and membrane phospholipids. It also plays 
a role in energy metabolism, cell division, and the formation of 
several coenzymes, including ATP, NAD(P)H, and GTP [57]. P 
de�ciency manifests as visible purplish pigmentation on leaves, 
young, stunted stems, early leaf shedding, and reduced seed 
output [58,59]. Single, double, and triple superphosphate (SSP, 
DSP, TSP), ammonium phosphate, dicalcium phosphate, basic 
slag, calcium meta-phosphate, rock phosphate, bone meal, etc., 
are the main sources of plant phosphorus [60]. �e application 
of chemical fertilizers also poses a serious threat to nitrogen and 
other chemical pollution in soil and water bodies, leading to 
eutrophication [61]. To avoid nitrogen pollution and 
eutrophication of nutrients in water bodies, the application of 
nanosized nutrients, such as nanofertilizers, nanobiochar, and 
essential element nanoparticles, through foliar spraying has 
become a trend in recent studies because it minimizes the loss 
of nutrients and allows them to be e�ciently absorbed by plant 
leaves due to their nano size, which saves the environment and 
expenses of farmers [18, 62].

 �e �ndings of the present study demonstrated that the use 
of ZnO NPs improved the growth of two varieties, including the 
root and shoot length, their ratio, fresh and dry weight, and leaf 
area (Figure 2). Signi�cant di�erences were seen in the foliar 
delivery of ZnO NPs compared to soil amendment of Zn, which 
may be a cost-e�ective method for providing nutrients to the 
plants. A�er nitrogen, phosphorus, and potassium, Zn is 
regarded as the nutrient that limits yield the most both globally 
and in Indian soils [63]. According to estimates, 36.5% of 
Indian soils lack Zn [64]. While it is normal practice in modern 
agriculture to add fertilizers to complement natural soil fertility, 
temperate and tropical soils frequently continue to be low in 
micronutrients, particularly Zn [4,65]. Two forms of Zn 
in�uenced mustard growth di�erently. In general, foliar 
treatments with 4 mM ZnO NPs brought signi�cant 
improvement in growth parameters compared to Zn, N, or P 
given through soil and control plants. �e growth promotion 
was even higher than that with biofertilizers, PSBs, and AM 
fungi. Zinc from ZnO NPs can accumulate in the leaves through 
foliar feeding, making these NPs potentially useful sources of 
Zn for plants to employ in metabolic processes [66,67]. 
According to a recent study by [68], the predominant channel 
for wheat and sun�ower (Helianthus annuus L.) to absorb ZnO 
NPs under experimental conditions was through the leaf 
cuticle. In addition, ZnO NPs are used as nanofertilizers, which 
may be a more e�ective and slow-releasing source of Zn than 
conventional fertilizers or other sources of Zn [66,69,70]. 
According to a study by [71], applying ZnO NPs to the soil at 
various concentrations increased the Zn content of wheat 
tissues under normal or water-stress conditions. A�erwards, 
Adrees et al. [72] demonstrated that foliar exposure to ZnO NPs 
enhanced wheat development through foliar application. �e 

larger weights of the plants may be a factor in the enhanced 
availability of Zn as NPs compared to Zn applied to the soil. �e 
mustard plants’ growth and antioxidant enzyme activities were 
improved when ZnO NPs were sprayed [73]. �e intensi�cation 
of the metabolism aided by Zn is what causes the rise in dry 
mass. Enzymes, including dehydrogenases, aldolases, 
isomerases, transphosphorylases, and RNA and DNA 
polymerases, all require zinc to function [74]. Moreover, it 
contributes to tryptophan production, cell division, membrane 
structure maintenance, and photosynthesis and functions as a 
regulatory cofactor in protein synthesis [3,9]. Several species 
have been the subject of ZnO NPs experiments, and the overall 
bene�cial interactions have been previously characterized 
[35,74-76]. An increase in the FW and DW of seedlings growing 
in the presence of ZnO NPs was observed in earlier studies [77]. 
Reduced growth and plant biomass, restriction of cell 
elongation and division, wilting, curling, and rolling of young 
leaves, chlorotic and necrotic leaf tips, and suppression of root 
growth are all signs of Zn toxicity [78,79]. According to the 
�ndings of Rossi et al. [80] on co�ee plants treated with ZnO 
NPs, the photosynthetic apparatus was enhanced. In the present 
study, positive interactions were found between ZnO NPs and 
the net carbon assimilation rate and stomatal conductance. 

 In the present study, the e�cacy of treatments followed the 
pattern of ZnO NPs>AMF>PSBs>N and increased the leaf 
chlorophyll level, proline content, NR, and CA activity (Figure 
3 A-D). Nitrogen is a key nutrient component that gives crops 
their lush green color by increasing the amount of chlorophyll 
in the leaves and boosts biomass by increasing carbon �xation. 
However, depending on factors such as soil type, climate, 
management practices, when nitrogen is applied, cultivars, etc., 
nitrogen fertilizer needs can vary greatly [81]. Zn is a cofactor of 
carbonic anhydrase, which raises the amount of CO2 in the 
chloroplast and, as a result, also increases the ability of the 
Rubisco enzyme to carboxylate [82]. Di�erent macro-and 
micronutrient uptake can be a�ected by zinc’s e�ects on 
absorption [83,84]. Zn typically causes severe Fe de�ciency 
chlorosis in dicots on acidic soils. Crops such as lettuce, 
mustard, and beet are particularly vulnerable to too much soil 
Zn [85]. Zn transport and uptake by leaves were also 
investigated. Typically, ZnO NPs enter the leaf system through 
wounds, hydathodes, cuticle penetration, and stomata [10]. 
�is is evident from the data, which reveal that ZnO NPs 
markedly increased Zn levels in the leaf, while ZnSO4 did not 
signi�cantly accumulate when compared to the control. It 
results from the e�ects of adding P and other minerals, as well 
as phytohormones secreted by PSBs and AM fungi in the root 
zone. Positive e�ects of ZnO NPs were also studied on the seed 
germination and vegetative growth in di�erent crops of Arachis 
hypogea [86], Vigna radiata [87,88], Cicer arietinum [89], 
Glycine max [90], Helianthus annuus [91], Lycopersicon 
esculentum [92], Sesamum indicum [93], Brassica nigra [94] and 
Brassica juncea [95]. PGPR, such as PSB, proves useful in 
enhancing crop productivity by making nutrients more 
bioavailable in the soil with chemical secretion in the 
rhizosphere [96]. Alone and combination of AM fungi with 
biocontrol fungi or nanoparticles also prove e�ective in 
increasing the crop productivity in plants by increasing the 
phosphorus and other nutrients available in the soil by releasing 
chemicals in the soil that change the pH and amount of 
available organic matter content in the soil [97-99]. 
Combinations of PGPR and AMF improved the crop 

productivity in various plants and also helped to manage 
growth under stress conditions [100-103]. Although the 
interaction of Glomus species with mustard plants is not 
common, recent studies clearly show that it helps the plants to 
increase their resistance against pathogens and increase crop 
productivity by regulating enzymatic activities in plants and 
increasing the amount of nutrients and organic matter in the 
soil [104-106]. 

Conclusions 
Foliar exposure to ZnO NPs may be thought of as both an 
e�cient and di�erent method to increase productivity 
compared to other treatments. Nanoparticles have microscopic 
size and large surface area, which help maximize their uptake 
and translocation as nutrients in plants via foliar spray. As a 
result, ZnO NPs had more favorable e�ects on plant growth, 
morphology, development, physiology, and metabolism than 
traditional Zn salt because nanoparticles induce the genes 
involved in nutrient assimilation pathways. It may also be 
crucial to research how ZnO NPs a�ect other nutrients 
necessary for plant health as well as the general ecology of the 
rhizosphere. When compared to chemical fertilizer applications 
of P or even N, biofertilizers such as AMF/VAM and PSBs are 
also preferable because their chemical activity solubilizes and 
increases the bioavailability of nutrients in the soil, ultimately 
enhancing the growth of the treated plants. Further research is 
required to grow di�erent crop species in the �eld under diverse 
agroclimatic circumstances to determine the cost-e�ectiveness 
and adaptability of foliar ZnO NP exposure.

 However, a future aspect of this research is to determine 
the growth and yield responses of crops upon exposure to the 
combination of nanoparticles and biofertilizers. 
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Mustard (Brassica juncea L.) is one of the important oilseed 
crops grown in the Rabi (winter) season and contributes to 25% 
of the oilseed economy of India [1,2]. �e use of chemical 
fertilizers in arable soil is a routine practice in modern 
agriculture to supplement the depleting nutrients from natural 
soil fertility, among them nitrogen, phosphorus, potassium 
(NPK) and zinc (Zn) are more common [3,4]. Mustard varieties 
also respond to chemical fertilizers, particularly N and P. �e 
recommended dose of chemical fertilizers is crop-speci�c; 
excess or less application may lead to suboptimal production of 
lethal e�ects. Increased population growth and demand for 
food supply required higher use of chemical fertilizers, a costly 
input [5]. Additionally, excess use of these fertilizers polluted all 
three spheres of the environment [6]. Potential substitutes, 
biofertilizers, including arbuscular mycorrhizal fungi (AMF) 
and phosphate-solubilizing bacteria (PSBs), are cost-e�ective, 
pollution-free, renewable, and safe for crops [7]. Arbuscular 
mycorrhizae supplement nitrate and phosphate ions along with 
other metal ions within the rhizosphere [8]. Phosphate 
solubilizing bacteria unlock the phosphate from the complex 
soil composites and solubilize them with the help of phytase 
enzyme, while AM fungi besides facilitating critical minerals 

modify host root architecture. �ese biofertilizers also secrete 
phytohormones in the host rhizosphere and protect them 
from soil borne pathogens [7,8]. Zinc plays a functional role in 
many physiological processes, in biochemical reactions, such 
as metalloenzymes [3,9], in the biosynthesis of proteins and 
chlorophyll, and in immune responses in animal systems [10]. 
Several metalloenzymes and biochemical reactions require Zn 
as a cofactor in cell metabolism [11]. Among the critical 
elements, nitrogen is an important part of the functional and 
structural part, i.e., proteins, secondary metabolites, 
coenzymes, and other molecules; phosphorus has a major role 
in nucleotide biosynthesis and energy transactions and 
signaling, while potassium regulates cell osmolarity and ion 
exchange [12]. Zinc de�ciency in crops is common and o�en 
represented as zinc hunger [13].

 In part, Zn hunger is prevalent due to the plant’s ine�cacy 
of absorbing and translocating it [14] or soil de�ciency [13]; 
thus, Zn fertilization improves the production and quality of 
produce in several crop plants. �erefore, to mitigate issues 
such as the limited availability of soil nutrients, high rates of 
loss of soil-applied fertilizers, and constraints on nutrient 
delivery to plant organs due to environmental conditions 

during critical growth stages. Foliar fertilization for sustainable 
crop management has recently been well-addressed [15]. 
Fertilization through foliar spray has been proven to alleviate 
micronutrient de�ciencies, reduce toxicity, and avoid 
fertilizer-related pollution [16-19]. Zn-induced phytotoxicity 
can directly reduce photosynthesis [20] or can create nutritional 
imbalance by interacting with other nutrients [21].

 To unleash the full potential of plant performance, 
nanoparticle fertilizer represents a new and e�ective technique 
of nutrient delivery. �is is crucial for creating more sustainable 
crop systems globally [22,23]. Nanoparticles are de�ned as 
particles with a size of less than 100 nm in at least one 
dimension [24]. Improvements in seed germination, seedling 
growth, biomass, total nitrogen content, protein and sugar 
contents, photosynthetic e�ciency, and nutrient uptake are all 
documented as positive impacts of nanoparticles (NPs) on plant 
growth in crops such as cucumber, mung, spinach, wheat, and 
tomato [25-29]. Research shows that NPs can enter plant tissues 
and then move inside a plant’s body systemically [30-32]. 
Among the di�erent NPs used, ZnO NPs are currently the 
fourth most widely used in the world [33]. Due to their unique 
characteristics compared to conventional Zn fertilizers, ZnO 
NPs can also serve as cutting-edge Zn fertilizers. Uncertainty 
exists regarding the process through which ZnO NPs enter 
plants. Studies have demonstrated that foliar ZnO NP and 
ZnSO4 spraying on wheat increased the Zn content in grains 
while leaving no traces of ZnO NP in them [29]. With slower 
delivery of micronutrients and a reduced risk of soil pollution 
and other environmental hazards compared to applying 
chemical fertilizers directly to the soil, nanoscale fertilization 
may be able to prevent the symptoms of phytotoxicity in plants 
[34]. In addition, nanoscale fertilizer application requires a 
lesser amount of fertilizer than conventional ones used through 
soil [35]. Even in stressed regimes, the use of nanofertilizers has 
been proven to have positive impacts on plant growth compared 
to normal  conditions [32,35-40]. However, whether it is a nano 
application, these e�ects depend on concentration.

