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Abstract: Contemporary agricultural practices rely heavily on synthetic fertilizers to provide essential
nutrients for crops, contributing to diminished soil fertility and environmental pollution. An inno-
vative solution lies in the strategic combination of nanoparticles and biofertilizers, as a unique and
environmentally friendly technology, enhancing soil enzyme activity and the availability of essential
plant nutrients. The goal of this study was to show the efficacy of this technology and identify the
best combination of nanoparticles and PGPB for plant growth promotion, nutrient uptake, and soil
health. This study investigated the efficacy of nanobiofertilizers generated by combining two plant
growth-promoting bacteria (PGPB), (Bacillus sp.) CP4 and AHP3, along with mesoporous silica
nanoparticles (MS NPs), zinc oxide nanoparticles (ZnO NPs), and copper oxide nanoparticles (CuO
NPs) in different combinations. A greenhouse study employing two wheat varieties, NABI MG11
(black wheat) and HD3086, was conducted. There were 15 treatments, including treatments consisting
of only bacteria, treatments consisting of the combination of nanoparticles and nanobiofertilizers, and
1 control treatment, and each treatment had three replicates. In evaluating plant growth characteris-
tics, the synergy between ZnO NPs and CP4 demonstrated the most favorable outcomes in terms of
overall plant growth and various traits. Similarly, MS NPs, in conjunction with both PGPB, exhibited
enhancements in plant growth traits, including fresh weight, chlorophyll content, proline levels, and
nitrogen content. Over half of the combination treatments with nanoparticles and PGPB did not
show a significant improvement in plant growth promotion traits and soil health when compared to
nanoparticles alone. The findings of this study underscore the potential of nanobiofertilizers as an
innovative and robust tool for promoting sustainable agriculture.

Keywords: nanoparticles; nanobiofertilizer; ZnO; nutrients; plant growth

1. Introduction

The tremendous increase in the world population has put forward the great challenge
of providing sufficient food products to fed entire communities. To meet this emerging
demand in the agricultural sector, pesticides and chemical fertilizers have been used
extensively, paving the way for enhanced yields in the production of different crops, leading
to a surge in public health hazards, environmental pollution, and a decline in soil fertility [1].
Biofertilizers have emerged as a key alternative for sustainable agricultural practice, which
entails the application of beneficial plant growth-promoting microorganisms, including
advantageous bacteria and fungi [2,3]. Endophytic plant growth-promoting bacteria (PGPB)
invade the leaves, flowers, or interior tissues of the host plant, whereas rhizospheric bacteria
are free-living, soil-associated bacteria that establish a symbiotic relationship with plant
roots [4].
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Biofertilizers maintain the nutrient levels and fertility of the soil through the regulation
of different pathways and processes, including phosphate solubilization, nitrogen fixation,
the production of siderophores, the release of different plant growth regulators such as
IAA, 1-aminocyclopropane-1-carboxylate (ACC) deaminase production, and antibiotic
production [3,5,6]. Primarily, a high percentage of the fertilizers applied to the soil, ranging
from 20% to 70%, could be lost, and plants only use 10% to 50% of the total fertilizer
applied [7,8]. This critical concern demands a new approach that would provide increased
shelf-lives and stability for biofertilizers to improve their efficiency.

Bacillus spp. interact with plants in a variety of ways to promote plant growth.
Certain Bacillus strains have genes for the manufacture of cyclic lipopeptides, which are
biosurfactants that promote effective root colonization, the creation of biofilms, and the
production of biocontrol compounds that suppress the growth of fungi such as fengycins
and iturins [9,10]. Additionally, some strains of B. subtilis produce siderophores, which
aid in the chelation of iron from the soil and increase the plant’s capacity to synthesize
photosynthetic substances like heme and chlorophyll [11]. In a previous study, a Bacillus
subtilis (CP4) treatment exhibited the highest levels for yield-related parameters (average
number of grains per spike, thousand-grain weight, and total tillers per plant in wheat) [12].
In addition, wheat variety HD3086, treated with Bacillus subtilis (CP4) and arbuscular
mycorrhizal fungi (AMF), experience a rise in iron levels to about 25 mg kg−1. Wheat grain
proline content significantly increased when B. subtilis (CP4) and Bacillus sp. (AHP3) were
administered alone and together, which is indicative of the extent to which they stabilized
the osmotic potential. CP4 increased organic carbon and soil microbial enzymatic activity,
reduced pH and electrical conductivity, and enhanced plant growth and biofortification.

Recently, the use of nanotechnology in agriculture has been explored through the study
of the precision and efficacy of nanoparticles (NPs) with one or more dimensions in the order
of 100 nm or less [13]. Due to their distinct optical properties, high capacity for absorption,
high surface-to-volume ratio, and regulated release kinetics, they are favored as probable
plant growth promoters and plant protectors. Bacterial priming involves the pre-exposure
of bacterial cells to specific stimuli such as nanoparticles or other stressors, resulting in
a more robust and efficient response when encountering subsequent challenges. There
are several commercially available nanofertilizer preparations for nitrogen (e.g., IFFCO
Nano Urea, IFFCO, New Delhi, India), phosphorus (e.g., TAG Nano Phos, SK Organic
Farms, Chennai, India), potassium (e.g., NanoMax Potash, JU Agri Sciences, Noida, India),
zinc (e.g., Geolife Nano Zn, Geolife Agritech India Ltd., Mumbai, India), and calcium (e.g.,
Nano Calcium Chelated) [14]. The combination of nanoparticles and biofertilizers has led
to the emergence of nanobiofertilizers, where biofertilizers are encapsulated in appropriate
nanoparticles [15]. Nanobiofertilizers provide an abated and controlled release of nutrients
for a prolonged period at different crop growth stages, along with enhanced nutrient use
efficiency, which improves yields. This approach imparts increased shelf-life and stability
to the biofertilizer; increases the dissolution of insoluble nutrients present in the soil, along
with its solubility; and is price-effective, less time-consuming, and ecologically safe [16].
Through both direct and indirect associations, PGPB work synergistically to increase
the soil’s ability to retain moisture and plant nutrients while enriching the microbial
community [17]. They upregulate the genes that make stress-related proteins, osmolytes,
and antioxidants and reduce the damage that ROS induces in plants by augmenting
hormonal synthesis and the activity of membrane transporters [18,19].

The specificities and interactions between microorganisms and NPs are mostly deter-
mined by the surface charge on the broad distinct surface area of NPs and different chemical
groups. Nanoparticles’ induction of hydrophobic regions on the cell membrane of bacteria
or their adherence to hydrophobic surfaces in the bacteria leads to agglomeration and
interaction between bacteria and NPs [20]. A nanoparticle can be synthesized from a single
element, such as silver, or by incorporating oxides (TiO2, SiO2, ZnO) [21]. Biomolecules
interacting with NP include lipopolysaccharide (LPS), lipoteichoic acid (LTA), proteins,
and phospholipids present on the bacterial surface [22]. Bacterial cells adhere to nanomate-
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rial surfaces through diverse mechanisms, including molecular monolayers composed of
proteins, polysaccharides, and/or glycoproteins [23,24]. These adsorbed organic molecules
can potentially serve as nutrients for bacteria or alter the surface chemistry to enhance
bacterial adherence. Nanomaterials can confer several advantages. For instance, zinc oxide
nanoparticles (ZnO NPs) have been shown to enhance siderophore production, likely due
to ion release within the bacterium. In a previous study, the application of ZnO NPs to
wheat and maize resulted in an increase in the activity of alpha-amylase, along with a slight
increase in plant length, biomass, and photosynthetic pigments.

Copper oxide nanoparticles (CuO NPs), when added to soil, promote the development
of wheat (Triticum aestivum) plants by increasing IAA synthesis in the PGPB, improving
nitrogen fixation, enhancing microbial community health, and reducing denitrification
processes [25,26]. Higher nitrate levels in the rhizosphere were shown to be correlated with
an increased expression of genes involved in nitrogen fixation in [27]. The foliar application
of CuO NPs at a concentration of 500 µg mL−1 to watermelon plants was associated with
both pathogen suppression and higher yield due to the upregulation of the polyphenyl
oxide (PPO) genes and pathogenicity-related 1 (PR1) genes [28].

Silica NPs improved the strength and physical resilience of plant cell walls, providing
further defense against the invasion of anthophagous insects and phytopathogens [29–31].
In maize, the viability and population of PGPB increased in the soil and also the nitrogen,
phosphorus, and potassium (NPK) content, leading to the improved germination of maize
seeds in the presence of 50 nm silica nanoparticles [32]. The hydration characteristics of
silica NP surfaces make them more attractive to bacteria, thereby increasing bacterial acid
resistance [33,34].

Wheat is a globally predominant cultivated crop, contributing to 30% of the globe’s
total grain production and half of the world’s grain trade [35]. The wheat variety HD3086
(Pusa Gautami) was developed for cultivation under irrigation and appropriate sowing
conditions in Northern India [36]. It has high resistance to yellow rust and other diseases
and has a high protein content.

Coating ZnO NPs onto HD3086 seeds resulted in a 7% and 3% increase in root length
and shoot length, respectively, in [37]. The priming of copper oxide nanoparticles along
with the PGPB Bacillus subtilis exhibited a synergetic effect on the germination rate and
other physiological parameters of growth when compared to that of the control in [38]. The
treatment of wheat seeds with mesoporous silica (MS) NPs displayed a significant increase
of 13.7% and 15.5% in seed germination with exposure to 500 and 2000 mg L−1 MS NPs,
respectively, in [39].