 �e present research work is based on the hypothesis that 
foliar spraying of ZnO NPs or application of biofertilizers such 
as VAM or AMF and PSBs are more e�cient and promote plant 
growth better than generally used chemical fertilizer 
supplementation like nitrogen (N), phosphorus (P) and 
supplementation with zinc (Zn).

 �erefore, the present study aimed to compare the impacts 
of various soil-applied chemical fertilizers, such as N, P, Zn, 
foliar spray of ZnO NPs, and soil-applied bio-fertilizers such as 
phosphate solubilizing bacteria (PSBs) and arbuscular 
mycorrhizal fungi (AMF), on the growth and biochemical 
responses of mustard cultivars.

Materials and Methods
Experimental site and design
�e present experiment was performed in the Botany 
Department of Tilakdhari College, Jaunpur, state Uttar Pradesh 
(25° 73’ N latitude, 82°68’ E longitude at an elevation of 96 m 
above mean sea level). �e 25 × 25 cm earthen pots were �lled 
with 3 kg of �eld soil with the properties given in Table 1. �e 
recommended dose of fertilizers was mixed with the soil 
present in the pot. �e experiment was conducted under 
ambient environmental conditions in September-February 
2020.

 Pots were placed in a randomized completely block design 
(RCBD) where the experiment consisted of two factors and �ve 
replicates (2×7×5). �rst factor is two varieties of Brassica juncea 
(L.). �e second factor included seven levels of fertilizer 
treatments (control, ZnO NPs, Zn, N, P, PSB, and AMF) and �ve 
replicates for each treatment randomly distributed in block 
(RBD). �e total experimental units were 70(2×7×5=70).

Materials and experimental treatment plan
�e authentic seeds of Brassica juncea (L.) Czern and Coss cv. 
Alankar and Rohini were selected based on previous 
experiments and were procured from the National Seed 
Corporation Ltd., New Delhi, India. �e cultural strains of 
biofertilizers (Glomus intraradices) inoculum and PSB 
Pseudomonas aeruginosa) were procured from the Agriculture 
Department Seed Distribution Unit, District Agriculture O�ce, 
Quarsi Road, Aligarh. �e nanoparticles (ZnO-NPs) were 
purchased from Sigma-Aldrich Chemicals Pvt. Ltd. India. 100 
mM stock solution of ZnO-NPs was prepared by dissolving its 
required amount in 10 ml DDW in a 100 ml volumetric �ask, 
and making up total volume 100 ml by adding DDW. �e 
working concentrations of NPs were prepared by diluting this 
stock solution of ZnO-NPs as per requirement.

 Healthy, uniform-sized seeds were surface sterilized with a 
0.01% solution of mercuric chloride for 5 min to disinfect from 
surface pathogens and then washed repeatedly with double 
distilled water (DDW). To check the percent germination of 
seeds, a germination test was also conducted. Seeds of two 
mustard varieties, Alankar and Rohini, were sown in pot soils. 
�e soil analysis was conducted before the experiment 
presented in Table 1. Eight seeds per pot were sown and then 
thinned to three plants per pot one week a�er germination, 
selecting robust growing similar plants. 

 Among the six treatments (excluding control) of plants, 
three sets were maintained for the two mustard varieties. Five 
pots for each treatment were maintained as replicates (n=5). 
Mustard plants were irrigated with tap water as needed (Figure 1).
1. �e �rst set of plants was foliar sprayed with ZnO NPs (4 

millimoles aqueous solution).
2. For the next two di�erent sets, AM fungus and PSB were 

applied. Fi�y grams of Rhode grass cultured AM fungus; 
Glomus intraradices inoculum, was added to the soil around 
the seed to provide 500 IP (infective propagules) per pot. As 
a PSB, a suspension culture of Pseudomonas aeruginosa was 
used for the treatment of seeds. One milliliter of nutrient 
broth (Mannitol 10g, Yeast extract 1.0g, K2HPO4 0.5g, 

MgSO4.7H2O 0.2g, NaCl 0.1g per liter of DDW) suspension 
contained approximately 1.5×109 cfu per ml of media. Seeds 
were coated with this suspension culture and dried in a cool 
shady place before sowing. 

3. For three di�erent sets, N, P, and Zn were amended in the 
pot soil as per recommended doses of 120, 60, and 25 kg/ha 
taking urea, single superphosphate, and ZnSO4 as fertilizers. 
�e fertilizer requirement per kg pot soil was calculated* as 
72, 104, and 19 mg, respectively.

Methodology
At 60 days a�er sowing (DAS), the plants were sampled to study 
the following growth features.

Growth analysis
�e root and shoot lengths of the two varieties were measured 
using a meter scale. �e ratio of the shoot by root length was 
calculated by dividing the lengths of the two. �e fresh and dry 
mass of roots and shoots was measured with an electronic 
balance. To analyze the dry mass, the uprooted plants (roots and 
shoots) were placed in an oven at 80°C for 72 h and wrapped in 
butter paper. �e dried plants were then weighed to record plant 
dry mass. �e leaf area of randomly selected leaves from each 
variety was determined by the graph paper method of Pandey 
and Singh [41].

Total chlorophyll and proline content in leaves
�e leaf ’s total chlorophyll content was estimated in �nely cut 
fresh leaves following the method of Mackinney [42]. �e leaf 
proline content in fresh tissue was determined by following the 
method of Bates et al. [43].

Activity of Carbonic anhydrase (CA) and Nitrate 
reductase (NR) enzyme
Carbonic anhydrase activity (CA, E.C. 4.2.1.1) and nitrate 
reductase activity (NR, E.C. 1.6.6.1) were determined by 
following Dwivedi and Randhawa [13] and Jaworski [44] in 
fresh leaf samples.

Statistical analysis
�e experiment was conducted according to a simple 
randomized block design (SRBD). Each treatment was 
replicated �ve times (n=5), and three plants per pot were 
maintained where each pot was considered a replicate. 
Treatment means were compared by analysis of variance using 
R ver. 3.1.0 for Windows. �e least signi�cant di�erence (LSD) 
between treatment means was calculated at a 5% probability 
level (p< 0.05). 

Results
Growth parameters
Most of the (bio)fertilizer treatments (ZnO NPs, Zn, N, P, PSBs 
or AMF) promoted the growth (length, fresh mass, dry mass of 
root and shoot and leaf area) parameters in both varieties in a 
treatment-dependent manner at 60 DAS (Figure 2). However, 
the maximum stimulation of most of the growth parameters is 
achieved by ZnO NPs followed by either PSB or AMF. However, 
the Alankar variety outperformed the treatment here. �e root 
dry mass of Alankar for ZnO NPs, PSB, and AMF was 88%, 
62%, and 86%, respectively, while for shoot dry mass it was 83%, 
72%, and 80%, compared to control plants. For the same 
treatments leaf area improvement of Alankar was 35%, 28%, 
and 34%, and for Rohini, it was 33%, 23%, and 28%, 
respectively. �e ratio of the shoot by root length showed 
di�erent responses for the treatments.

Total chlorophyll content in leaves
�e total chlorophyll content (Figure 3A) in leaves increased 
signi�cantly (p≤0.05) when the two varieties were foliar sprayed 
with ZnO NPs. Alankar registered a 28% increase, while Rohini 
re�ected a 19% increase. �e PSB and AMF treatments also 

signi�cantly (p≤0.05) increased the leaf chlorophyll contents by 
28% and 34% in Alankar and 10% and 16% in Rohini, 
respectively, compared to the control plants. No signi�cant (p≤
0.05) increase in leaf chlorophyll level was noticed against 
soil-mediated N, P, and Zn treatments in the two varieties of 
mustard. 

Proline content in leaves
A signi�cant (p≤0.05) increase in leaf proline content (Figure 
3B) was recorded against the leaf-sprayed ZnO NPs and the 
soil-mediated two biofertilizers (PSB and AMF/VAM) and 
nitrogen treatment in the Alankar and Rohini varieties of 
mustard plants. �e data indicated that proline accumulation 
was higher in Alankar than in Rohini against the given 
treatments. For the above treatments, the increase was 46%, 
39%, 42%, and 37%, respectively, for Alankar. For Rohini, the 
increase was lesser, and in the order of ZnO 
NPs>AMF>PSB>N, an insigni�cant increase of proline was 
registered for the treatments of soil-mediated Zn and P 
recorded compared to control plants in the two varieties.

Nitrate reductase (NR) and carbonic anhydrase (CA) 
activity
�e two mustard varieties; Alankar and Rohini, showed a 
signi�cant (p≤0.05) increase in NR and CA activity (Figure 3C 
and 3D) compared to most of the treatments. �e increase in 

the activity of these enzymes against all the treatments of 
chemicals and biofertilizers was higher in Rohini than in 
Alankar. For NR activity, ZnO NP was followed by Zn and N 
treatments in the two varieties, and for CA, it was followed by 
AMF/VAM and PSBs, respectively. For NR activity, the increase 
against ZnO NP treatment was 140% and 111% in Alankar. For 
the Zn and N treatments, however, the increase in NR activity 
was 99% and 72%, respectively, compared to the control plants. 
�e CA activity was 79% and 58% for the two varieties, Alankar 
and Rohini, respectively. 

Discussion
Our agricultural system depends on the supplementation of 
primary nutrients (such as N, P, and K) to maximize crop 
output and support modern agriculture [45]. Mineral ion 
uptake properties show variation among plant species and 
cultivars [46]. In mustard plants, the growing seeds and leaves 
compete for nitrogen, and the size of the nitrogen pool in the 
vegetative sections largely determines seed set, seed growth, and 

�nal seed production [47,48]. Nitrogen supply in�uences 
several growth parameters, produces more robust growth and 
development, and increases plant height, number of �owering 
branches, total plant weight, and leaf area, all of which 
cumulatively enhance the yield output [49,50]. Brassica growth 
and yield improved with the application of 100–130 kg/ha 
nitrogen, while yield also increased at the same rate with the 
application of phosphorus [51-54]. However, this demand is 
typically higher in arid and semiarid environments [55,56]. As 
stated above, phosphorus has a greater impact on yield than 
nitrogen and potassium. Phosphorus is a component of nucleic 
acids, cell signaling, and membrane phospholipids. It also plays 
a role in energy metabolism, cell division, and the formation of 
several coenzymes, including ATP, NAD(P)H, and GTP [57]. P 
de�ciency manifests as visible purplish pigmentation on leaves, 
young, stunted stems, early leaf shedding, and reduced seed 
output [58,59]. Single, double, and triple superphosphate (SSP, 
DSP, TSP), ammonium phosphate, dicalcium phosphate, basic 
slag, calcium meta-phosphate, rock phosphate, bone meal, etc., 
are the main sources of plant phosphorus [60]. �e application 
of chemical fertilizers also poses a serious threat to nitrogen and 
other chemical pollution in soil and water bodies, leading to 
eutrophication [61]. To avoid nitrogen pollution and 
eutrophication of nutrients in water bodies, the application of 
nanosized nutrients, such as nanofertilizers, nanobiochar, and 
essential element nanoparticles, through foliar spraying has 
become a trend in recent studies because it minimizes the loss 
of nutrients and allows them to be e�ciently absorbed by plant 
leaves due to their nano size, which saves the environment and 
expenses of farmers [18, 62].

 �e �ndings of the present study demonstrated that the use 
of ZnO NPs improved the growth of two varieties, including the 
root and shoot length, their ratio, fresh and dry weight, and leaf 
area (Figure 2). Signi�cant di�erences were seen in the foliar 
delivery of ZnO NPs compared to soil amendment of Zn, which 
may be a cost-e�ective method for providing nutrients to the 
plants. A�er nitrogen, phosphorus, and potassium, Zn is 
regarded as the nutrient that limits yield the most both globally 
and in Indian soils [63]. According to estimates, 36.5% of 
Indian soils lack Zn [64]. While it is normal practice in modern 
agriculture to add fertilizers to complement natural soil fertility, 
temperate and tropical soils frequently continue to be low in 
micronutrients, particularly Zn [4,65]. Two forms of Zn 
in�uenced mustard growth di�erently. In general, foliar 
treatments with 4 mM ZnO NPs brought signi�cant 
improvement in growth parameters compared to Zn, N, or P 
given through soil and control plants. �e growth promotion 
was even higher than that with biofertilizers, PSBs, and AM 
fungi. Zinc from ZnO NPs can accumulate in the leaves through 
foliar feeding, making these NPs potentially useful sources of 
Zn for plants to employ in metabolic processes [66,67]. 
According to a recent study by [68], the predominant channel 
for wheat and sun�ower (Helianthus annuus L.) to absorb ZnO 
NPs under experimental conditions was through the leaf 
cuticle. In addition, ZnO NPs are used as nanofertilizers, which 
may be a more e�ective and slow-releasing source of Zn than 
conventional fertilizers or other sources of Zn [66,69,70]. 
According to a study by [71], applying ZnO NPs to the soil at 
various concentrations increased the Zn content of wheat 
tissues under normal or water-stress conditions. A�erwards, 
Adrees et al. [72] demonstrated that foliar exposure to ZnO NPs 
enhanced wheat development through foliar application. �e 

larger weights of the plants may be a factor in the enhanced 
availability of Zn as NPs compared to Zn applied to the soil. �e 
mustard plants’ growth and antioxidant enzyme activities were 
improved when ZnO NPs were sprayed [73]. �e intensi�cation 
of the metabolism aided by Zn is what causes the rise in dry 
mass. Enzymes, including dehydrogenases, aldolases, 
isomerases, transphosphorylases, and RNA and DNA 
polymerases, all require zinc to function [74]. Moreover, it 
contributes to tryptophan production, cell division, membrane 
structure maintenance, and photosynthesis and functions as a 
regulatory cofactor in protein synthesis [3,9]. Several species 
have been the subject of ZnO NPs experiments, and the overall 
bene�cial interactions have been previously characterized 
[35,74-76]. An increase in the FW and DW of seedlings growing 
in the presence of ZnO NPs was observed in earlier studies [77]. 
Reduced growth and plant biomass, restriction of cell 
elongation and division, wilting, curling, and rolling of young 
leaves, chlorotic and necrotic leaf tips, and suppression of root 
growth are all signs of Zn toxicity [78,79]. According to the 
�ndings of Rossi et al. [80] on co�ee plants treated with ZnO 
NPs, the photosynthetic apparatus was enhanced. In the present 
study, positive interactions were found between ZnO NPs and 
the net carbon assimilation rate and stomatal conductance. 

 In the present study, the e�cacy of treatments followed the 
pattern of ZnO NPs>AMF>PSBs>N and increased the leaf 
chlorophyll level, proline content, NR, and CA activity (Figure 
3 A-D). Nitrogen is a key nutrient component that gives crops 
their lush green color by increasing the amount of chlorophyll 
in the leaves and boosts biomass by increasing carbon �xation. 
However, depending on factors such as soil type, climate, 
management practices, when nitrogen is applied, cultivars, etc., 
nitrogen fertilizer needs can vary greatly [81]. Zn is a cofactor of 
carbonic anhydrase, which raises the amount of CO2 in the 
chloroplast and, as a result, also increases the ability of the 
Rubisco enzyme to carboxylate [82]. Di�erent macro-and 
micronutrient uptake can be a�ected by zinc’s e�ects on 
absorption [83,84]. Zn typically causes severe Fe de�ciency 
chlorosis in dicots on acidic soils. Crops such as lettuce, 
mustard, and beet are particularly vulnerable to too much soil 
Zn [85]. Zn transport and uptake by leaves were also 
investigated. Typically, ZnO NPs enter the leaf system through 
wounds, hydathodes, cuticle penetration, and stomata [10]. 
�is is evident from the data, which reveal that ZnO NPs 
markedly increased Zn levels in the leaf, while ZnSO4 did not 
signi�cantly accumulate when compared to the control. It 
results from the e�ects of adding P and other minerals, as well 
as phytohormones secreted by PSBs and AM fungi in the root 
zone. Positive e�ects of ZnO NPs were also studied on the seed 
germination and vegetative growth in di�erent crops of Arachis 
hypogea [86], Vigna radiata [87,88], Cicer arietinum [89], 
Glycine max [90], Helianthus annuus [91], Lycopersicon 
esculentum [92], Sesamum indicum [93], Brassica nigra [94] and 
Brassica juncea [95]. PGPR, such as PSB, proves useful in 
enhancing crop productivity by making nutrients more 
bioavailable in the soil with chemical secretion in the 
rhizosphere [96]. Alone and combination of AM fungi with 
biocontrol fungi or nanoparticles also prove e�ective in 
increasing the crop productivity in plants by increasing the 
phosphorus and other nutrients available in the soil by releasing 
chemicals in the soil that change the pH and amount of 
available organic matter content in the soil [97-99]. 
Combinations of PGPR and AMF improved the crop 

productivity in various plants and also helped to manage 
growth under stress conditions [100-103]. Although the 
interaction of Glomus species with mustard plants is not 
common, recent studies clearly show that it helps the plants to 
increase their resistance against pathogens and increase crop 
productivity by regulating enzymatic activities in plants and 
increasing the amount of nutrients and organic matter in the 
soil [104-106]. 

Conclusions 
Foliar exposure to ZnO NPs may be thought of as both an 
e�cient and di�erent method to increase productivity 
compared to other treatments. Nanoparticles have microscopic 
size and large surface area, which help maximize their uptake 
and translocation as nutrients in plants via foliar spray. As a 
result, ZnO NPs had more favorable e�ects on plant growth, 
morphology, development, physiology, and metabolism than 
traditional Zn salt because nanoparticles induce the genes 
involved in nutrient assimilation pathways. It may also be 
crucial to research how ZnO NPs a�ect other nutrients 
necessary for plant health as well as the general ecology of the 
rhizosphere. When compared to chemical fertilizer applications 
of P or even N, biofertilizers such as AMF/VAM and PSBs are 
also preferable because their chemical activity solubilizes and 
increases the bioavailability of nutrients in the soil, ultimately 
enhancing the growth of the treated plants. Further research is 
required to grow di�erent crop species in the �eld under diverse 
agroclimatic circumstances to determine the cost-e�ectiveness 
and adaptability of foliar ZnO NP exposure.

 However, a future aspect of this research is to determine 
the growth and yield responses of crops upon exposure to the 
combination of nanoparticles and biofertilizers. 
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Mustard (Brassica juncea L.) is one of the important oilseed 
crops grown in the Rabi (winter) season and contributes to 25% 
of the oilseed economy of India [1,2]. �e use of chemical 
fertilizers in arable soil is a routine practice in modern 
agriculture to supplement the depleting nutrients from natural 
soil fertility, among them nitrogen, phosphorus, potassium 
(NPK) and zinc (Zn) are more common [3,4]. Mustard varieties 
also respond to chemical fertilizers, particularly N and P. �e 
recommended dose of chemical fertilizers is crop-speci�c; 
excess or less application may lead to suboptimal production of 
lethal e�ects. Increased population growth and demand for 
food supply required higher use of chemical fertilizers, a costly 
input [5]. Additionally, excess use of these fertilizers polluted all 
three spheres of the environment [6]. Potential substitutes, 
biofertilizers, including arbuscular mycorrhizal fungi (AMF) 
and phosphate-solubilizing bacteria (PSBs), are cost-e�ective, 
pollution-free, renewable, and safe for crops [7]. Arbuscular 
mycorrhizae supplement nitrate and phosphate ions along with 
other metal ions within the rhizosphere [8]. Phosphate 
solubilizing bacteria unlock the phosphate from the complex 
soil composites and solubilize them with the help of phytase 
enzyme, while AM fungi besides facilitating critical minerals 

modify host root architecture. �ese biofertilizers also secrete 
phytohormones in the host rhizosphere and protect them 
from soil borne pathogens [7,8]. Zinc plays a functional role in 
many physiological processes, in biochemical reactions, such 
as metalloenzymes [3,9], in the biosynthesis of proteins and 
chlorophyll, and in immune responses in animal systems [10]. 
Several metalloenzymes and biochemical reactions require Zn 
as a cofactor in cell metabolism [11]. Among the critical 
elements, nitrogen is an important part of the functional and 
structural part, i.e., proteins, secondary metabolites, 
coenzymes, and other molecules; phosphorus has a major role 
in nucleotide biosynthesis and energy transactions and 
signaling, while potassium regulates cell osmolarity and ion 
exchange [12]. Zinc de�ciency in crops is common and o�en 
represented as zinc hunger [13].

 In part, Zn hunger is prevalent due to the plant’s ine�cacy 
of absorbing and translocating it [14] or soil de�ciency [13]; 
thus, Zn fertilization improves the production and quality of 
produce in several crop plants. �erefore, to mitigate issues 
such as the limited availability of soil nutrients, high rates of 
loss of soil-applied fertilizers, and constraints on nutrient 
delivery to plant organs due to environmental conditions 

during critical growth stages. Foliar fertilization for sustainable 
crop management has recently been well-addressed [15]. 
Fertilization through foliar spray has been proven to alleviate 
micronutrient de�ciencies, reduce toxicity, and avoid 
fertilizer-related pollution [16-19]. Zn-induced phytotoxicity 
can directly reduce photosynthesis [20] or can create nutritional 
imbalance by interacting with other nutrients [21].

 To unleash the full potential of plant performance, 
nanoparticle fertilizer represents a new and e�ective technique 
of nutrient delivery. �is is crucial for creating more sustainable 
crop systems globally [22,23]. Nanoparticles are de�ned as 
particles with a size of less than 100 nm in at least one 
dimension [24]. Improvements in seed germination, seedling 
growth, biomass, total nitrogen content, protein and sugar 
contents, photosynthetic e�ciency, and nutrient uptake are all 
documented as positive impacts of nanoparticles (NPs) on plant 
growth in crops such as cucumber, mung, spinach, wheat, and 
tomato [25-29]. Research shows that NPs can enter plant tissues 
and then move inside a plant’s body systemically [30-32]. 
Among the di�erent NPs used, ZnO NPs are currently the 
fourth most widely used in the world [33]. Due to their unique 
characteristics compared to conventional Zn fertilizers, ZnO 
NPs can also serve as cutting-edge Zn fertilizers. Uncertainty 
exists regarding the process through which ZnO NPs enter 
plants. Studies have demonstrated that foliar ZnO NP and 
ZnSO4 spraying on wheat increased the Zn content in grains 
while leaving no traces of ZnO NP in them [29]. With slower 
delivery of micronutrients and a reduced risk of soil pollution 
and other environmental hazards compared to applying 
chemical fertilizers directly to the soil, nanoscale fertilization 
may be able to prevent the symptoms of phytotoxicity in plants 
[34]. In addition, nanoscale fertilizer application requires a 
lesser amount of fertilizer than conventional ones used through 
soil [35]. Even in stressed regimes, the use of nanofertilizers has 
been proven to have positive impacts on plant growth compared 
to normal  conditions [32,35-40]. However, whether it is a nano 
application, these e�ects depend on concentration.

 �e present research work is based on the hypothesis that 
foliar spraying of ZnO NPs or application of biofertilizers such 
as VAM or AMF and PSBs are more e�cient and promote plant 
growth better than generally used chemical fertilizer 
supplementation like nitrogen (N), phosphorus (P) and 
supplementation with zinc (Zn).

 �erefore, the present study aimed to compare the impacts 
of various soil-applied chemical fertilizers, such as N, P, Zn, 
foliar spray of ZnO NPs, and soil-applied bio-fertilizers such as 
phosphate solubilizing bacteria (PSBs) and arbuscular 
mycorrhizal fungi (AMF), on the growth and biochemical 
responses of mustard cultivars.

Materials and Methods
Experimental site and design
�e present experiment was performed in the Botany 
Department of Tilakdhari College, Jaunpur, state Uttar Pradesh 
(25° 73’ N latitude, 82°68’ E longitude at an elevation of 96 m 
above mean sea level). �e 25 × 25 cm earthen pots were �lled 
with 3 kg of �eld soil with the properties given in Table 1. �e 
recommended dose of fertilizers was mixed with the soil 
present in the pot. �e experiment was conducted under 
ambient environmental conditions in September-February 
2020.

 Pots were placed in a randomized completely block design 
(RCBD) where the experiment consisted of two factors and �ve 
replicates (2×7×5). �rst factor is two varieties of Brassica juncea 
(L.). �e second factor included seven levels of fertilizer 
treatments (control, ZnO NPs, Zn, N, P, PSB, and AMF) and �ve 
replicates for each treatment randomly distributed in block 
(RBD). �e total experimental units were 70(2×7×5=70).