Black wheat (NABI MG11) is a variety of wheat that has a dark-colored bran layer,
giving it a black or dark purple appearance. The color is attributed to anthocyanins, which
are known for their antioxidant properties and have been associated with various health
benefits, including a reduced risk of chronic diseases such as heart disease and certain types
of cancer [40]. The anthocyanin content of black wheat ranges from 100 to 200 ppm, whereas
normal wheat typically contains 5 ppm. Furthermore, the protein content of black wheat
was found to be 17% higher than that of the control wheat in [41]. Additionally, it has a
higher level of essential fatty acids like linoleic and linolenic acids, ranging from 30% to 50%
higher than that of regular wheat [42,43]. Along with possessing exceptional nutritional
qualities, black wheat grain is a good source of micronutrients; it has more zinc, iron,
copper, magnesium, and potassium than regular wheat [44]. Beyond this variety’s potential
health benefits, black wheat flour finds applications in culinary endeavors, serving as a key
ingredient for crafting bread, pasta, and various baked goods. Its distinctive dark color not
only contributes to its visual appeal but also adds an intriguing and aesthetic dimension to
dishes. Black wheat is not as widely cultivated or readily available as conventional wheat
varieties due to its comparatively low crop yield [40].

We investigated the potential of nanobiofertilizers synthesized using PGPB (Bacillus
sp.) in combination with mesoporous silica (MS NPs), zinc oxide nanoparticles (ZnO
NPs), and copper oxide nanoparticles (CuO NPs) in a study conducted using two varieties
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of wheat (Triticum aestivum), NABI MG11 (black wheat) and HD3086 (brown wheat).
Understanding the intricate interplay between bacteria and nanoparticles during priming
is crucial for applications ranging from nanomedicine to environmental remediation. We
explored the mechanisms, consequences, and potential applications of priming via bacteria–
nanoparticle interactions for the generation of nanobiofertilizers, which contribute to
sustainable development.

2. Materials and Methods
2.1. Traits of PGPB Isolates

The plant growth-promoting traits, such as IAA production, phosphate solubilization,
and siderophore production, of the bacterial isolates CP4 and AHP3 have been reported
earlier by Yadav et al. [12]. These two isolates alone and as part of consortia with arbuscular
mycorrhizal fungi have been shown to enhance plant growth, yield, and nutrient uptake in
wheat. Additional attributes that may contribute indirectly to plant growth promotion are
given below:

Bacterial isolates were analyzed to determine their ability to produce ammonia by
growing cultures for 48–72 h at 28 ± 2 ◦C in 10 mL of peptone water. A total of 0.5 mL of
Nessler’s reagent was added to each flask. Transition to a brown or yellow color signified
ammonia production [45].

The isolates’ ability to produce hydrogen cyanide (HCN) was tested using the Lorck
(1948) method. Briefly, isolates were streaked on modified nutrient agar plates with glycine
(4.4 g L−1). The plate was covered with a filter paper socket filled with picric acid solution
(2.5 g of picric acid and 12.5 g of sodium carbonate in 1 L of distilled H2O). The plates were
parafilm-sealed and incubated for 4 days at 28 ± 2 ◦C. HCN production was indicated by
the orange-to-red color transition [46].

The catalase test was performed by placing a bacterial colony on a microscopic slide
inside a Petri plate. A drop of 3% H2O2 was added to the colony. To prevent aerosols and
to induce rapid bubbling, the Petri dish was covered with a lid [47].

2.2. Preparation of Nanoparticles

For nanoencapsulation, three nanoparticles were used. They were synthesized as
follows:

2.2.1. Mesoporous Silica Nanoparticles

Stober’s method was used to synthesize silicon dioxide nanoparticles, where 1.5 mL of
tetraethyl orthosilicate (TEOS), 1 mL of deionized water, 1.7 mL of ammonia, and 50 mL of
a solvent were incorporated into the reactive media. The reaction was then continued for a
further 2 h under the same conditions after supplying an extra 1 mL of TEOS. The mixture
was incubated at a temperature of 40 ◦C for 3 h in a magnetic stirrer and subsequently
rinsed multiple times with deionized water; the residual solvents were eliminated using a
rotary evaporator [48].

2.2.2. Zinc Oxide Nanoparticles

Small amounts of 2 M NaOH solution were added to 50 mL of 0.02 M zinc acetate
solution until the pH reached 12 and then continuously stirred for 2 h. The white-colored
synthesized precipitate was then washed multiple times with distilled water and placed in
a hot air oven at 60 ◦C overnight [49].

2.2.3. Copper Oxide Nanoparticles

Copper chloride (CuCl2) was dissolved in 100 mL distilled water to a concentration of
0.1 M. Next, 0.1 M sodium hydroxide solution was added, and the mixture stirred until
the pH reached 14. The black precipitate obtained was rinsed with water and ethanol
many times until the pH reached 7. The precipitate was dried at 80 ◦C for 16 h [50]. All
three nanoparticles described above were characterized by scanning electron microscopy
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(SEM) at the Central Instrumentation Laboratory (CIL), Central University of Punjab
(CUPB), India.

2.3. Nanoencapsulation of PGPB Isolates
2.3.1. Physical Adherence of Bacteria to the NPs

Depending upon the surface charge of the nanoparticles and that of the bacterial
isolates, physical adherence between isolates and nanoparticles was observed while they
were suspended in phosphate-buffered saline (PBS). Both the bacterial isolates were grown
in nutrient broth for 48 h until the cell density was 108 CFU mL−1. The culture was then
centrifuged twice at 5000× g for 10 min. The pellet was suspended in PBS at a concentration
of 1 mg mL−1 nanoparticles and incubated for 3 h. This step was performed to facilitate
the adherence of nanoparticles onto the bacterial cell wall and the internalization of some
nanoparticles inside the bacterial cells.

2.3.2. SEM Investigation of the Nanobiofertilizers

The morphology of the synthesized nanobiofertilizers was analyzed using field emis-
sion scanning electron microscopy (FE-SEM), and their size was determined using ImageJ
software version 1.54d. The nanobiofertilizer produced by the addition of nanoparticles
in PBS to the bacterial pellet was incubated for 24 h. The resultant samples were then
lyophilized and submitted to the CIL, CUPB, India, for FE-SEM analysis.

2.3.3. Viability of Nanoencapsulation

To check the viability of the bacteria after nanoencapsulation, the lyophilized nanobiofer-
tilizer powder was inoculated into the nutrient broth and incubated at 37 ◦C for 24 h for
revival. Then, they were streaked onto a nutrient agar plate to ascertain their viability.

2.4. Crop Establishment and Treatment Application

Two wheat (T. aestivum) cultivars, HD3086, and black wheat NABI MG11, were used to
analyze the impact of various bionanofertilizers. The plants were grown in pots with 7-inch
diameters containing 3 kg of native soil after sieving to remove any debris. In the first set,
wheat seeds were subjected to three biofertilizer treatments with the two Bacilli species,
AHP3 and CP4, individually and a combination of AHP3 and CP4. In the second set, wheat
seeds were subjected to nine nanobiofertilizer treatments with three types of nanoparticles,
mesoporous silica (MS) NPs, zinc oxide (ZnO) NPs, and copper oxide (CuO) NPs, combined
with AHP3 and CP4. Moreover, three treatments involving only nanoparticles were given,
in addition to a control treatment ©, wherein no treatment was given to the plants. Each
treatment had three replicates, and each pot had three seedlings. The plants were grown in
an open greenhouse.

Seed bacterization was carried out using surface-sterilized seeds. Briefly, the seeds
were washed with 70% ethanol for 1 min and 0.5% sodium hypochlorite for 2 min, followed
by multiple washes with distilled water. The PGPB isolates were cultured in LB broth at
37 ◦C until they reached a cell density of 108 CFU mL−1 and were harvested and centrifuged.
The bacterial pellet was resuspended and diluted with PBS with nanoparticles suspended
in PBS. The seeds were primed in the respective culture mixture and incubated for 3 h.
Five seeds were sown in each pot at a depth of 1.5–2 cm into the soil and thinned to
3 seedlings per pot after 7 days of germination. The plants received a foliar application of
the same inoculum suspension of nanobiofertilizers at a concentration of 1 mg 10 mL−1 of
nanoparticles after 22 days of growth. The solution was sprayed uniformly until the whole
phyllosphere of the plant was wet [51]. All other agronomic practices, such as irrigation
and weeding, were kept the same for all the treatments [52].
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2.5. Observed Responses and Measurement Methods
2.5.1. Agronomic and Physiological Traits

The morphological parameters of the plants, including root and shoot length and
fresh weight, were analyzed after the 45-day pot culture experiment. After being gently
uprooted from the soil, the plants were washed thrice with distilled water to eliminate the
soil adhered to their surfaces. The fresh weights of the plants were recorded post blotting.
Shoot and root lengths were measured with the aid of a metric scale [53].

Leaf chlorophyll content was measured by grinding 100 mg of finely cut fresh leaves
in 2 mL of 80% acetone and incubating them overnight at 4 ◦C, followed by centrifugation
at 10,000× g for 5 min. The supernatant was used to record absorbance at 645 nm and
663 nm using the acetone solvent as a blank. Total chlorophyll was calculated according to
the following formula:

mg total chlorophyll/g = 20.2(A645) + 8.02 (A663) × V/1000 × W, where A = ab-
sorbance at a specific wavelength, V = final volume of chlorophyll extract in 80% acetone,
and W = fresh weight of plant tissue extracted [54].