Materials and experimental treatment plan
�e authentic seeds of Brassica juncea (L.) Czern and Coss cv. 
Alankar and Rohini were selected based on previous 
experiments and were procured from the National Seed 
Corporation Ltd., New Delhi, India. �e cultural strains of 
biofertilizers (Glomus intraradices) inoculum and PSB 
Pseudomonas aeruginosa) were procured from the Agriculture 
Department Seed Distribution Unit, District Agriculture O�ce, 
Quarsi Road, Aligarh. �e nanoparticles (ZnO-NPs) were 
purchased from Sigma-Aldrich Chemicals Pvt. Ltd. India. 100 
mM stock solution of ZnO-NPs was prepared by dissolving its 
required amount in 10 ml DDW in a 100 ml volumetric �ask, 
and making up total volume 100 ml by adding DDW. �e 
working concentrations of NPs were prepared by diluting this 
stock solution of ZnO-NPs as per requirement.

 Healthy, uniform-sized seeds were surface sterilized with a 
0.01% solution of mercuric chloride for 5 min to disinfect from 
surface pathogens and then washed repeatedly with double 
distilled water (DDW). To check the percent germination of 
seeds, a germination test was also conducted. Seeds of two 
mustard varieties, Alankar and Rohini, were sown in pot soils. 
�e soil analysis was conducted before the experiment 
presented in Table 1. Eight seeds per pot were sown and then 
thinned to three plants per pot one week a�er germination, 
selecting robust growing similar plants. 

 Among the six treatments (excluding control) of plants, 
three sets were maintained for the two mustard varieties. Five 
pots for each treatment were maintained as replicates (n=5). 
Mustard plants were irrigated with tap water as needed (Figure 1).
1. �e �rst set of plants was foliar sprayed with ZnO NPs (4 

millimoles aqueous solution).
2. For the next two di�erent sets, AM fungus and PSB were 

applied. Fi�y grams of Rhode grass cultured AM fungus; 
Glomus intraradices inoculum, was added to the soil around 
the seed to provide 500 IP (infective propagules) per pot. As 
a PSB, a suspension culture of Pseudomonas aeruginosa was 
used for the treatment of seeds. One milliliter of nutrient 
broth (Mannitol 10g, Yeast extract 1.0g, K2HPO4 0.5g, 

MgSO4.7H2O 0.2g, NaCl 0.1g per liter of DDW) suspension 
contained approximately 1.5×109 cfu per ml of media. Seeds 
were coated with this suspension culture and dried in a cool 
shady place before sowing. 

3. For three di�erent sets, N, P, and Zn were amended in the 
pot soil as per recommended doses of 120, 60, and 25 kg/ha 
taking urea, single superphosphate, and ZnSO4 as fertilizers. 
�e fertilizer requirement per kg pot soil was calculated* as 
72, 104, and 19 mg, respectively.

Methodology
At 60 days a�er sowing (DAS), the plants were sampled to study 
the following growth features.

Growth analysis
�e root and shoot lengths of the two varieties were measured 
using a meter scale. �e ratio of the shoot by root length was 
calculated by dividing the lengths of the two. �e fresh and dry 
mass of roots and shoots was measured with an electronic 
balance. To analyze the dry mass, the uprooted plants (roots and 
shoots) were placed in an oven at 80°C for 72 h and wrapped in 
butter paper. �e dried plants were then weighed to record plant 
dry mass. �e leaf area of randomly selected leaves from each 
variety was determined by the graph paper method of Pandey 
and Singh [41].

Total chlorophyll and proline content in leaves
�e leaf ’s total chlorophyll content was estimated in �nely cut 
fresh leaves following the method of Mackinney [42]. �e leaf 
proline content in fresh tissue was determined by following the 
method of Bates et al. [43].

Activity of Carbonic anhydrase (CA) and Nitrate 
reductase (NR) enzyme
Carbonic anhydrase activity (CA, E.C. 4.2.1.1) and nitrate 
reductase activity (NR, E.C. 1.6.6.1) were determined by 
following Dwivedi and Randhawa [13] and Jaworski [44] in 
fresh leaf samples.

Statistical analysis
�e experiment was conducted according to a simple 
randomized block design (SRBD). Each treatment was 
replicated �ve times (n=5), and three plants per pot were 
maintained where each pot was considered a replicate. 
Treatment means were compared by analysis of variance using 
R ver. 3.1.0 for Windows. �e least signi�cant di�erence (LSD) 
between treatment means was calculated at a 5% probability 
level (p< 0.05). 

Results
Growth parameters
Most of the (bio)fertilizer treatments (ZnO NPs, Zn, N, P, PSBs 
or AMF) promoted the growth (length, fresh mass, dry mass of 
root and shoot and leaf area) parameters in both varieties in a 
treatment-dependent manner at 60 DAS (Figure 2). However, 
the maximum stimulation of most of the growth parameters is 
achieved by ZnO NPs followed by either PSB or AMF. However, 
the Alankar variety outperformed the treatment here. �e root 
dry mass of Alankar for ZnO NPs, PSB, and AMF was 88%, 
62%, and 86%, respectively, while for shoot dry mass it was 83%, 
72%, and 80%, compared to control plants. For the same 
treatments leaf area improvement of Alankar was 35%, 28%, 
and 34%, and for Rohini, it was 33%, 23%, and 28%, 
respectively. �e ratio of the shoot by root length showed 
di�erent responses for the treatments.

Total chlorophyll content in leaves
�e total chlorophyll content (Figure 3A) in leaves increased 
signi�cantly (p≤0.05) when the two varieties were foliar sprayed 
with ZnO NPs. Alankar registered a 28% increase, while Rohini 
re�ected a 19% increase. �e PSB and AMF treatments also 

signi�cantly (p≤0.05) increased the leaf chlorophyll contents by 
28% and 34% in Alankar and 10% and 16% in Rohini, 
respectively, compared to the control plants. No signi�cant (p≤
0.05) increase in leaf chlorophyll level was noticed against 
soil-mediated N, P, and Zn treatments in the two varieties of 
mustard. 

Proline content in leaves
A signi�cant (p≤0.05) increase in leaf proline content (Figure 
3B) was recorded against the leaf-sprayed ZnO NPs and the 
soil-mediated two biofertilizers (PSB and AMF/VAM) and 
nitrogen treatment in the Alankar and Rohini varieties of 
mustard plants. �e data indicated that proline accumulation 
was higher in Alankar than in Rohini against the given 
treatments. For the above treatments, the increase was 46%, 
39%, 42%, and 37%, respectively, for Alankar. For Rohini, the 
increase was lesser, and in the order of ZnO 
NPs>AMF>PSB>N, an insigni�cant increase of proline was 
registered for the treatments of soil-mediated Zn and P 
recorded compared to control plants in the two varieties.

Nitrate reductase (NR) and carbonic anhydrase (CA) 
activity
�e two mustard varieties; Alankar and Rohini, showed a 
signi�cant (p≤0.05) increase in NR and CA activity (Figure 3C 
and 3D) compared to most of the treatments. �e increase in 

the activity of these enzymes against all the treatments of 
chemicals and biofertilizers was higher in Rohini than in 
Alankar. For NR activity, ZnO NP was followed by Zn and N 
treatments in the two varieties, and for CA, it was followed by 
AMF/VAM and PSBs, respectively. For NR activity, the increase 
against ZnO NP treatment was 140% and 111% in Alankar. For 
the Zn and N treatments, however, the increase in NR activity 
was 99% and 72%, respectively, compared to the control plants. 
�e CA activity was 79% and 58% for the two varieties, Alankar 
and Rohini, respectively. 

Discussion
Our agricultural system depends on the supplementation of 
primary nutrients (such as N, P, and K) to maximize crop 
output and support modern agriculture [45]. Mineral ion 
uptake properties show variation among plant species and 
cultivars [46]. In mustard plants, the growing seeds and leaves 
compete for nitrogen, and the size of the nitrogen pool in the 
vegetative sections largely determines seed set, seed growth, and 

�nal seed production [47,48]. Nitrogen supply in�uences 
several growth parameters, produces more robust growth and 
development, and increases plant height, number of �owering 
branches, total plant weight, and leaf area, all of which 
cumulatively enhance the yield output [49,50]. Brassica growth 
and yield improved with the application of 100–130 kg/ha 
nitrogen, while yield also increased at the same rate with the 
application of phosphorus [51-54]. However, this demand is 
typically higher in arid and semiarid environments [55,56]. As 
stated above, phosphorus has a greater impact on yield than 
nitrogen and potassium. Phosphorus is a component of nucleic 
acids, cell signaling, and membrane phospholipids. It also plays 
a role in energy metabolism, cell division, and the formation of 
several coenzymes, including ATP, NAD(P)H, and GTP [57]. P 
de�ciency manifests as visible purplish pigmentation on leaves, 
young, stunted stems, early leaf shedding, and reduced seed 
output [58,59]. Single, double, and triple superphosphate (SSP, 
DSP, TSP), ammonium phosphate, dicalcium phosphate, basic 
slag, calcium meta-phosphate, rock phosphate, bone meal, etc., 
are the main sources of plant phosphorus [60]. �e application 
of chemical fertilizers also poses a serious threat to nitrogen and 
other chemical pollution in soil and water bodies, leading to 
eutrophication [61]. To avoid nitrogen pollution and 
eutrophication of nutrients in water bodies, the application of 
nanosized nutrients, such as nanofertilizers, nanobiochar, and 
essential element nanoparticles, through foliar spraying has 
become a trend in recent studies because it minimizes the loss 
of nutrients and allows them to be e�ciently absorbed by plant 
leaves due to their nano size, which saves the environment and 
expenses of farmers [18, 62].

 �e �ndings of the present study demonstrated that the use 
of ZnO NPs improved the growth of two varieties, including the 
root and shoot length, their ratio, fresh and dry weight, and leaf 
area (Figure 2). Signi�cant di�erences were seen in the foliar 
delivery of ZnO NPs compared to soil amendment of Zn, which 
may be a cost-e�ective method for providing nutrients to the 
plants. A�er nitrogen, phosphorus, and potassium, Zn is 
regarded as the nutrient that limits yield the most both globally 
and in Indian soils [63]. According to estimates, 36.5% of 
Indian soils lack Zn [64]. While it is normal practice in modern 
agriculture to add fertilizers to complement natural soil fertility, 
temperate and tropical soils frequently continue to be low in 
micronutrients, particularly Zn [4,65]. Two forms of Zn 
in�uenced mustard growth di�erently. In general, foliar 
treatments with 4 mM ZnO NPs brought signi�cant 
improvement in growth parameters compared to Zn, N, or P 
given through soil and control plants. �e growth promotion 
was even higher than that with biofertilizers, PSBs, and AM 
fungi. Zinc from ZnO NPs can accumulate in the leaves through 
foliar feeding, making these NPs potentially useful sources of 
Zn for plants to employ in metabolic processes [66,67]. 
According to a recent study by [68], the predominant channel 
for wheat and sun�ower (Helianthus annuus L.) to absorb ZnO 
NPs under experimental conditions was through the leaf 
cuticle. In addition, ZnO NPs are used as nanofertilizers, which 
may be a more e�ective and slow-releasing source of Zn than 
conventional fertilizers or other sources of Zn [66,69,70]. 
According to a study by [71], applying ZnO NPs to the soil at 
various concentrations increased the Zn content of wheat 
tissues under normal or water-stress conditions. A�erwards, 
Adrees et al. [72] demonstrated that foliar exposure to ZnO NPs 
enhanced wheat development through foliar application. �e 

larger weights of the plants may be a factor in the enhanced 
availability of Zn as NPs compared to Zn applied to the soil. �e 
mustard plants’ growth and antioxidant enzyme activities were 
improved when ZnO NPs were sprayed [73]. �e intensi�cation 
of the metabolism aided by Zn is what causes the rise in dry 
mass. Enzymes, including dehydrogenases, aldolases, 
isomerases, transphosphorylases, and RNA and DNA 
polymerases, all require zinc to function [74]. Moreover, it 
contributes to tryptophan production, cell division, membrane 
structure maintenance, and photosynthesis and functions as a 
regulatory cofactor in protein synthesis [3,9]. Several species 
have been the subject of ZnO NPs experiments, and the overall 
bene�cial interactions have been previously characterized 
[35,74-76]. An increase in the FW and DW of seedlings growing 
in the presence of ZnO NPs was observed in earlier studies [77]. 
Reduced growth and plant biomass, restriction of cell 
elongation and division, wilting, curling, and rolling of young 
leaves, chlorotic and necrotic leaf tips, and suppression of root 
growth are all signs of Zn toxicity [78,79]. According to the 
�ndings of Rossi et al. [80] on co�ee plants treated with ZnO 
NPs, the photosynthetic apparatus was enhanced. In the present 
study, positive interactions were found between ZnO NPs and 
the net carbon assimilation rate and stomatal conductance. 