Subsequently, 100 mg of fresh leaves were ground in liquid nitrogen using a mortar
and pestle, followed by the addition of chilled extraction buffer containing Tris-HCl of
50 mM (pH 7.5), EDTA (2 mM), and 2-mercaptoethanol (0.04% v/v), maintaining a 5:1
buffer-to-sample ratio. The sample was centrifuged at room temperature for 10 min at
12,000× g. Next, 100 µL of the supernatant was used to estimate the protein contents using
a dye-binding method involving the use of the Coomassie Brilliant Blue dye, which binds
to a protein, causing a shift in the absorption maximum of the dye from 465 to 595 nm and
an increase in absorbance at 595 nm [55,56]. Total protein content was determined using a
standard curve of bovine serum albumin (BSA) and expressed in percentage [57].

Proline content was estimated starting with the homogenization of 100 mg leaves
using 3% sulphosalicylic acid in a mortar and pestle and centrifugation at 10,000× g for
20 min at 4 ◦C. Then, 1 mL of the supernatant was mixed with 0.5 mL each of acid ninhydrin
and glacial acetic acid. The mixture was heated at 100 ◦C for 60 min with rapid cooling.
Proline was extracted by the addition of 4 mL toluene. The absorbance of the upper layer
was measured at 520 nm [58]. The standard curve of L-proline was used to determine the
total proline content in mmol g−1 FW.

2.5.2. Nutrient Uptake

Leaf samples with a dry weight of 100 mg were digested by adding 2 mL of conc.
H2SO4 and gentle heating until partially dissolved. After each sample was cooled, 30%
H2O2 was added, and the sample was then heated again until the solution turned colorless
and a volume of 100 mL was achieved. Nitrogen content was analyzed by adding 2 mL
NaOH (2.5N) and 1 mL sodium silicate solution (10%) to 10 mL of digested material. To
a 5 mL aliquot, Nessler’s reagent was added. The development of a yellow color and
absorbance at 525 nm indicated the presence of nitrogen. Total nitrogen content was
estimated using the standard curve based on ammonium sulfate [(NH4)2SO4] [59].

Phosphorous content was analyzed by adding 2.5 mL of 2.5N NaOH and 2 mL of
molybdate reagent to 10 mL of the pre-digested sample. After making up the volume to
50 mL, 2 to 4 drops of stannous chloride solution were added, followed by a reading at
660 nm [60].

The elemental analysis of macro- and micronutrients such as magnesium, calcium,
manganese, copper, iron, zinc, and selenium was performed by inductively coupled plasma
mass spectrometry (ICP-MS) using the method described by Dogra et al. (2019) [61]. Briefly,
100 mg of wheat leaves were acid-digested with 7 mL of the digestion solution with 5 mL
of 70% HNO3 and 2 mL of H2O2 in the microwave at 120 ◦C for 1.2 h. The digested sample
was filtered through a 0.4 µm syringe filter and diluted 10-fold with milli-Q water. The
standard used was VHG-SM68-1-100, with standards 1, 2, 3, and 4 set at 0.929, 4.92, 9.827,
and 25.852 parts per billion (ppb), respectively. The samples were analyzed using ICP-MS
by the CIL of the CUPB, India.
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2.5.3. Soil Chemical Properties

The properties of the soil, such as soil organic carbon (SOC), were measured following
the standard methods. To 0.5–1 g of dry soil, 10 mL K2Cr2O7 (1N) and 20 mL concentrated
H2SO4 were added and allowed to stand for 30 min. Subsequently, 200 mL distilled water,
10 mL phosphoric acid, and 1 mL diphenylamine solution were added. The resulting solu-
tion was titrated against ferrous sulphate solution until the solution reached its endpoint,
which was the appearance of a brilliant green color [62]. The % of total organic carbon in
the soil was calculated as per Walkley (1947) [63].

2.5.4. Soil Enzyme Activity

To measure invertase activity, 3 g of dry soil was taken in an Erlenmeyer flask, and
0.2 mL toluene, 5 mL modified universal buffer [64], and 5 mL sucrose solution (10%)
were added. The mixture was incubated at 37 ◦C for 24 h, followed by filtration using the
Whatman filter paper (no. 42). Then, 5 mL distilled water was added to one mL aliquot,
followed by the addition of 2 mL NaOH (2 M) and 2 mL of the reagent prepared using
2,3-dinitro salicylic acid. The sample was incubated in a boiling water bath for 5 min and
cooled to room temperature. The intensity of the color developed was measured at 540 nm.
A graph was plotted to ascertain the obtained reducing sugar content with glucose/fructose
(1:1) standard solution [65].

To measure dehydrogenase activity, 5 g samples of dried and finely powdered soil
were taken, and 3% 2,3,5-triphenyl tetrazolium chloride (1 mL) and water (2.5 mL) were
added. The samples were incubated for 24 h at 37 ◦C, followed by the extraction of the
product triphenyl-formazan (TPF) using 10 mL of methanol. Absorbance was recorded at
485 nm. The activity of the enzyme was expressed as µg TPF g−1 soil 24 h−1 [66].

2.6. Statistical and Correlation Analyses

Statistical analysis for plant growth trait-related parameters and other attributes and
soil physiochemical analysis were carried out by conducting a one-way ANOVA (analysis
of variance) and Tukey’s multiple comparisons tests (GraphPad PrismTM software version
8.0.1) for each treatment with the control, treatments of nanoparticles and bacteria with
bacterial isolates as controls, and treatments of nanoparticles and bacteria with nanoparti-
cles as controls. The results are represented as mean ± SD. All the parameters were tested
in triplicate.

3. Results
3.1. Plant Growth-Promoting Attributes of CP4 and AHP3

The bacterial isolates CP4 and AHP3, belonging to Bacillus sp., were previously shown
to produce IAA and siderophores and solubilize phosphate [12]. The ammonia test showed
positive results for both isolates, which shows their ability to fix atmospheric nitrogen,
which can be utilized by the host plants as a nitrogen source [67]. Hydrogen cyanide (HCN)
is a secondary metabolite produced by bacterial cyanogenesis that can provide biocontrol
for plants against living organisms like plant pathogens and predators [68]. The qualitative
test performed for the detection of HCN production turned out to be positive in both
bacterial isolates. The results indicate that CP4 and AHP3 act as natural protectors against
plant pathogens contributing to plant growth promotion indirectly. Catalase production, a
common trait of PGPB, protects plants from oxidative damage induced by reactive oxygen
species (ROS), thereby maintaining redox balance in the plant cell [69]. Both the Bacillus
strains showed positive results for the catalase test, as indicated by the formation of bubbles,
with intense bubble formation by CP4 being observed.

3.2. SEM Analysis of Nanoparticles and Nanobiofertilizers

The morphological structures of the three types of nanoparticles, copper oxide NPs,
mesoporous silica NPs, and zinc oxide NPs, are depicted in Figure 1a, Figure 1c, and
Figure 1e, respectively. CuO NPs are seen as flower-shaped structures and have a size
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ranging from 50 to 120 nm, with a mean diameter of 101 nm. MS NPs are spherical in shape,
have pores on their surface, range in size from 50 to 130 nm, and have an average diameter
of 94 nm, and ZnO NPs are seen as clustered, spherical, and amorphous structures and
have sizes ranging from 70 to 180 nm, with an average diameter of 118 nm. The average
size of the bacteria is 1.53 µm in length and 0.65 µm in breadth. The three nanobiofertilizers
synthesized with the above-mentioned three types of NPs are shown in Figure 1b,d,f. Some
nanoparticles containing positive charges are adsorbed onto the surface of the rod-shaped
Bacillus species bacteria mostly due to the surface charge attraction between bacteria and
nanoparticles (Figure 1), while some might be internalized. Therefore, the proportion of
nanoparticles interacting with each bacterial cell is not known. The SEM micrograph shows
a uniform distribution of nanoparticles over the bacterial cell wall. It is likely that the
nanoparticles that were internalized in the bacterial cells might have interacted positively
with the vital genes responsible for plant growth hormone production and other attributes,
leading to plant growth promotion in wheat. As the experiments were carried out using
fresh cultures of bacteria, no spore formation was seen, but as the bacteria used were spore-
forming bacteria, there is the utmost possibility that upon storage for a longer duration,
spore formation could have occurred. The final product/nanobiofertilizer in nutrient broth
was 108 CFU mL−1.
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Figure 1. SEM micrograph of synthesized nanoparticles and nanobiofertilizers. (a) CuO NPs, (b) CuO
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AHP3.

3.3. Differential Effects of Biofertilizers, Nanofertilizers, and Nanobiofertilizers on Plant Growth
Attributes and Biochemical and Physiological Parameters
3.3.1. Shoot and Root Length

In black wheat, a significant increase in shoot and root length was recorded for the
treatments with MS NPs combined with PGPB, with the highest value being recorded for
the CP4 + MS treatment, which achieved an increase of 110.7% and 134% in shoot and
root length, respectively, when compared with the shoot and root length values of the
control treatment (Figure 2a). When AHP3 was taken as a control, both the AHP3 + MS
and AHP3 + ZnO treatments showed a significant increase of 72.6% in shoot length and
73.7% in root length and 48.4% in shoot length and 86% in root length, respectively, but
significant increases were not found for the AHP3 + CuO treatment. Among the CuO NP
treatments, a significant increase in root length could be observed only when compared
with the control. AHP3 and CP4 alone and in conjunction with ZnO showed a significant
increase in the root length of black wheat. These results are in accordance with previous
findings showing that Zn nanoparticles and mesoporous silica nanoparticles are plant shoot
and root growth promoters, while AHP3 and CP4 have shown plant growth promotion
in previous studies [12,52,70–72]. Furthermore, CuO NPs, AHP3 + CuO NPs, and CP4 +
CuO NPs did not show any significant increase in plant shoot and root lengths compared
to the control. This also resonates with the previous findings that copper being present
in excess inhibits the plant’s normal growth by interfering with plant nutrient absorption,
photosynthesis, root development, and leaf extension, and affects the functions of some
key cellular components, such as proteins, lipids, DNA, and RNA [73,74].

In the HD3086 variety, the treatments with ZnO NPs and CP4 alone showed the
highest significant increase in both shoot and root length when compared with the control
(Figure 2b). Root length was observed to be the highest in the CP4 treatment, with a value
of 31.3 cm and a percentage increase of 49.52%. Meanwhile, the highest shoot length was
recorded for CP4 + ZnO, with a value of 23.7 cm and a 66.5% increase when compared with
that of the control. CP4 + AHP3 together as a consortium with and without nanoparticles
did not show any increase in the root and shoot lengths of the plants compared to their
respective controls. In our previous study [71], CP4 was characterized to be Bacillus
subtilis, and it is known to release numerous genetically encoded molecules that regulate
the growth of neighboring organisms [75]. AHP3 and CP4, as controls and in combination
with their respective NP treatments, showed a significant increase with the MS and ZnO
NPs treatment sets.

AHP3 and CP4 alone and in combination with MS NPs as part of a consortium in
black wheat, as well as AHP3 alone with MS NPs in HD3086, showed a significant increase
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in shoot length when the MS treatment was taken as a control. When the ZnO treatment
was taken as a control, CP4 alone with ZnO showed a significant increase in shoot length
in HD3086. When the MS NPs treatment was taken as a control, only CP4 with MS NPs
in black wheat and AHP3 with MS NPs in HD3086 showed a significant increase in root
length. When CuO was taken as a control, AHP3 and CP4 alone with CuO NPs showed a
significant increase in the root length of black wheat. When the CuO treatment was taken
as a control, only AHP3 and CP4 in conjunction with CuO showed a significant increase in
shoot length.
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Figure 2. Shoot and root lengths of black wheat and HD3086 with different combinations of PGPB 
and nanoparticles. (a) Black wheat and (b) wheat variety HD3086. Values are shown as mean ± 
standard error. A, B, and C denote the AHP3, CP4, and AHP3 + CP4 treatments, respectively, and 
the symbols ‘*’, ‘x’, ‘#’, and ‘^’ depict statistically significant values (p < 0.05) compared to the control, 
AHP3, CP4, and AHP3 + CP4 treatments as controls, respectively (based on our ANOVA). Highly 
significant values are depicted by the same symbols 2, 3 and 4 times at p < 0.01, p < 0.001, p < 0.0001, 
respectively. The symbol ‘@’ denotes the statistically significant values of NBFs compared to their 
respective nanoparticle-only treatments (based on our ANOVA). 

3.3.2. Plant Fresh Weight 
The highest plant fresh weight value was found for black wheat plants treated with 

the AHP3 + CP4 + MS NPs (8.6 g) (Figure 3a). The black wheat fresh weight values showed 
a significant increase in all the MS NP sets compared to the control plants. However, 
AHP3, CP4, and AHP3 + CP4 singly and in combination with CuO NPs did not cause any 
increase in the fresh weight values of the plants when compared with the control. While 
considering AHP3 as a control, only AHP3 + MS showed a highly significant increase of 
62.7%. A similar result was also seen for CP4 + MS while comparing with CP4 as a control, 
with an increase of 136.5%. Likewise, the consortia treatment (AHP3 + CP4) with MS, 

Figure 2. Shoot and root lengths of black wheat and HD3086 with different combinations of PGPB and
nanoparticles. (a) Black wheat and (b) wheat variety HD3086. Values are shown as mean ± standard
error. A, B, and C denote the AHP3, CP4, and AHP3 + CP4 treatments, respectively, and the symbols
‘*’, ‘x’, ‘#’, and ‘ˆ’ depict statistically significant values (p < 0.05) compared to the control, AHP3, CP4,
and AHP3 + CP4 treatments as controls, respectively (based on our ANOVA). Highly significant
values are depicted by the same symbols 2, 3 and 4 times at p < 0.01, p < 0.001, p < 0.0001, respectively.
The symbol ‘@’ denotes the statistically significant values of NBFs compared to their respective
nanoparticle-only treatments (based on our ANOVA).

3.3.2. Plant Fresh Weight

The highest plant fresh weight value was found for black wheat plants treated with
the AHP3 + CP4 + MS NPs (8.6 g) (Figure 3a). The black wheat fresh weight values showed
a significant increase in all the MS NP sets compared to the control plants. However,
AHP3, CP4, and AHP3 + CP4 singly and in combination with CuO NPs did not cause any
increase in the fresh weight values of the plants when compared with the control. While
considering AHP3 as a control, only AHP3 + MS showed a highly significant increase of
62.7%. A similar result was also seen for CP4 + MS while comparing with CP4 as a control,
with an increase of 136.5%. Likewise, the consortia treatment (AHP3 + CP4) with MS,
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when compared with consortia as a control, showed an increase of 214.7%. When the MS
treatment was taken as a control, AHP3 and CP4 alone and in conjunction with MS showed
a significant increase in black wheat fresh weight. When CuO was taken as a control, AHP3
and CP4 in conjunction with CuO showed a significant increase in the fresh weight values
of the black wheat plants.

In the HD3086 plants, when compared with the control, only the CuO and ZnO NPs
alone and ZnO NPs in combination with PGPB showed a highly significant increase in
plant fresh weight values (Figure 3b). When taking AHP3 as a control, only the AHP3
+ ZnO treatment showed a significant increase (14.28%). A similar result was observed
when taking CP4 and AHP3 + CP4 as controls, with an increase of 150% (CP4 + ZnO) and
119% (AHP3 + CP4 + ZnO), respectively. The results showed that PGPB and nanoparticles
contribute to increasing the fresh weights of plants, as per previous reports [76,77], and
among the types of three nanoparticles, i.e., Zn, Si, and Cu, the zinc NPs were found to be
the most effective in increasing the fresh weight values of the plants.
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Figure 3. Fresh weights of black wheat and HD3086 plants with different combinations of PGPB and 
nanoparticles. (a) Black wheat and (b) wheat variety HD3086. Annotations and statistical signifi-
cance are as described in Figure 2. 
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AHP3 + CP4 + ZnO, ZnO and MS NPs, and AHP3 + MS (Figure 4a). Also, among all the 

Figure 3. Fresh weights of black wheat and HD3086 plants with different combinations of PGPB and
nanoparticles. (a) Black wheat and (b) wheat variety HD3086. Annotations and statistical significance
are as described in Figure 2.

3.3.3. Photosynthetic Pigments

When compared with the control treatment, a highly significant increase in total
chlorophyll was observed in the black wheat plants treated with a consortia of AHP3
and CP4, AHP3 + CP4 + ZnO, ZnO and MS NPs, and AHP3 + MS (Figure 4a). Also,
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among all the treatment sets, a maximum increase of 68.7% and value of 1.95 mg g−1

FW were recorded in AHP3 + CP4 + ZnO-inoculated black wheat, and an increase of
45.95% with a value of 1.69 mg g−1 FW were observed in plants inoculated with ZnO NP.
When ZnO was taken as a control, AHP3 and CP4 in conjunction with ZnO was found to
induce a significant increase in the chlorophyll contents of the black wheat plants. Our
findings showed that among the three types of nanoparticles, zinc, copper, and mesoporous
silica nanoparticles, the zinc nanoparticles were found to be most effective in increasing
the chlorophyll content, and this effect was enhanced when they were supplemented
with PGPB.

When compared with the control, the wheat variety HD3086 showed a much more
significant increase in the total chlorophyll values of plants treated with ZnO NPs in
combination with PGPB (Figure 4b). When AHP3 and CP4 were considered as controls and
compared with their respective NP treatments, only AHP3 + ZnO and CP4 + ZnO showed
a highly significant elevation, with values of 1.3 mg g−1 FW and 1.46 mg/g FW. Notably,
the consortia treatment within the MS NP set also exhibited an elevated chlorophyll content
with a value of 1.33 mg g−1 FW. When the MS NP treatment was taken as a control,
AHP3 and CP4 in conjunction with MS were observed to induce a significant increase in
chlorophyll in the HD3086 plants.
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Figure 4. Total chlorophyll content of leaves of black wheat and HD3086 plants with dif-
ferent combinations of PGPB and nanoparticles. (a) Black wheat and (b) wheat variety 
HD3086. Annotations and statistical significance are as described in Figure 2. 

  

Figure 4. Total chlorophyll content of leaves of black wheat and HD3086 plants with different
combinations of PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086. Annotations
and statistical significance are as described in Figure 2.