 In the present study, the e�cacy of treatments followed the 
pattern of ZnO NPs>AMF>PSBs>N and increased the leaf 
chlorophyll level, proline content, NR, and CA activity (Figure 
3 A-D). Nitrogen is a key nutrient component that gives crops 
their lush green color by increasing the amount of chlorophyll 
in the leaves and boosts biomass by increasing carbon �xation. 
However, depending on factors such as soil type, climate, 
management practices, when nitrogen is applied, cultivars, etc., 
nitrogen fertilizer needs can vary greatly [81]. Zn is a cofactor of 
carbonic anhydrase, which raises the amount of CO2 in the 
chloroplast and, as a result, also increases the ability of the 
Rubisco enzyme to carboxylate [82]. Di�erent macro-and 
micronutrient uptake can be a�ected by zinc’s e�ects on 
absorption [83,84]. Zn typically causes severe Fe de�ciency 
chlorosis in dicots on acidic soils. Crops such as lettuce, 
mustard, and beet are particularly vulnerable to too much soil 
Zn [85]. Zn transport and uptake by leaves were also 
investigated. Typically, ZnO NPs enter the leaf system through 
wounds, hydathodes, cuticle penetration, and stomata [10]. 
�is is evident from the data, which reveal that ZnO NPs 
markedly increased Zn levels in the leaf, while ZnSO4 did not 
signi�cantly accumulate when compared to the control. It 
results from the e�ects of adding P and other minerals, as well 
as phytohormones secreted by PSBs and AM fungi in the root 
zone. Positive e�ects of ZnO NPs were also studied on the seed 
germination and vegetative growth in di�erent crops of Arachis 
hypogea [86], Vigna radiata [87,88], Cicer arietinum [89], 
Glycine max [90], Helianthus annuus [91], Lycopersicon 
esculentum [92], Sesamum indicum [93], Brassica nigra [94] and 
Brassica juncea [95]. PGPR, such as PSB, proves useful in 
enhancing crop productivity by making nutrients more 
bioavailable in the soil with chemical secretion in the 
rhizosphere [96]. Alone and combination of AM fungi with 
biocontrol fungi or nanoparticles also prove e�ective in 
increasing the crop productivity in plants by increasing the 
phosphorus and other nutrients available in the soil by releasing 
chemicals in the soil that change the pH and amount of 
available organic matter content in the soil [97-99]. 
Combinations of PGPR and AMF improved the crop 

productivity in various plants and also helped to manage 
growth under stress conditions [100-103]. Although the 
interaction of Glomus species with mustard plants is not 
common, recent studies clearly show that it helps the plants to 
increase their resistance against pathogens and increase crop 
productivity by regulating enzymatic activities in plants and 
increasing the amount of nutrients and organic matter in the 
soil [104-106]. 

Conclusions 
Foliar exposure to ZnO NPs may be thought of as both an 
e�cient and di�erent method to increase productivity 
compared to other treatments. Nanoparticles have microscopic 
size and large surface area, which help maximize their uptake 
and translocation as nutrients in plants via foliar spray. As a 
result, ZnO NPs had more favorable e�ects on plant growth, 
morphology, development, physiology, and metabolism than 
traditional Zn salt because nanoparticles induce the genes 
involved in nutrient assimilation pathways. It may also be 
crucial to research how ZnO NPs a�ect other nutrients 
necessary for plant health as well as the general ecology of the 
rhizosphere. When compared to chemical fertilizer applications 
of P or even N, biofertilizers such as AMF/VAM and PSBs are 
also preferable because their chemical activity solubilizes and 
increases the bioavailability of nutrients in the soil, ultimately 
enhancing the growth of the treated plants. Further research is 
required to grow di�erent crop species in the �eld under diverse 
agroclimatic circumstances to determine the cost-e�ectiveness 
and adaptability of foliar ZnO NP exposure.

 However, a future aspect of this research is to determine 
the growth and yield responses of crops upon exposure to the 
combination of nanoparticles and biofertilizers. 
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Mustard (Brassica juncea L.) is one of the important oilseed 
crops grown in the Rabi (winter) season and contributes to 25% 
of the oilseed economy of India [1,2]. �e use of chemical 
fertilizers in arable soil is a routine practice in modern 
agriculture to supplement the depleting nutrients from natural 
soil fertility, among them nitrogen, phosphorus, potassium 
(NPK) and zinc (Zn) are more common [3,4]. Mustard varieties 
also respond to chemical fertilizers, particularly N and P. �e 
recommended dose of chemical fertilizers is crop-speci�c; 
excess or less application may lead to suboptimal production of 
lethal e�ects. Increased population growth and demand for 
food supply required higher use of chemical fertilizers, a costly 
input [5]. Additionally, excess use of these fertilizers polluted all 
three spheres of the environment [6]. Potential substitutes, 
biofertilizers, including arbuscular mycorrhizal fungi (AMF) 
and phosphate-solubilizing bacteria (PSBs), are cost-e�ective, 
pollution-free, renewable, and safe for crops [7]. Arbuscular 
mycorrhizae supplement nitrate and phosphate ions along with 
other metal ions within the rhizosphere [8]. Phosphate 
solubilizing bacteria unlock the phosphate from the complex 
soil composites and solubilize them with the help of phytase 
enzyme, while AM fungi besides facilitating critical minerals 

modify host root architecture. �ese biofertilizers also secrete 
phytohormones in the host rhizosphere and protect them 
from soil borne pathogens [7,8]. Zinc plays a functional role in 
many physiological processes, in biochemical reactions, such 
as metalloenzymes [3,9], in the biosynthesis of proteins and 
chlorophyll, and in immune responses in animal systems [10]. 
Several metalloenzymes and biochemical reactions require Zn 
as a cofactor in cell metabolism [11]. Among the critical 
elements, nitrogen is an important part of the functional and 
structural part, i.e., proteins, secondary metabolites, 
coenzymes, and other molecules; phosphorus has a major role 
in nucleotide biosynthesis and energy transactions and 
signaling, while potassium regulates cell osmolarity and ion 
exchange [12]. Zinc de�ciency in crops is common and o�en 
represented as zinc hunger [13].

 In part, Zn hunger is prevalent due to the plant’s ine�cacy 
of absorbing and translocating it [14] or soil de�ciency [13]; 
thus, Zn fertilization improves the production and quality of 
produce in several crop plants. �erefore, to mitigate issues 
such as the limited availability of soil nutrients, high rates of 
loss of soil-applied fertilizers, and constraints on nutrient 
delivery to plant organs due to environmental conditions 

during critical growth stages. Foliar fertilization for sustainable 
crop management has recently been well-addressed [15]. 
Fertilization through foliar spray has been proven to alleviate 
micronutrient de�ciencies, reduce toxicity, and avoid 
fertilizer-related pollution [16-19]. Zn-induced phytotoxicity 
can directly reduce photosynthesis [20] or can create nutritional 
imbalance by interacting with other nutrients [21].

 To unleash the full potential of plant performance, 
nanoparticle fertilizer represents a new and e�ective technique 
of nutrient delivery. �is is crucial for creating more sustainable 
crop systems globally [22,23]. Nanoparticles are de�ned as 
particles with a size of less than 100 nm in at least one 
dimension [24]. Improvements in seed germination, seedling 
growth, biomass, total nitrogen content, protein and sugar 
contents, photosynthetic e�ciency, and nutrient uptake are all 
documented as positive impacts of nanoparticles (NPs) on plant 
growth in crops such as cucumber, mung, spinach, wheat, and 
tomato [25-29]. Research shows that NPs can enter plant tissues 
and then move inside a plant’s body systemically [30-32]. 
Among the di�erent NPs used, ZnO NPs are currently the 
fourth most widely used in the world [33]. Due to their unique 
characteristics compared to conventional Zn fertilizers, ZnO 
NPs can also serve as cutting-edge Zn fertilizers. Uncertainty 
exists regarding the process through which ZnO NPs enter 
plants. Studies have demonstrated that foliar ZnO NP and 
ZnSO4 spraying on wheat increased the Zn content in grains 
while leaving no traces of ZnO NP in them [29]. With slower 
delivery of micronutrients and a reduced risk of soil pollution 
and other environmental hazards compared to applying 
chemical fertilizers directly to the soil, nanoscale fertilization 
may be able to prevent the symptoms of phytotoxicity in plants 
[34]. In addition, nanoscale fertilizer application requires a 
lesser amount of fertilizer than conventional ones used through 
soil [35]. Even in stressed regimes, the use of nanofertilizers has 
been proven to have positive impacts on plant growth compared 
to normal  conditions [32,35-40]. However, whether it is a nano 
application, these e�ects depend on concentration.

 �e present research work is based on the hypothesis that 
foliar spraying of ZnO NPs or application of biofertilizers such 
as VAM or AMF and PSBs are more e�cient and promote plant 
growth better than generally used chemical fertilizer 
supplementation like nitrogen (N), phosphorus (P) and 
supplementation with zinc (Zn).

 �erefore, the present study aimed to compare the impacts 
of various soil-applied chemical fertilizers, such as N, P, Zn, 
foliar spray of ZnO NPs, and soil-applied bio-fertilizers such as 
phosphate solubilizing bacteria (PSBs) and arbuscular 
mycorrhizal fungi (AMF), on the growth and biochemical 
responses of mustard cultivars.

Materials and Methods
Experimental site and design
�e present experiment was performed in the Botany 
Department of Tilakdhari College, Jaunpur, state Uttar Pradesh 
(25° 73’ N latitude, 82°68’ E longitude at an elevation of 96 m 
above mean sea level). �e 25 × 25 cm earthen pots were �lled 
with 3 kg of �eld soil with the properties given in Table 1. �e 
recommended dose of fertilizers was mixed with the soil 
present in the pot. �e experiment was conducted under 
ambient environmental conditions in September-February 
2020.

 Pots were placed in a randomized completely block design 
(RCBD) where the experiment consisted of two factors and �ve 
replicates (2×7×5). �rst factor is two varieties of Brassica juncea 
(L.). �e second factor included seven levels of fertilizer 
treatments (control, ZnO NPs, Zn, N, P, PSB, and AMF) and �ve 
replicates for each treatment randomly distributed in block 
(RBD). �e total experimental units were 70(2×7×5=70).

Materials and experimental treatment plan
�e authentic seeds of Brassica juncea (L.) Czern and Coss cv. 
Alankar and Rohini were selected based on previous 
experiments and were procured from the National Seed 
Corporation Ltd., New Delhi, India. �e cultural strains of 
biofertilizers (Glomus intraradices) inoculum and PSB 
Pseudomonas aeruginosa) were procured from the Agriculture 
Department Seed Distribution Unit, District Agriculture O�ce, 
Quarsi Road, Aligarh. �e nanoparticles (ZnO-NPs) were 
purchased from Sigma-Aldrich Chemicals Pvt. Ltd. India. 100 
mM stock solution of ZnO-NPs was prepared by dissolving its 
required amount in 10 ml DDW in a 100 ml volumetric �ask, 
and making up total volume 100 ml by adding DDW. �e 
working concentrations of NPs were prepared by diluting this 
stock solution of ZnO-NPs as per requirement.

 Healthy, uniform-sized seeds were surface sterilized with a 
0.01% solution of mercuric chloride for 5 min to disinfect from 
surface pathogens and then washed repeatedly with double 
distilled water (DDW). To check the percent germination of 
seeds, a germination test was also conducted. Seeds of two 
mustard varieties, Alankar and Rohini, were sown in pot soils. 
�e soil analysis was conducted before the experiment 
presented in Table 1. Eight seeds per pot were sown and then 
thinned to three plants per pot one week a�er germination, 
selecting robust growing similar plants. 

 Among the six treatments (excluding control) of plants, 
three sets were maintained for the two mustard varieties. Five 
pots for each treatment were maintained as replicates (n=5). 
Mustard plants were irrigated with tap water as needed (Figure 1).
1. �e �rst set of plants was foliar sprayed with ZnO NPs (4 

millimoles aqueous solution).
2. For the next two di�erent sets, AM fungus and PSB were 

applied. Fi�y grams of Rhode grass cultured AM fungus; 
Glomus intraradices inoculum, was added to the soil around 
the seed to provide 500 IP (infective propagules) per pot. As 
a PSB, a suspension culture of Pseudomonas aeruginosa was 
used for the treatment of seeds. One milliliter of nutrient 
broth (Mannitol 10g, Yeast extract 1.0g, K2HPO4 0.5g, 

MgSO4.7H2O 0.2g, NaCl 0.1g per liter of DDW) suspension 
contained approximately 1.5×109 cfu per ml of media. Seeds 
were coated with this suspension culture and dried in a cool 
shady place before sowing. 