Agriculture 2024, 14, 517 13 of 30

3.3.4. Total Soluble Protein Content

In black wheat, the CuO NP treatment expressed the highest total soluble protein
value among the three types of nanoparticle treatments. When the nanoparticles were
combined with PGPB, all the sets showed better results than the control experimental setup.
For the treatment with ZnO NPs, the AHP3 and CP4 combination showed the highest
increase of 256%, with a value of 0.51 mg g−1 FW (Figure 5a). When AHP3 was considered
as a control and compared with the other treatments involving AHP3 in tandem with NPs,
AHP3 + ZnO exhibited the highest significance, with an increase of 75.3% and with a value
of 0.4 mg g−1 FW, whereas the AHP3 with MS treatment showed an increase but only with
a value of 0.24 mg g−1 FW. The AHP3 + CuO treatment also showed an increase of 65.2%.
Likewise, when CP4 was considered as a control and compared with other treatments of
CP4 with NPs, highly significant increases were found in the plants that received the CP4 +
ZnO (185%) and CP4 + CuO (129.7%) treatments. When the MS NP treatment was taken
as a control, AHP3 and CP4 in conjunction with MS showed a significant increase in the
protein contents of the black wheat plants. When ZnO was taken as a control, AHP3 and
CP4 in conjunction with ZnO showed a significant increase in the protein contents of the
black wheat plants.

In the context of HD3086, all the treatments with ZnO showed a statistically significant
increase in comparison with the control and other treatments with nanoparticles (Figure 5b).
Among all these, the AHP3 + CP4 + ZnO treatment showed the highest value of 0.24 mg
g−1 FW, representing a notable increase of 132.3%. When AHP3 and CP4 were considered
as controls and compared with their respective NP treatments, all corresponding ZnO
treatments with both AHP3 and CP4 demonstrated highly significant values. Specifically,
when considering the consortia of AHP3 + CP4 as a control, only AHP3 + CP4 in conjunction
with ZnO NP exhibited a noteworthy increase (71.4%). These findings underscore the
specific efficacy of ZnO treatments, particularly the synergistic effect observed with AHP3
and CP4 combinations. The substantial enhancement in total soluble protein content
suggests the potential utility of these treatments in modulating biochemical processes in
brown wheat HD3086, warranting further exploration for agricultural applications.
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Figure 5. Cont.
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Figure 5. Total protein contents of leaves of black wheat and HD3086 plants with different combi-
nations of PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086. Annotations and 
statistical significance are as described in Figure 2. 
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observed in plants subjected to the MS NP treatment and its combination with PGPB. In 
black wheat, the application of MS NPs resulted in the most substantial increase of 190%, 
with a recorded value of 12.65 µmoles g−1 FW, compared to the control (Figure 6a). Also, 
all the treatments indicated a significant rise in proline content, except for the AHP3 + ZnO 
treatment and sole ZnO NP application treatment. When AHP3 was considered as a con-
trol and compared with the other treatments involving AHP3 in tandem with NP, AHP3 
+ MS exhibited the highest significance, with an increase of 117% and a value of 12.4 
µmoles g−1 FW. The AHP3 + CuO treatment also exhibited a notable increase of 51.3%. 
Similarly, when CP4 was considered as a control and compared with the other treatments 
involving CP4 in tandem with NP, highly significant increases were observed in plants 
treated with the CP4 + CuO (35.7%) and CP4 +MS (18%).  

In HD3086, all the treatments except MS NP, Cuo NP, and AHP3 + ZnO showed a 
statistically significant increase in comparison with the control (Figure 6b). Among all the 
treatments, the AHP3 + MS treatment showed the highest value of 8.27 µmoles g−1 FW and 
a 266% increase (p < 0.0001). When AHP3 and CP4 were considered as controls and com-
pared with their respective NP treatments, only the treatments with MS NPs were found 
to exert a highly significant effect. The consortia (AHP3 + CP4), when taken as a control 
and compared with both the MS and ZnO NP treatments, showed highly significant in-
creases of 36% and 119%, respectively.  

When the MS treatment was taken as a control, AHP3 and CP4 alone and in conjunc-
tion with MS showed a significant increase in proline in HD3086. When ZnO was taken 
as a control, CP4 alone and in conjunction with AHP3 and ZnO showed a significant in-
crease in proline in the black wheat plants, and AHP3 and CP4 in conjunction showed a 
significant increase in proline in the HD3086 plants. When CuO was taken as a control, 
CP4 alone with CuO in black wheat and AHP3 and CP4 alone with CuO in HD3086 
showed a significant increase in proline. These findings underscore the effectiveness of 
MS NP treatments, either alone or in combination with PGPB, in inducing proline accu-
mulation in both black wheat and HD3086 cultivars. The substantial increases in proline 
content suggest a potential role in stress response and tolerance mechanisms. 

Figure 5. Total protein contents of leaves of black wheat and HD3086 plants with different combina-
tions of PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086. Annotations and
statistical significance are as described in Figure 2.

3.3.5. Proline Content

In both the black wheat and HD3086 wheat cultivars, the highest proline content was
observed in plants subjected to the MS NP treatment and its combination with PGPB. In
black wheat, the application of MS NPs resulted in the most substantial increase of 190%,
with a recorded value of 12.65 µmoles g−1 FW, compared to the control (Figure 6a). Also,
all the treatments indicated a significant rise in proline content, except for the AHP3 + ZnO
treatment and sole ZnO NP application treatment. When AHP3 was considered as a control
and compared with the other treatments involving AHP3 in tandem with NP, AHP3 + MS
exhibited the highest significance, with an increase of 117% and a value of 12.4 µmoles g−1

FW. The AHP3 + CuO treatment also exhibited a notable increase of 51.3%. Similarly, when
CP4 was considered as a control and compared with the other treatments involving CP4 in
tandem with NP, highly significant increases were observed in plants treated with the CP4
+ CuO (35.7%) and CP4 +MS (18%).

In HD3086, all the treatments except MS NP, Cuo NP, and AHP3 + ZnO showed a
statistically significant increase in comparison with the control (Figure 6b). Among all the
treatments, the AHP3 + MS treatment showed the highest value of 8.27 µmoles g−1 FW
and a 266% increase (p < 0.0001). When AHP3 and CP4 were considered as controls and
compared with their respective NP treatments, only the treatments with MS NPs were
found to exert a highly significant effect. The consortia (AHP3 + CP4), when taken as a
control and compared with both the MS and ZnO NP treatments, showed highly significant
increases of 36% and 119%, respectively.

When the MS treatment was taken as a control, AHP3 and CP4 alone and in conjunction
with MS showed a significant increase in proline in HD3086. When ZnO was taken as a
control, CP4 alone and in conjunction with AHP3 and ZnO showed a significant increase in
proline in the black wheat plants, and AHP3 and CP4 in conjunction showed a significant
increase in proline in the HD3086 plants. When CuO was taken as a control, CP4 alone with
CuO in black wheat and AHP3 and CP4 alone with CuO in HD3086 showed a significant
increase in proline. These findings underscore the effectiveness of MS NP treatments, either
alone or in combination with PGPB, in inducing proline accumulation in both black wheat
and HD3086 cultivars. The substantial increases in proline content suggest a potential role
in stress response and tolerance mechanisms.
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Figure 6. Total proline content in leaves of black wheat and HD3086 plants with different combina-
tions of PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086. Annotations and 
statistical significance are as described in Figure 2. 

3.3.6. Nitrogen Uptake 
Nitrogen (N) in black wheat leaves (Figure 7a) showed a significant increase in all the 

treatments with ZnO and CuO NPs in combination with PGPB. The most substantial in-
crease was found in AHP3 + ZnO, with a value of N of 3.92%, resulting from a remarkable 
increase of 353%. However, a significant increase was not observed in the MS NP combi-
nations, except in the cases of MS and AHP3 + CP4 + MS. When AHP3 was used as a 
control, both AHP3 + ZnO and AHP3 + CuO demonstrated increases of 328.5% and 77%, 
respectively. Similarly, the treatments involving CP4 + ZnO and CP4 + CuO showed sub-
stantial increases compared to the use of CP4 alone. Notably, all the treatments involving 
consortia with NP surpassed the nitrogen content of the consortium alone. When CuO 
was taken as a control, AHP3 and CP4 in conjunction with CuO in black wheat showed a 
significant increase in nitrogen. 

In HD3086, all the treatments exhibited significantly higher nitrogen values, except 
for CP4 and AHP3 + CP4, when compared to the control (Figure 7b). The AHP3 + MS 
showed the highest value of 3.86% of N. All the treatments involving NP with PGPB com-
binations showed a considerable rise in N compared to their respective controls. When 
MS treatment was taken as a control, AHP3 and CP4 alone with MS showed a significant 
increase in nitrogen in HD3086. When ZnO was taken as a control, AHP3 and CP4 in con-
junction with ZnO showed a significant increase in nitrogen in HD3086. In the context of 
current data, these findings align with the existing knowledge on the positive impact of 

Figure 6. Total proline content in leaves of black wheat and HD3086 plants with different combina-
tions of PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086. Annotations and
statistical significance are as described in Figure 2.

3.3.6. Nitrogen Uptake

Nitrogen (N) in black wheat leaves (Figure 7a) showed a significant increase in all
the treatments with ZnO and CuO NPs in combination with PGPB. The most substantial
increase was found in AHP3 + ZnO, with a value of N of 3.92%, resulting from a remark-
able increase of 353%. However, a significant increase was not observed in the MS NP
combinations, except in the cases of MS and AHP3 + CP4 + MS. When AHP3 was used
as a control, both AHP3 + ZnO and AHP3 + CuO demonstrated increases of 328.5% and
77%, respectively. Similarly, the treatments involving CP4 + ZnO and CP4 + CuO showed
substantial increases compared to the use of CP4 alone. Notably, all the treatments involv-
ing consortia with NP surpassed the nitrogen content of the consortium alone. When CuO
was taken as a control, AHP3 and CP4 in conjunction with CuO in black wheat showed a
significant increase in nitrogen.

In HD3086, all the treatments exhibited significantly higher nitrogen values, except for
CP4 and AHP3 + CP4, when compared to the control (Figure 7b). The AHP3 + MS showed
the highest value of 3.86% of N. All the treatments involving NP with PGPB combinations
showed a considerable rise in N compared to their respective controls. When MS treatment
was taken as a control, AHP3 and CP4 alone with MS showed a significant increase in
nitrogen in HD3086. When ZnO was taken as a control, AHP3 and CP4 in conjunction with
ZnO showed a significant increase in nitrogen in HD3086. In the context of current data,
these findings align with the existing knowledge on the positive impact of nanoparticles
and PGPB on nutrient content in plants. The substantial increases in nitrogen, particularly
in the AHP3 + ZnO treatment in black wheat and AHP3 + MS treatment in HD3086, suggest



Agriculture 2024, 14, 517 16 of 30

the potential of these treatments in enhancing nutrient uptake and assimilation. The results
underscore the importance of considering specific treatments for different wheat varieties,
reflecting the complex interactions among nanoparticles, PGPB, and plant responses.
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Figure 7. Nitrogen in leaves of black wheat and HD3086 plants with different combinations of PGPB 
and nanoparticles. (a) Black wheat and (b) wheat variety HD3086. Annotations and statistical sig-
nificance are as described in Figure 2. 

3.3.7. Phosphorus Uptake 
In both sets of wheat cultivars, while comparing the phosphorus in only bacterial 

treatments, CP4 displayed the highest value. Notably, in black wheat, all the treatments 
recorded significant elevations when compared with the control, except for the AHP3 + 
CP4, MS NP, and ZnO NP treatments (Figure 8a). When AHP3 and its corresponding NP 
treatments were compared, all three NP combinations, AHP3 + ZnO, AHP3 + MS, and 
AHP3 + CuO, showed a significant increase, with phosphorus values of 0.77%, 0.81%, and 
0.88%, respectively. Of these, the AHP3 + CuO combination recorded the best response, 
with a 60% increase when compared to AHP3 alone.  

Figure 7. Nitrogen in leaves of black wheat and HD3086 plants with different combinations of
PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086. Annotations and statistical
significance are as described in Figure 2.

3.3.7. Phosphorus Uptake

In both sets of wheat cultivars, while comparing the phosphorus in only bacterial
treatments, CP4 displayed the highest value. Notably, in black wheat, all the treatments
recorded significant elevations when compared with the control, except for the AHP3 +
CP4, MS NP, and ZnO NP treatments (Figure 8a). When AHP3 and its corresponding NP
treatments were compared, all three NP combinations, AHP3 + ZnO, AHP3 + MS, and
AHP3 + CuO, showed a significant increase, with phosphorus values of 0.77%, 0.81%, and
0.88%, respectively. Of these, the AHP3 + CuO combination recorded the best response,
with a 60% increase when compared to AHP3 alone.
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Figure 8. Phosphorus in leaves of black wheat and HD3086 plants with different combinations of 
PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086. Annotations and statistical 
significance are as described in Figure 2. 
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Figure 8. Phosphorus in leaves of black wheat and HD3086 plants with different combinations of
PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086. Annotations and statistical
significance are as described in Figure 2.

It is worth noting that none of the plants inoculated with CP4 along with NPs exhibited
a significant increase when compared to the sole CP4 treatment, highlighting the unique
role of CP4 in phosphorus enhancement (Figure 8a). Moreover, the phosphorus in the
NP treatment of consortia in combination with each of the three types of NPs showed a
significant increase when compared to the consortia treatment alone. Notably, AHP3 +
CP4 + ZnO exhibited the highest percent increase of 50%, reaching 0.7% phosphorus in the
leaves, underscoring the synergistic effects of the combined treatments.

In the HD3086 variety, various treatments, including AHP3, CP4, AHP3 + MS, AHP3 +
CuO, and AHP3 + CP4 + CuO demonstrated a significant increase in phosphorus when
compared to the control (Figure 8b). The highest value was recorded for AHP3 + CuO, with
a phosphorus value of 1.4%, with a substantial 64.8% increase compared to the control and
a 27.2% increase compared to AHP3 alone. However, the treatments with ZnO NPs and
PGPB showed a significant decrease when compared to the control. When comparing the
consortia treatment with its respective NP treatments, only AHP3 + CP4 + CuO showed a
highly significant increase of 137.7%.
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When the MS treatment was taken as a control, AHP3 and CP4 alone and in conjunction
with MS in black wheat and AHP3 and CP4 alone with MS in HD3086 showed a significant
increase in phosphorus. When ZnO was taken as a control, AHP3 and CP4 alone and
in conjunction with ZnO in black wheat and AHP3 and CP4 in conjunction with ZnO in
HD3086 showed a significant increase in phosphorus. When CuO was taken as a control,
AHP3 alone with CuO in black wheat and AHP3 alone and in conjunction with CP4 and
CuO in HD3086 showed a significant increase in phosphorus. These findings underscore
the critical role of specific bacterial strains such as CP4 and tailored NP combinations in
modulating phosphorus levels in wheat plants.

3.4. ICP-MS Analysis Identified Enhancement of Macro- and Micronutrients

In addition to the assessments of nitrogen and phosphorus, the estimation of macro-
and micronutrients using ICP-MS revealed that various nanoparticles in conjunction with
AHP3 induced substantial increases when compared to the control in the black wheat
variety. Specifically, the highest amount of magnesium was observed in AHP3 + CP4 +
CuO, with an increase of 429%. Notably, all the treatments showed a statistically significant
increase in Mg when compared to the control (Table 1). The treatment involving CuO NPs
showed the highest amount of calcium and manganese, with CuO NPs alone yielding the
highest concentration of calcium and AHP3 + CuO showing the highest concentration of
manganese. The application of CuO NPs increased the amount of copper in the leaves. In-
terestingly, this observation was not mirrored in plants treated with the ZnO NP treatment,
where the highest amount of ZnO was observed in plants treated with PGPB alone. The
highest amount of iron was observed in plants treated with AHP3 + CP4 + MS, exhibiting a
notable increase of 31.7%, while the CP4 + ZnO treatment displayed the highest selenium
value. These findings indicate the diverse and specific responses of nutrient uptake in black
wheat under various nanoparticle treatments. The substantial increases in magnesium,
calcium, manganese, copper, iron, zinc, and selenium levels underscore the potential of tai-
lored nanoparticle applications in enhancing nutrient availability and uptake. These results
contribute valuable insights into optimizing nutrient management practices for improved
crop nutrition and overall plant health in agricultural systems. Further investigations into
the underlying mechanisms of nanoparticle-induced nutrient changes could offer valuable
information for sustainable and precision agriculture strategies.

In the wheat variety HD3086, noteworthy increases in the concentration of both macro-
and micronutrients were observed in treatments involving CP4 + MS and AHP3 + ZnO
compared to the control. Particularly, these treatments exhibited a significant increase in
magnesium, with percentage increases of 237.6% and 268%, respectively (Table 2). The
combined application of CuO NP and PGPB exhibited an increase in copper and zinc. The
element selenium showed maximum levels in AHP3 + CuO and CP4 + ZnO treatment
with impressive increases of 617.2% and 257%, respectively. The treatment of CP4 + MS
demonstrated a remarkable surge in zinc, reaching a value of 2276.8 mg kg−1. Moreover, an
increase in manganese was evident in MS and ZnO treatments in combination with PGPB,
with CP4 + MS showing the highest value with a percentage increase of 205% compared to
the control. Overall, the concentrations of macro- and micronutrients exhibited a notable
increase in treatments combining ZnO NP and PGPB compared to the control. These
results highlight the effectiveness of using ZnO and MS NPs and combining them with
PGPB to enhance nutrient uptake in HD3086 wheat. The observed increases in magnesium,
copper, zinc, selenium, and manganese underscore the potential role of tailored nutrient
management strategies in promoting plant health and nutrient utilization.
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Table 1. Macro- and micronutrients in leaves of black wheat cultivar treated with different combina-
tions of PGPB and nanoparticles.