3. For three di�erent sets, N, P, and Zn were amended in the 
pot soil as per recommended doses of 120, 60, and 25 kg/ha 
taking urea, single superphosphate, and ZnSO4 as fertilizers. 
�e fertilizer requirement per kg pot soil was calculated* as 
72, 104, and 19 mg, respectively.

Methodology
At 60 days a�er sowing (DAS), the plants were sampled to study 
the following growth features.

Growth analysis
�e root and shoot lengths of the two varieties were measured 
using a meter scale. �e ratio of the shoot by root length was 
calculated by dividing the lengths of the two. �e fresh and dry 
mass of roots and shoots was measured with an electronic 
balance. To analyze the dry mass, the uprooted plants (roots and 
shoots) were placed in an oven at 80°C for 72 h and wrapped in 
butter paper. �e dried plants were then weighed to record plant 
dry mass. �e leaf area of randomly selected leaves from each 
variety was determined by the graph paper method of Pandey 
and Singh [41].

Total chlorophyll and proline content in leaves
�e leaf ’s total chlorophyll content was estimated in �nely cut 
fresh leaves following the method of Mackinney [42]. �e leaf 
proline content in fresh tissue was determined by following the 
method of Bates et al. [43].

Activity of Carbonic anhydrase (CA) and Nitrate 
reductase (NR) enzyme
Carbonic anhydrase activity (CA, E.C. 4.2.1.1) and nitrate 
reductase activity (NR, E.C. 1.6.6.1) were determined by 
following Dwivedi and Randhawa [13] and Jaworski [44] in 
fresh leaf samples.

Statistical analysis
�e experiment was conducted according to a simple 
randomized block design (SRBD). Each treatment was 
replicated �ve times (n=5), and three plants per pot were 
maintained where each pot was considered a replicate. 
Treatment means were compared by analysis of variance using 
R ver. 3.1.0 for Windows. �e least signi�cant di�erence (LSD) 
between treatment means was calculated at a 5% probability 
level (p< 0.05). 

Results
Growth parameters
Most of the (bio)fertilizer treatments (ZnO NPs, Zn, N, P, PSBs 
or AMF) promoted the growth (length, fresh mass, dry mass of 
root and shoot and leaf area) parameters in both varieties in a 
treatment-dependent manner at 60 DAS (Figure 2). However, 
the maximum stimulation of most of the growth parameters is 
achieved by ZnO NPs followed by either PSB or AMF. However, 
the Alankar variety outperformed the treatment here. �e root 
dry mass of Alankar for ZnO NPs, PSB, and AMF was 88%, 
62%, and 86%, respectively, while for shoot dry mass it was 83%, 
72%, and 80%, compared to control plants. For the same 
treatments leaf area improvement of Alankar was 35%, 28%, 
and 34%, and for Rohini, it was 33%, 23%, and 28%, 
respectively. �e ratio of the shoot by root length showed 
di�erent responses for the treatments.

Total chlorophyll content in leaves
�e total chlorophyll content (Figure 3A) in leaves increased 
signi�cantly (p≤0.05) when the two varieties were foliar sprayed 
with ZnO NPs. Alankar registered a 28% increase, while Rohini 
re�ected a 19% increase. �e PSB and AMF treatments also 

signi�cantly (p≤0.05) increased the leaf chlorophyll contents by 
28% and 34% in Alankar and 10% and 16% in Rohini, 
respectively, compared to the control plants. No signi�cant (p≤
0.05) increase in leaf chlorophyll level was noticed against 
soil-mediated N, P, and Zn treatments in the two varieties of 
mustard. 

Proline content in leaves
A signi�cant (p≤0.05) increase in leaf proline content (Figure 
3B) was recorded against the leaf-sprayed ZnO NPs and the 
soil-mediated two biofertilizers (PSB and AMF/VAM) and 
nitrogen treatment in the Alankar and Rohini varieties of 
mustard plants. �e data indicated that proline accumulation 
was higher in Alankar than in Rohini against the given 
treatments. For the above treatments, the increase was 46%, 
39%, 42%, and 37%, respectively, for Alankar. For Rohini, the 
increase was lesser, and in the order of ZnO 
NPs>AMF>PSB>N, an insigni�cant increase of proline was 
registered for the treatments of soil-mediated Zn and P 
recorded compared to control plants in the two varieties.

Nitrate reductase (NR) and carbonic anhydrase (CA) 
activity
�e two mustard varieties; Alankar and Rohini, showed a 
signi�cant (p≤0.05) increase in NR and CA activity (Figure 3C 
and 3D) compared to most of the treatments. �e increase in 

the activity of these enzymes against all the treatments of 
chemicals and biofertilizers was higher in Rohini than in 
Alankar. For NR activity, ZnO NP was followed by Zn and N 
treatments in the two varieties, and for CA, it was followed by 
AMF/VAM and PSBs, respectively. For NR activity, the increase 
against ZnO NP treatment was 140% and 111% in Alankar. For 
the Zn and N treatments, however, the increase in NR activity 
was 99% and 72%, respectively, compared to the control plants. 
�e CA activity was 79% and 58% for the two varieties, Alankar 
and Rohini, respectively. 

Discussion
Our agricultural system depends on the supplementation of 
primary nutrients (such as N, P, and K) to maximize crop 
output and support modern agriculture [45]. Mineral ion 
uptake properties show variation among plant species and 
cultivars [46]. In mustard plants, the growing seeds and leaves 
compete for nitrogen, and the size of the nitrogen pool in the 
vegetative sections largely determines seed set, seed growth, and 

�nal seed production [47,48]. Nitrogen supply in�uences 
several growth parameters, produces more robust growth and 
development, and increases plant height, number of �owering 
branches, total plant weight, and leaf area, all of which 
cumulatively enhance the yield output [49,50]. Brassica growth 
and yield improved with the application of 100–130 kg/ha 
nitrogen, while yield also increased at the same rate with the 
application of phosphorus [51-54]. However, this demand is 
typically higher in arid and semiarid environments [55,56]. As 
stated above, phosphorus has a greater impact on yield than 
nitrogen and potassium. Phosphorus is a component of nucleic 
acids, cell signaling, and membrane phospholipids. It also plays 
a role in energy metabolism, cell division, and the formation of 
several coenzymes, including ATP, NAD(P)H, and GTP [57]. P 
de�ciency manifests as visible purplish pigmentation on leaves, 
young, stunted stems, early leaf shedding, and reduced seed 
output [58,59]. Single, double, and triple superphosphate (SSP, 
DSP, TSP), ammonium phosphate, dicalcium phosphate, basic 
slag, calcium meta-phosphate, rock phosphate, bone meal, etc., 
are the main sources of plant phosphorus [60]. �e application 
of chemical fertilizers also poses a serious threat to nitrogen and 
other chemical pollution in soil and water bodies, leading to 
eutrophication [61]. To avoid nitrogen pollution and 
eutrophication of nutrients in water bodies, the application of 
nanosized nutrients, such as nanofertilizers, nanobiochar, and 
essential element nanoparticles, through foliar spraying has 
become a trend in recent studies because it minimizes the loss 
of nutrients and allows them to be e�ciently absorbed by plant 
leaves due to their nano size, which saves the environment and 
expenses of farmers [18, 62].

 �e �ndings of the present study demonstrated that the use 
of ZnO NPs improved the growth of two varieties, including the 
root and shoot length, their ratio, fresh and dry weight, and leaf 
area (Figure 2). Signi�cant di�erences were seen in the foliar 
delivery of ZnO NPs compared to soil amendment of Zn, which 
may be a cost-e�ective method for providing nutrients to the 
plants. A�er nitrogen, phosphorus, and potassium, Zn is 
regarded as the nutrient that limits yield the most both globally 
and in Indian soils [63]. According to estimates, 36.5% of 
Indian soils lack Zn [64]. While it is normal practice in modern 
agriculture to add fertilizers to complement natural soil fertility, 
temperate and tropical soils frequently continue to be low in 
micronutrients, particularly Zn [4,65]. Two forms of Zn 
in�uenced mustard growth di�erently. In general, foliar 
treatments with 4 mM ZnO NPs brought signi�cant 
improvement in growth parameters compared to Zn, N, or P 
given through soil and control plants. �e growth promotion 
was even higher than that with biofertilizers, PSBs, and AM 
fungi. Zinc from ZnO NPs can accumulate in the leaves through 
foliar feeding, making these NPs potentially useful sources of 
Zn for plants to employ in metabolic processes [66,67]. 
According to a recent study by [68], the predominant channel 
for wheat and sun�ower (Helianthus annuus L.) to absorb ZnO 
NPs under experimental conditions was through the leaf 
cuticle. In addition, ZnO NPs are used as nanofertilizers, which 
may be a more e�ective and slow-releasing source of Zn than 
conventional fertilizers or other sources of Zn [66,69,70]. 
According to a study by [71], applying ZnO NPs to the soil at 
various concentrations increased the Zn content of wheat 
tissues under normal or water-stress conditions. A�erwards, 
Adrees et al. [72] demonstrated that foliar exposure to ZnO NPs 
enhanced wheat development through foliar application. �e 

larger weights of the plants may be a factor in the enhanced 
availability of Zn as NPs compared to Zn applied to the soil. �e 
mustard plants’ growth and antioxidant enzyme activities were 
improved when ZnO NPs were sprayed [73]. �e intensi�cation 
of the metabolism aided by Zn is what causes the rise in dry 
mass. Enzymes, including dehydrogenases, aldolases, 
isomerases, transphosphorylases, and RNA and DNA 
polymerases, all require zinc to function [74]. Moreover, it 
contributes to tryptophan production, cell division, membrane 
structure maintenance, and photosynthesis and functions as a 
regulatory cofactor in protein synthesis [3,9]. Several species 
have been the subject of ZnO NPs experiments, and the overall 
bene�cial interactions have been previously characterized 
[35,74-76]. An increase in the FW and DW of seedlings growing 
in the presence of ZnO NPs was observed in earlier studies [77]. 
Reduced growth and plant biomass, restriction of cell 
elongation and division, wilting, curling, and rolling of young 
leaves, chlorotic and necrotic leaf tips, and suppression of root 
growth are all signs of Zn toxicity [78,79]. According to the 
�ndings of Rossi et al. [80] on co�ee plants treated with ZnO 
NPs, the photosynthetic apparatus was enhanced. In the present 
study, positive interactions were found between ZnO NPs and 
the net carbon assimilation rate and stomatal conductance. 

 In the present study, the e�cacy of treatments followed the 
pattern of ZnO NPs>AMF>PSBs>N and increased the leaf 
chlorophyll level, proline content, NR, and CA activity (Figure 
3 A-D). Nitrogen is a key nutrient component that gives crops 
their lush green color by increasing the amount of chlorophyll 
in the leaves and boosts biomass by increasing carbon �xation. 
However, depending on factors such as soil type, climate, 
management practices, when nitrogen is applied, cultivars, etc., 
nitrogen fertilizer needs can vary greatly [81]. Zn is a cofactor of 
carbonic anhydrase, which raises the amount of CO2 in the 
chloroplast and, as a result, also increases the ability of the 
Rubisco enzyme to carboxylate [82]. Di�erent macro-and 
micronutrient uptake can be a�ected by zinc’s e�ects on 
absorption [83,84]. Zn typically causes severe Fe de�ciency 
chlorosis in dicots on acidic soils. Crops such as lettuce, 
mustard, and beet are particularly vulnerable to too much soil 
Zn [85]. Zn transport and uptake by leaves were also 
investigated. Typically, ZnO NPs enter the leaf system through 
wounds, hydathodes, cuticle penetration, and stomata [10]. 
�is is evident from the data, which reveal that ZnO NPs 
markedly increased Zn levels in the leaf, while ZnSO4 did not 
signi�cantly accumulate when compared to the control. It 
results from the e�ects of adding P and other minerals, as well 
as phytohormones secreted by PSBs and AM fungi in the root 
zone. Positive e�ects of ZnO NPs were also studied on the seed 
germination and vegetative growth in di�erent crops of Arachis 
hypogea [86], Vigna radiata [87,88], Cicer arietinum [89], 
Glycine max [90], Helianthus annuus [91], Lycopersicon 
esculentum [92], Sesamum indicum [93], Brassica nigra [94] and 
Brassica juncea [95]. PGPR, such as PSB, proves useful in 
enhancing crop productivity by making nutrients more 
bioavailable in the soil with chemical secretion in the 
rhizosphere [96]. Alone and combination of AM fungi with 
biocontrol fungi or nanoparticles also prove e�ective in 
increasing the crop productivity in plants by increasing the 
phosphorus and other nutrients available in the soil by releasing 
chemicals in the soil that change the pH and amount of 
available organic matter content in the soil [97-99]. 
Combinations of PGPR and AMF improved the crop 

productivity in various plants and also helped to manage 
growth under stress conditions [100-103]. Although the 
interaction of Glomus species with mustard plants is not 
common, recent studies clearly show that it helps the plants to 
increase their resistance against pathogens and increase crop 
productivity by regulating enzymatic activities in plants and 
increasing the amount of nutrients and organic matter in the 
soil [104-106]. 