Mg [mg kg−1] Ca [mg kg−1] Mn [mg kg−1] Fe [mg kg−1] Cu [mg kg−1] Zn [mg kg−1] Se [mg kg−1]

Control 1678 ± 0.8 112 ± 3 50 ± 1 506 ± 11 22 ± 0.5 131 ± 2 43 ± 2

AHP3 * 1786 ± 3 * 260 ± 5 81 ± 2 * 661 ± 22 10 ± 0.6 * 237 ± 5 ∞ 64 ± 4

CP4 * 1940 ± 21 * 213 ± 3 92 ± 0.4 * 609 ± 9 22 ± 0.4 * 235 ± 6 ∞ 78 ± 4

AHP3 + CP4 * 1978 ± 25 113 ± 3 91 ± 1 493 ± 22 5 ± 0.3 * 540 ± 1 46 ± 1

AHP3 + MS * 2110 ± 9 x * 188 ± 1 71 ± 0.3 * 643 ± 11 5 ± 0.2 * 219 ± 5 ∞ 57 ± 3

CP4 + MS * 2265 ± 45 # 165 ± 2 111 ± 2 531 ± 24 6 ± 0.1 --- 52 ± 3

AHP3 + CP4 + MS * 1795 ± 10 ˆ * 235 ± 4 ˆ 64 ± 1 317 ± 11 19 ± 0.4 47 ± 1 ∞ 60 ± 5

MS NP * 2398 ± 13 146 ± 3 98 ± 1 * 667 ± 12 11 ± 0.2 * 518 ± 6 53 ± 1

AHP3 + ZnO * 5106 ± 50 x 79 ± 2 94 ± 1 482 ± 29 17 ± 0.6 99 ± 2 48 ± 2

CP4 + ZnO * 6132 ± 71 # 109 ± 6 96 ± 1 * 636 ± 8 19 ± 0.4 94 ± 5 ∞ 63 ± 4

AHP3 + CP4 + ZnO * 5756 ± 157 ˆ 115 ± 5 83 ± 1 5650 ± 10 13 ± 0.8 42 ± 4 52 ± 4

ZnO NP * 5555 ± 67 79 ± 4 108 ± 2 557 ± 9 18 ± 0.2 53 ± 3 54 ± 1

AHP3 + CuO * 7411 ± 84 x 81 ± 3 117 ± 1 * 599 ± 46 ∞ 30 ± 0.4 126 ± 4 52 ± 3

CP4 + CuO * 5333 ± 45 # * 199 ± 4 91 ± 0.8 541 ± 18 ∞ 53 ± 0.4 180 ± 1 ∞ 57 ± 4

AHP3 + CP4 + CuO * 8879 ± 154 ˆ --- * 148 ± 1 * 608 ± 17 ˆ ∞ 51 ± 0.2 154 ± 4 52 ± 2

CuO NP * 2688 ± 11 * 304 ± 2 52 ± 1 500 ± 18 14 ± 0.5 --- ∞ 59 ± 1

‘---‘ indicates not determined values. Values are shown as mean ± standard deviation. The symbol ‘*’ depicts
statistically significant increases in values compared to the control treatment. The symbols ‘x’, ‘#’, and ‘ˆ’ depict
statistically significant increases in values compared to the AHP3, CP4, and AHP3 + CP4 treatments as controls,
respectively (based on our ANOVA). The symbol ‘∞’ indicates statistically significant increases in values compared
to that of the control (based on an unpaired t-test). The values in bold indicate the best result for a nutrient
compared to the control.

Table 2. Macro- and micronutrients in leaves of HD3086 wheat cultivar treated with different
combinations of PGPB and nanoparticles.

Mg [mg kg−1] Ca [mg kg−1] Mn [mg kg−1] Fe [mg kg−1] Cu [mg kg−1] Zn [mg kg−1] Se [mg kg−1]

Control 2478 ± 7 161 ± 0.4 67 ± 0 518 ± 13 11 ± 0.4 197 ± 1.5 46 ± 0.8

AHP3 * 2563 ± 22 * 553 ± 2 68 ± 0.8 * 1035 ± 96 10 ± 0.3 --- 104 ± 3

CP4 * 2633 ± 38 * 261 ± 2 49 ± 0.4 489 ± 26 8 ± 0.3 --- 61 ± 3

AHP3 + CP4 * 2768 ± 40 187 ± 2 70 ± 1 532 ± 18 ∞ 18 ± 0 44 ± 6 47 ± 2

AHP3 + MS * 3747 ± 88 x 161 ± 0.4 57 ± 2 433 ± 18 9 ± 0.4 29 ± 2 46 ± 0.5

CP4 + MS * 8368 ± 101 # --- * 203 ± 7 # * 1010 ± 26 # ∞ 51 ± 1 * 2277 ± 77 79 ± 3

AHP3 + CP4 + MS * 5341 ± 55 ˆ * 348 ± 6 ˆ 103 ± 1 * 768 ± 18 ˆ ∞ 28 ± 0.8 --- 93 ± 6

MS NP * 4846 ± 69 152 ± 0.7 135 ± 2 * 795 ± 20 16 ± 0.7 5 ± 5 48 ± 2

AHP3 + ZnO * 9125 ± 42 x --- * 180 ± 2 x * 722 ± 12 ∞ 33 ± 0.4 156 ± 6 54 ± 3

CP4 + ZnO * 7754 ± 76 # 140 ± 2 110 ± 2 * 622 ± 12 # ∞ 22 ± 0.2 111 ± 4 * 165 ± 4 #

AHP3 + CP4 + ZnO * 4241 ± 33 ˆ 156 ± 4 89 ± 2 531 ± 12 ∞ 22 ± 0.5 88 ± 6 53 ± 0.7

ZnO NP * 6523 ± 72 105 ± 4 90 ± 1 447 ± 28 ∞ 22 ± 0.5 208 ± 13 47 ± 2

AHP3 + CuO --- * 1160 ± 3 x 20 ± 1 --- --- --- * 333 ± 0.4 x

CP4 + CuO * 4299 ± 72 # * 300 ± 3 86 ± 0.5 499 ± 33 ∞ 31 ± 0.6 * 459 ± 9 # 74 ± 5

AHP3 + CP4 + CuO * 4591 ± 70 ˆ * 708 ± 5 ˆ 75 ± 2 * 754 ± 17 ˆ ∞ 36 ± 1 * 929 ± 25 ˆ * 150 ± 8 ˆ

CuO NP * 4551 ± 79 154 ± 4 76 ± 2 378 ± 4 ∞ 31 ± 0.1 230 ± 9 54 ± 3

Statistical significance and notations are as described in Table 1.

3.5. Post-Harvest Analysis Indicated Soil Health Improvement
3.5.1. Soil Organic Carbon

Post-harvest soil analysis revealed a notable enhancement across treated groups com-
pared to the untreated control. The soil organic carbon (SOC) of black wheat soil showed
significant improvement in all the treatments except the AHP3 + CP4 treatment. Par-
ticularly, the ZnO NP treatment exhibited the most significant advancement, reaching
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a highest value of soil organic carbon (SOC) of 2.55 compared to the untreated control
with a p-value < 0.0001 (Figure 9a). Furthermore, the combined application of PGPB and
nanoparticles demonstrated a noteworthy increase in SOC when compared to PGPB alone,
highlighting their synergistic effect. The exception was the CP4 + CuO treatment.

The HD3086 variety revealed noteworthy variations in SOC, with the CP4 + ZnO
treatment causing a remarkable 528% increase compared to the untreated control (Figure 9b).
Notably, the combinations of AHP3 + ZnO and CP4 + ZnO and ZnO alone demonstrated
the most substantial increases compared to PGPB and other NP and PGPB combinations,
with values of 2.85%, 3.83%, and 2.49%, respectively, with a p-value < 0.0001. When the MS
treatment was taken as a control, CP4 alone with MS in black wheat and CP4 alone and in
conjunction with AHP3 and MS in HD3086 showed a significant increase in soil organic
carbon. When ZnO was taken as a control, AHP3 and CP4 alone with ZnO in HD3086
showed a significant increase in soil organic carbon. These findings align with current
knowledge, highlighting the potential of specific nanoparticle and PGPB combinations
to significantly enhance soil organic carbon. CP4 + ZnO, in particular, stands out for its
substantial impact, suggesting its efficacy in promoting soil health. An increase in SOC
is a crucial indicator of improved soil fertility and ecosystem resilience. Furthermore, the
significant increase noted in the AHP3 + CP4 + CuO combination compared to AHP3
+ CP4 (p-value < 0.001) adds nuance to the understanding of synergistic effects in soil
management practices. These results point towards the practical applications of these
treatments in sustainable agriculture, warranting further exploration and validation in
diverse agricultural settings.
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Figure 9. Soil organic carbon (SOC) at harvest stage in black wheat and HD3086 cultivars with dif-
ferent combinations of PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086. 
Annotations and statistical significance are as described in Figure 2. 

  

Figure 9. Soil organic carbon (SOC) at harvest stage in black wheat and HD3086 cultivars with
different combinations of PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086.
Annotations and statistical significance are as described in Figure 2.
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3.5.2. Soil Invertase Activity

In the black wheat variety, the impact of the CP4 treatments was notably substantial,
both when applied individually and in combination with MS and CuO NPs (Figure 10a).
When compared to the consortia treatment used as a control, only the combination of
CP4 with CuO NP demonstrated a significantly higher effect, registering a value of
996.7 µg g−1 24 h−1 and a highly significant increase of 155.6%. Conversely, none of the
treatments involving ZnO NPs showed a significant increase when compared to the control.