Conclusions 
Foliar exposure to ZnO NPs may be thought of as both an 
e�cient and di�erent method to increase productivity 
compared to other treatments. Nanoparticles have microscopic 
size and large surface area, which help maximize their uptake 
and translocation as nutrients in plants via foliar spray. As a 
result, ZnO NPs had more favorable e�ects on plant growth, 
morphology, development, physiology, and metabolism than 
traditional Zn salt because nanoparticles induce the genes 
involved in nutrient assimilation pathways. It may also be 
crucial to research how ZnO NPs a�ect other nutrients 
necessary for plant health as well as the general ecology of the 
rhizosphere. When compared to chemical fertilizer applications 
of P or even N, biofertilizers such as AMF/VAM and PSBs are 
also preferable because their chemical activity solubilizes and 
increases the bioavailability of nutrients in the soil, ultimately 
enhancing the growth of the treated plants. Further research is 
required to grow di�erent crop species in the �eld under diverse 
agroclimatic circumstances to determine the cost-e�ectiveness 
and adaptability of foliar ZnO NP exposure.

 However, a future aspect of this research is to determine 
the growth and yield responses of crops upon exposure to the 
combination of nanoparticles and biofertilizers. 
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Mustard (Brassica juncea L.) is one of the important oilseed 
crops grown in the Rabi (winter) season and contributes to 25% 
of the oilseed economy of India [1,2]. �e use of chemical 
fertilizers in arable soil is a routine practice in modern 
agriculture to supplement the depleting nutrients from natural 
soil fertility, among them nitrogen, phosphorus, potassium 
(NPK) and zinc (Zn) are more common [3,4]. Mustard varieties 
also respond to chemical fertilizers, particularly N and P. �e 
recommended dose of chemical fertilizers is crop-speci�c; 
excess or less application may lead to suboptimal production of 
lethal e�ects. Increased population growth and demand for 
food supply required higher use of chemical fertilizers, a costly 
input [5]. Additionally, excess use of these fertilizers polluted all 
three spheres of the environment [6]. Potential substitutes, 
biofertilizers, including arbuscular mycorrhizal fungi (AMF) 
and phosphate-solubilizing bacteria (PSBs), are cost-e�ective, 
pollution-free, renewable, and safe for crops [7]. Arbuscular 
mycorrhizae supplement nitrate and phosphate ions along with 
other metal ions within the rhizosphere [8]. Phosphate 
solubilizing bacteria unlock the phosphate from the complex 
soil composites and solubilize them with the help of phytase 
enzyme, while AM fungi besides facilitating critical minerals 

modify host root architecture. �ese biofertilizers also secrete 
phytohormones in the host rhizosphere and protect them 
from soil borne pathogens [7,8]. Zinc plays a functional role in 
many physiological processes, in biochemical reactions, such 
as metalloenzymes [3,9], in the biosynthesis of proteins and 
chlorophyll, and in immune responses in animal systems [10]. 
Several metalloenzymes and biochemical reactions require Zn 
as a cofactor in cell metabolism [11]. Among the critical 
elements, nitrogen is an important part of the functional and 
structural part, i.e., proteins, secondary metabolites, 
coenzymes, and other molecules; phosphorus has a major role 
in nucleotide biosynthesis and energy transactions and 
signaling, while potassium regulates cell osmolarity and ion 
exchange [12]. Zinc de�ciency in crops is common and o�en 
represented as zinc hunger [13].

 In part, Zn hunger is prevalent due to the plant’s ine�cacy 
of absorbing and translocating it [14] or soil de�ciency [13]; 
thus, Zn fertilization improves the production and quality of 
produce in several crop plants. �erefore, to mitigate issues 
such as the limited availability of soil nutrients, high rates of 
loss of soil-applied fertilizers, and constraints on nutrient 
delivery to plant organs due to environmental conditions 

during critical growth stages. Foliar fertilization for sustainable 
crop management has recently been well-addressed [15]. 
Fertilization through foliar spray has been proven to alleviate 
micronutrient de�ciencies, reduce toxicity, and avoid 
fertilizer-related pollution [16-19]. Zn-induced phytotoxicity 
can directly reduce photosynthesis [20] or can create nutritional 
imbalance by interacting with other nutrients [21].

 To unleash the full potential of plant performance, 
nanoparticle fertilizer represents a new and e�ective technique 
of nutrient delivery. �is is crucial for creating more sustainable 
crop systems globally [22,23]. Nanoparticles are de�ned as 
particles with a size of less than 100 nm in at least one 
dimension [24]. Improvements in seed germination, seedling 
growth, biomass, total nitrogen content, protein and sugar 
contents, photosynthetic e�ciency, and nutrient uptake are all 
documented as positive impacts of nanoparticles (NPs) on plant 
growth in crops such as cucumber, mung, spinach, wheat, and 
tomato [25-29]. Research shows that NPs can enter plant tissues 
and then move inside a plant’s body systemically [30-32]. 
Among the di�erent NPs used, ZnO NPs are currently the 
fourth most widely used in the world [33]. Due to their unique 
characteristics compared to conventional Zn fertilizers, ZnO 
NPs can also serve as cutting-edge Zn fertilizers. Uncertainty 
exists regarding the process through which ZnO NPs enter 
plants. Studies have demonstrated that foliar ZnO NP and 
ZnSO4 spraying on wheat increased the Zn content in grains 
while leaving no traces of ZnO NP in them [29]. With slower 
delivery of micronutrients and a reduced risk of soil pollution 
and other environmental hazards compared to applying 
chemical fertilizers directly to the soil, nanoscale fertilization 
may be able to prevent the symptoms of phytotoxicity in plants 
[34]. In addition, nanoscale fertilizer application requires a 
lesser amount of fertilizer than conventional ones used through 
soil [35]. Even in stressed regimes, the use of nanofertilizers has 
been proven to have positive impacts on plant growth compared 
to normal  conditions [32,35-40]. However, whether it is a nano 
application, these e�ects depend on concentration.

 �e present research work is based on the hypothesis that 
foliar spraying of ZnO NPs or application of biofertilizers such 
as VAM or AMF and PSBs are more e�cient and promote plant 
growth better than generally used chemical fertilizer 
supplementation like nitrogen (N), phosphorus (P) and 
supplementation with zinc (Zn).

 �erefore, the present study aimed to compare the impacts 
of various soil-applied chemical fertilizers, such as N, P, Zn, 
foliar spray of ZnO NPs, and soil-applied bio-fertilizers such as 
phosphate solubilizing bacteria (PSBs) and arbuscular 
mycorrhizal fungi (AMF), on the growth and biochemical 
responses of mustard cultivars.

Materials and Methods
Experimental site and design
�e present experiment was performed in the Botany 
Department of Tilakdhari College, Jaunpur, state Uttar Pradesh 
(25° 73’ N latitude, 82°68’ E longitude at an elevation of 96 m 
above mean sea level). �e 25 × 25 cm earthen pots were �lled 
with 3 kg of �eld soil with the properties given in Table 1. �e 
recommended dose of fertilizers was mixed with the soil 
present in the pot. �e experiment was conducted under 
ambient environmental conditions in September-February 
2020.

 Pots were placed in a randomized completely block design 
(RCBD) where the experiment consisted of two factors and �ve 
replicates (2×7×5). �rst factor is two varieties of Brassica juncea 
(L.). �e second factor included seven levels of fertilizer 
treatments (control, ZnO NPs, Zn, N, P, PSB, and AMF) and �ve 
replicates for each treatment randomly distributed in block 
(RBD). �e total experimental units were 70(2×7×5=70).

Materials and experimental treatment plan
�e authentic seeds of Brassica juncea (L.) Czern and Coss cv. 
Alankar and Rohini were selected based on previous 
experiments and were procured from the National Seed 
Corporation Ltd., New Delhi, India. �e cultural strains of 
biofertilizers (Glomus intraradices) inoculum and PSB 
Pseudomonas aeruginosa) were procured from the Agriculture 
Department Seed Distribution Unit, District Agriculture O�ce, 
Quarsi Road, Aligarh. �e nanoparticles (ZnO-NPs) were 
purchased from Sigma-Aldrich Chemicals Pvt. Ltd. India. 100 
mM stock solution of ZnO-NPs was prepared by dissolving its 
required amount in 10 ml DDW in a 100 ml volumetric �ask, 
and making up total volume 100 ml by adding DDW. �e 
working concentrations of NPs were prepared by diluting this 
stock solution of ZnO-NPs as per requirement.

 Healthy, uniform-sized seeds were surface sterilized with a 
0.01% solution of mercuric chloride for 5 min to disinfect from 
surface pathogens and then washed repeatedly with double 
distilled water (DDW). To check the percent germination of 
seeds, a germination test was also conducted. Seeds of two 
mustard varieties, Alankar and Rohini, were sown in pot soils. 
�e soil analysis was conducted before the experiment 
presented in Table 1. Eight seeds per pot were sown and then 
thinned to three plants per pot one week a�er germination, 
selecting robust growing similar plants. 

 Among the six treatments (excluding control) of plants, 
three sets were maintained for the two mustard varieties. Five 
pots for each treatment were maintained as replicates (n=5). 
Mustard plants were irrigated with tap water as needed (Figure 1).
1. �e �rst set of plants was foliar sprayed with ZnO NPs (4 

millimoles aqueous solution).
2. For the next two di�erent sets, AM fungus and PSB were 

applied. Fi�y grams of Rhode grass cultured AM fungus; 
Glomus intraradices inoculum, was added to the soil around 
the seed to provide 500 IP (infective propagules) per pot. As 
a PSB, a suspension culture of Pseudomonas aeruginosa was 
used for the treatment of seeds. One milliliter of nutrient 
broth (Mannitol 10g, Yeast extract 1.0g, K2HPO4 0.5g, 

MgSO4.7H2O 0.2g, NaCl 0.1g per liter of DDW) suspension 
contained approximately 1.5×109 cfu per ml of media. Seeds 
were coated with this suspension culture and dried in a cool 
shady place before sowing. 

3. For three di�erent sets, N, P, and Zn were amended in the 
pot soil as per recommended doses of 120, 60, and 25 kg/ha 
taking urea, single superphosphate, and ZnSO4 as fertilizers. 
�e fertilizer requirement per kg pot soil was calculated* as 
72, 104, and 19 mg, respectively.

Methodology
At 60 days a�er sowing (DAS), the plants were sampled to study 
the following growth features.

Growth analysis
�e root and shoot lengths of the two varieties were measured 
using a meter scale. �e ratio of the shoot by root length was 
calculated by dividing the lengths of the two. �e fresh and dry 
mass of roots and shoots was measured with an electronic 
balance. To analyze the dry mass, the uprooted plants (roots and 
shoots) were placed in an oven at 80°C for 72 h and wrapped in 
butter paper. �e dried plants were then weighed to record plant 
dry mass. �e leaf area of randomly selected leaves from each 
variety was determined by the graph paper method of Pandey 
and Singh [41].

Total chlorophyll and proline content in leaves
�e leaf ’s total chlorophyll content was estimated in �nely cut 
fresh leaves following the method of Mackinney [42]. �e leaf 
proline content in fresh tissue was determined by following the 
method of Bates et al. [43].

Activity of Carbonic anhydrase (CA) and Nitrate 
reductase (NR) enzyme
Carbonic anhydrase activity (CA, E.C. 4.2.1.1) and nitrate 
reductase activity (NR, E.C. 1.6.6.1) were determined by 
following Dwivedi and Randhawa [13] and Jaworski [44] in 
fresh leaf samples.

Statistical analysis
�e experiment was conducted according to a simple 
randomized block design (SRBD). Each treatment was 
replicated �ve times (n=5), and three plants per pot were 
maintained where each pot was considered a replicate. 
Treatment means were compared by analysis of variance using 
R ver. 3.1.0 for Windows. �e least signi�cant di�erence (LSD) 
between treatment means was calculated at a 5% probability 
level (p< 0.05). 

Results
Growth parameters
Most of the (bio)fertilizer treatments (ZnO NPs, Zn, N, P, PSBs 
or AMF) promoted the growth (length, fresh mass, dry mass of 
root and shoot and leaf area) parameters in both varieties in a 
treatment-dependent manner at 60 DAS (Figure 2). However, 
the maximum stimulation of most of the growth parameters is 
achieved by ZnO NPs followed by either PSB or AMF. However, 
the Alankar variety outperformed the treatment here. �e root 
dry mass of Alankar for ZnO NPs, PSB, and AMF was 88%, 
62%, and 86%, respectively, while for shoot dry mass it was 83%, 
72%, and 80%, compared to control plants. For the same 
treatments leaf area improvement of Alankar was 35%, 28%, 
and 34%, and for Rohini, it was 33%, 23%, and 28%, 
respectively. �e ratio of the shoot by root length showed 
di�erent responses for the treatments.

Total chlorophyll content in leaves
�e total chlorophyll content (Figure 3A) in leaves increased 
signi�cantly (p≤0.05) when the two varieties were foliar sprayed 
with ZnO NPs. Alankar registered a 28% increase, while Rohini 
re�ected a 19% increase. �e PSB and AMF treatments also 

signi�cantly (p≤0.05) increased the leaf chlorophyll contents by 
28% and 34% in Alankar and 10% and 16% in Rohini, 
respectively, compared to the control plants. No signi�cant (p≤
0.05) increase in leaf chlorophyll level was noticed against 
soil-mediated N, P, and Zn treatments in the two varieties of 
mustard. 

Proline content in leaves
A signi�cant (p≤0.05) increase in leaf proline content (Figure 
3B) was recorded against the leaf-sprayed ZnO NPs and the 
soil-mediated two biofertilizers (PSB and AMF/VAM) and 
nitrogen treatment in the Alankar and Rohini varieties of 
mustard plants. �e data indicated that proline accumulation 
was higher in Alankar than in Rohini against the given 
treatments. For the above treatments, the increase was 46%, 
39%, 42%, and 37%, respectively, for Alankar. For Rohini, the 
increase was lesser, and in the order of ZnO 
NPs>AMF>PSB>N, an insigni�cant increase of proline was 
registered for the treatments of soil-mediated Zn and P 
recorded compared to control plants in the two varieties.

Nitrate reductase (NR) and carbonic anhydrase (CA) 
activity
�e two mustard varieties; Alankar and Rohini, showed a 
signi�cant (p≤0.05) increase in NR and CA activity (Figure 3C 
and 3D) compared to most of the treatments. �e increase in 

the activity of these enzymes against all the treatments of 
chemicals and biofertilizers was higher in Rohini than in 
Alankar. For NR activity, ZnO NP was followed by Zn and N 
treatments in the two varieties, and for CA, it was followed by 
AMF/VAM and PSBs, respectively. For NR activity, the increase 
against ZnO NP treatment was 140% and 111% in Alankar. For 
the Zn and N treatments, however, the increase in NR activity 
was 99% and 72%, respectively, compared to the control plants. 
�e CA activity was 79% and 58% for the two varieties, Alankar 
and Rohini, respectively. 

Discussion
Our agricultural system depends on the supplementation of 
primary nutrients (such as N, P, and K) to maximize crop 
output and support modern agriculture [45]. Mineral ion 
uptake properties show variation among plant species and 
cultivars [46]. In mustard plants, the growing seeds and leaves 
compete for nitrogen, and the size of the nitrogen pool in the 
vegetative sections largely determines seed set, seed growth, and 

�nal seed production [47,48]. Nitrogen supply in�uences 
several growth parameters, produces more robust growth and 
development, and increases plant height, number of �owering 
branches, total plant weight, and leaf area, all of which 
cumulatively enhance the yield output [49,50]. Brassica growth 
and yield improved with the application of 100–130 kg/ha 
nitrogen, while yield also increased at the same rate with the 
application of phosphorus [51-54]. However, this demand is 
typically higher in arid and semiarid environments [55,56]. As 
stated above, phosphorus has a greater impact on yield than 
nitrogen and potassium. Phosphorus is a component of nucleic 
acids, cell signaling, and membrane phospholipids. It also plays 
a role in energy metabolism, cell division, and the formation of 
several coenzymes, including ATP, NAD(P)H, and GTP [57]. P 
de�ciency manifests as visible purplish pigmentation on leaves, 
young, stunted stems, early leaf shedding, and reduced seed 
output [58,59]. Single, double, and triple superphosphate (SSP, 
DSP, TSP), ammonium phosphate, dicalcium phosphate, basic 
slag, calcium meta-phosphate, rock phosphate, bone meal, etc., 
are the main sources of plant phosphorus [60]. �e application 
of chemical fertilizers also poses a serious threat to nitrogen and 
other chemical pollution in soil and water bodies, leading to 
eutrophication [61]. To avoid nitrogen pollution and 
eutrophication of nutrients in water bodies, the application of 
nanosized nutrients, such as nanofertilizers, nanobiochar, and 
essential element nanoparticles, through foliar spraying has 
become a trend in recent studies because it minimizes the loss 
of nutrients and allows them to be e�ciently absorbed by plant 
leaves due to their nano size, which saves the environment and 
expenses of farmers [18, 62].

 �e �ndings of the present study demonstrated that the use 
of ZnO NPs improved the growth of two varieties, including the 
root and shoot length, their ratio, fresh and dry weight, and leaf 
area (Figure 2). Signi�cant di�erences were seen in the foliar 
delivery of ZnO NPs compared to soil amendment of Zn, which 
may be a cost-e�ective method for providing nutrients to the 
plants. A�er nitrogen, phosphorus, and potassium, Zn is 
regarded as the nutrient that limits yield the most both globally 
and in Indian soils [63]. According to estimates, 36.5% of 
Indian soils lack Zn [64]. While it is normal practice in modern 
agriculture to add fertilizers to complement natural soil fertility, 
temperate and tropical soils frequently continue to be low in 
micronutrients, particularly Zn [4,65]. Two forms of Zn 
in�uenced mustard growth di�erently. In general, foliar 
treatments with 4 mM ZnO NPs brought signi�cant 
improvement in growth parameters compared to Zn, N, or P 
given through soil and control plants. �e growth promotion 
was even higher than that with biofertilizers, PSBs, and AM 
fungi. Zinc from ZnO NPs can accumulate in the leaves through 
foliar feeding, making these NPs potentially useful sources of 
Zn for plants to employ in metabolic processes [66,67]. 
According to a recent study by [68], the predominant channel 
for wheat and sun�ower (Helianthus annuus L.) to absorb ZnO 
NPs under experimental conditions was through the leaf 
cuticle. In addition, ZnO NPs are used as nanofertilizers, which 
may be a more e�ective and slow-releasing source of Zn than 
conventional fertilizers or other sources of Zn [66,69,70]. 
According to a study by [71], applying ZnO NPs to the soil at 
various concentrations increased the Zn content of wheat 
tissues under normal or water-stress conditions. A�erwards, 
Adrees et al. [72] demonstrated that foliar exposure to ZnO NPs 
enhanced wheat development through foliar application. �e 

larger weights of the plants may be a factor in the enhanced 
availability of Zn as NPs compared to Zn applied to the soil. �e 
mustard plants’ growth and antioxidant enzyme activities were 
improved when ZnO NPs were sprayed [73]. �e intensi�cation 
of the metabolism aided by Zn is what causes the rise in dry 
mass. Enzymes, including dehydrogenases, aldolases, 
isomerases, transphosphorylases, and RNA and DNA 
polymerases, all require zinc to function [74]. Moreover, it 
contributes to tryptophan production, cell division, membrane 
structure maintenance, and photosynthesis and functions as a 
regulatory cofactor in protein synthesis [3,9]. Several species 
have been the subject of ZnO NPs experiments, and the overall 
bene�cial interactions have been previously characterized 
[35,74-76]. An increase in the FW and DW of seedlings growing 
in the presence of ZnO NPs was observed in earlier studies [77]. 
Reduced growth and plant biomass, restriction of cell 
elongation and division, wilting, curling, and rolling of young 
leaves, chlorotic and necrotic leaf tips, and suppression of root 
growth are all signs of Zn toxicity [78,79]. According to the 
�ndings of Rossi et al. [80] on co�ee plants treated with ZnO 
NPs, the photosynthetic apparatus was enhanced. In the present 
study, positive interactions were found between ZnO NPs and 
the net carbon assimilation rate and stomatal conductance. 

 In the present study, the e�cacy of treatments followed the 
pattern of ZnO NPs>AMF>PSBs>N and increased the leaf 
chlorophyll level, proline content, NR, and CA activity (Figure 
3 A-D). Nitrogen is a key nutrient component that gives crops 
their lush green color by increasing the amount of chlorophyll 
in the leaves and boosts biomass by increasing carbon �xation. 
However, depending on factors such as soil type, climate, 
management practices, when nitrogen is applied, cultivars, etc., 
nitrogen fertilizer needs can vary greatly [81]. Zn is a cofactor of 
carbonic anhydrase, which raises the amount of CO2 in the 
chloroplast and, as a result, also increases the ability of the 
Rubisco enzyme to carboxylate [82]. Di�erent macro-and 
micronutrient uptake can be a�ected by zinc’s e�ects on 
absorption [83,84]. Zn typically causes severe Fe de�ciency 
chlorosis in dicots on acidic soils. Crops such as lettuce, 
mustard, and beet are particularly vulnerable to too much soil 
Zn [85]. Zn transport and uptake by leaves were also 
investigated. Typically, ZnO NPs enter the leaf system through 
wounds, hydathodes, cuticle penetration, and stomata [10]. 
�is is evident from the data, which reveal that ZnO NPs 
markedly increased Zn levels in the leaf, while ZnSO4 did not 
signi�cantly accumulate when compared to the control. It 
results from the e�ects of adding P and other minerals, as well 
as phytohormones secreted by PSBs and AM fungi in the root 
zone. Positive e�ects of ZnO NPs were also studied on the seed 
germination and vegetative growth in di�erent crops of Arachis 
hypogea [86], Vigna radiata [87,88], Cicer arietinum [89], 
Glycine max [90], Helianthus annuus [91], Lycopersicon 
esculentum [92], Sesamum indicum [93], Brassica nigra [94] and 
Brassica juncea [95]. PGPR, such as PSB, proves useful in 
enhancing crop productivity by making nutrients more 
bioavailable in the soil with chemical secretion in the 
rhizosphere [96]. Alone and combination of AM fungi with 
biocontrol fungi or nanoparticles also prove e�ective in 
increasing the crop productivity in plants by increasing the 
phosphorus and other nutrients available in the soil by releasing 
chemicals in the soil that change the pH and amount of 
available organic matter content in the soil [97-99]. 
Combinations of PGPR and AMF improved the crop 

productivity in various plants and also helped to manage 
growth under stress conditions [100-103]. Although the 
interaction of Glomus species with mustard plants is not 
common, recent studies clearly show that it helps the plants to 
increase their resistance against pathogens and increase crop 
productivity by regulating enzymatic activities in plants and 
increasing the amount of nutrients and organic matter in the 
soil [104-106]. 

Conclusions 
Foliar exposure to ZnO NPs may be thought of as both an 
e�cient and di�erent method to increase productivity 
compared to other treatments. Nanoparticles have microscopic 
size and large surface area, which help maximize their uptake 
and translocation as nutrients in plants via foliar spray. As a 
result, ZnO NPs had more favorable e�ects on plant growth, 
morphology, development, physiology, and metabolism than 
traditional Zn salt because nanoparticles induce the genes 
involved in nutrient assimilation pathways. It may also be 
crucial to research how ZnO NPs a�ect other nutrients 
necessary for plant health as well as the general ecology of the 
rhizosphere. When compared to chemical fertilizer applications 
of P or even N, biofertilizers such as AMF/VAM and PSBs are 
also preferable because their chemical activity solubilizes and 
increases the bioavailability of nutrients in the soil, ultimately 
enhancing the growth of the treated plants. Further research is 
required to grow di�erent crop species in the �eld under diverse 
agroclimatic circumstances to determine the cost-e�ectiveness 
and adaptability of foliar ZnO NP exposure.

 However, a future aspect of this research is to determine 
the growth and yield responses of crops upon exposure to the 
combination of nanoparticles and biofertilizers. 
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