When the MS treatment was taken as a control, CP4 alone with MS NPs in black wheat
and CP4 alone and consortium with AHP3 and MS NPs in HD3086 showed a significant
increase in soil invertase activity. When ZnO was taken as a control, AHP3 and CP4 in
conjunction with ZnO in HD3086 showed a significant increase in soil invertase activity.
When CuO was taken as a control, CP4 alone and AHP3 and CP4 in conjunction with CuO
in black wheat and AHP3 alone with CuO in HD3086 showed a significant increase in soil
invertase activity. Among all the treatments, soil invertase activity was more profound
in the HD3086 variety, with AHP3 treated with CuO NPs displaying the most significant
impact, registering a value of 2075 µg g−1 24 h−1 and a substantial 114% increase when
compared with the control (Figure 10b). Notably, when using CP4 as the control, the only
treatment that showed a significant increase was CP4 + MS, with a 60.5% increase, achieving
a value of 1558 µg g−1 24 h−1. These findings highlight the specificity of each treatment’s
effects on soil invertase activity in the HD3086 variety. AHP3 treated with CuO NPs
showcased a significant stimulation of invertase, indicating its potential role in enhancing
soil enzymatic processes. The observed increase in CP4 + MS NPs further highlights the
nuanced responses to specific treatments. These results contribute valuable insights into
complex interactions, emphasizing the need for precision in tailoring agricultural practices
to optimize soil enzyme activity.
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Figure 10. Cont.
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Figure 10. Soil enzyme invertase activity at harvest stage in black wheat and HD3086 plants with 
different combinations of PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086. 
Annotations and statistical significance are as described in Figure 2. 
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nation of AHP3 and CP4 with CuO NPs (Figure 11a). The use of CP4 with the ZnO nano-
particles led to the highest increase of 107%, with a value of 8.8 TPF µg g−1 24 h−1. When 
AHP3 was taken as a control and compared with AHP3 and NPs, only AHP3 + ZnO 
showed a significant increase of 40.3%, with a value of 8.5 TPF µg g−1 24 h−1. Similarly, only 
the combination of CP4 with ZnO NPs showed a highly significant increase of 51.7% when 
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the AHP3 + ZnO treatment and 77.5% in the CP4 + ZnO treatment (Figure 11b) when com-
pared to the control. The combination of AHP3 and CP4 with ZnO NPs also showed a 
significant improvement when compared to AHP3 and CP4 PGPB, with values of 145.4% 
and 83.7%, respectively. These results showed the varied responses of soil dehydrogenase 
activity to different PGPB and nanoparticle treatments in both black wheat and HD3086 
soils. The substantial increases in dehydrogenase activity indicate positive impacts on soil 
microbial activity and organic matter decomposition. The differences observed in the 
treatments highlight the specificity of microbial responses to particular combinations, em-
phasizing the need for tailored soil management strategies in agricultural practices. 

Figure 10. Soil enzyme invertase activity at harvest stage in black wheat and HD3086 plants with
different combinations of PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086.
Annotations and statistical significance are as described in Figure 2.

3.5.3. Soil Dehydrogenase Activity

Soil dehydrogenase activity acts as a proxy for endogenous respiration in soil. In
the soil of the black wheat plants, when compared to the control, a highly significant
increase was observed in AHP3 and CP4 with ZnO treatment and ZnO NPs alone and the
combination of AHP3 and CP4 with CuO NPs (Figure 11a). The use of CP4 with the ZnO
nanoparticles led to the highest increase of 107%, with a value of 8.8 TPF µg g−1 24 h−1.
When AHP3 was taken as a control and compared with AHP3 and NPs, only AHP3 + ZnO
showed a significant increase of 40.3%, with a value of 8.5 TPF µg g−1 24 h−1. Similarly,
only the combination of CP4 with ZnO NPs showed a highly significant increase of 51.7%
when CP4 was taken as a control. When the MS NP treatment was taken as a control, CP4
alone with MS NPs in black wheat showed a significant increase in soil dehydrogenase
activity. When CuO was taken as a control, CP4 alone and AHP3 and CP4 in conjunction
with CuO in black wheat showed a significant increase in soil dehydrogenase activity.

In HD3086, the ZnO NP treatments showed a highly significant increase of 94.5%, and
the PGPB combinations with ZnO showed a highly significant increase of 93.8% in the
AHP3 + ZnO treatment and 77.5% in the CP4 + ZnO treatment (Figure 11b) when compared
to the control. The combination of AHP3 and CP4 with ZnO NPs also showed a significant
improvement when compared to AHP3 and CP4 PGPB, with values of 145.4% and 83.7%,
respectively. These results showed the varied responses of soil dehydrogenase activity to
different PGPB and nanoparticle treatments in both black wheat and HD3086 soils. The
substantial increases in dehydrogenase activity indicate positive impacts on soil microbial
activity and organic matter decomposition. The differences observed in the treatments
highlight the specificity of microbial responses to particular combinations, emphasizing
the need for tailored soil management strategies in agricultural practices.
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Figure 11. Soil enzyme dehydrogenase activity at harvest stage in black wheat and HD3086 with 
different combinations of PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086. 
Annotations and statistical significance are as described in Figure 2. 
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ZnO NPs and biofertilizer exhibited superior effects on plant growth compared to the 
other two NP combinations. This was evidenced by the increases in root and shoot length, 
fresh weight, chlorophyll content, and protein content values. These findings align with 
previous studies wherein the application of ZnO NPs augmented plant growth-promot-
ing traits [78,79]. While MS and CuO NP also promoted some plant growth traits, the 
trend in shoot and root length, as well as plant fresh weight, showed higher values for the 
black wheat variety than the HD3086 variety. In both varieties, a significant increase in 
shoot and root length was observed in the case of the ZnO NP treatment combined with 
the Bacillus species compared to the biofertilizer alone treatment. This suggests that nano-
biofertilizers show an additive effect, combining the benefits of both biofertilizers and 
nanofertilizers. Previous studies have also highlighted the positive impact of both ZnO 
NPs and PGPB on wheat growth [51]. Moreover, CuO application decreased the root 
length and weight compared to the control plants. A similar result of decreased root length 
was reported in studies examining the dose-dependent application of CuO NP [73,80]. 
The significant increase in the fresh weight values seen in the black wheat plants treated 
with MS NPs in conjunction with Bacillus species may be attributed to the heightened 
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different combinations of PGPB and nanoparticles. (a) Black wheat and (b) wheat variety HD3086.
Annotations and statistical significance are as described in Figure 2.

4. Discussion

The innovative approach of combining nanoparticles with plant growth-promoting
bacteria is a relatively new concept for ecofriendly and sustainable agriculture. In our study,
we observed that NPs and PGPB association with each other is mutually beneficial. Among
the two PGPB and their combinations with three types of NP, the combination of ZnO NPs
and biofertilizer exhibited superior effects on plant growth compared to the other two NP
combinations. This was evidenced by the increases in root and shoot length, fresh weight,
chlorophyll content, and protein content values. These findings align with previous studies
wherein the application of ZnO NPs augmented plant growth-promoting traits [78,79].
While MS and CuO NP also promoted some plant growth traits, the trend in shoot and root
length, as well as plant fresh weight, showed higher values for the black wheat variety than
the HD3086 variety. In both varieties, a significant increase in shoot and root length was
observed in the case of the ZnO NP treatment combined with the Bacillus species compared
to the biofertilizer alone treatment. This suggests that nanobiofertilizers show an additive
effect, combining the benefits of both biofertilizers and nanofertilizers. Previous studies
have also highlighted the positive impact of both ZnO NPs and PGPB on wheat growth [51].
Moreover, CuO application decreased the root length and weight compared to the control
plants. A similar result of decreased root length was reported in studies examining the
dose-dependent application of CuO NP [73,80]. The significant increase in the fresh weight
values seen in the black wheat plants treated with MS NPs in conjunction with Bacillus
species may be attributed to the heightened cellular silica content, a crucial parameter for
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plant growth [39]. Collectively, these observations contribute to our understanding of the
nuanced effects of different nanoparticle and biofertilizer combinations on plant growth.

Chlorophyll content, a key indicator of crop growth and a direct measure of the pho-
tosynthetic capacity of leaves, forms the basis for the exchange of materials and energy
between crops and their environment, providing valuable insights into crop health and
development [81]. In our study, the total chlorophyll content was significantly increased in
treatments involving the application of ZnO NPs alone and in conjunction with the Bacillus
sp. for both wheat varieties. Zinc, an essential microelement, serves as a co-factor for
pigment biosynthesis [82]. Consistent with our findings, Adil et al. [83] reported similar re-
sults, where treatment with increasing concentrations of ZnO NP enhanced the chlorophyll
content in wheat leaves. Moreover, the treatments involving consortia with MS NP and MS
NP alone showed an enhancement in total chlorophyll content. These results align with
previous studies indicating a correlation between increased chlorophyll pigments and pro-
tein content, reflective of heightened photosynthetic activity [39]. Silica treatment has been
shown to enhance the expression of genes related to the biosynthesis of chlorophyll, such
as PetH and PsbY, which, in turn, enhance the activity of PS II, the rate of electron transfer,
and the generation of NADPH [84]. These findings emphasize the intricate relationships
between nanoparticle treatments and chlorophyll content, shedding light on the molecular
mechanisms underlying enhanced photosynthetic activity. The results contribute to our
understanding of how specific treatments influence key biochemical pathways, providing
valuable insights for optimizing crop health and productivity in agriculture.

The total soluble protein content in both wheat varieties showed a significant increase
upon treatment with ZnO and CuO NPs, either alone or in combination with bacteria. Zinc,
an essential micronutrient for various physiological functions of plants, plays a major role
in enzymatic activities and metabolic pathways, the synthesis of proteins, the transport
of water, and membrane integrity [76]. Consistent with our findings, a previous study
reported a significant increase in protein content and grain yield with the application of
ZnO NPs with Zn biofertilizers [72].

Proline, a vital proteogenic amino acid, accumulates in plants in response to environ-
mental stresses, serving multiple functions, such as regulating osmotic balance, combating
free radicals, stabilizing subcellular structures, and maintaining cellular redox potential in
response to stress [85]. In our study, a significant increase in the proline content of black
wheat plants was observed with the CP4 + AHP3 treatment, as well as with the MS and
CuO NPs treatments alone and with bacteria. The consortia with ZnO NP and AHP3 with
the MS treatment exhibited the highest proline content in the HD3086 variety of wheat.
These findings uncovered the influence of nanoparticle treatments, particularly the use of
ZnO and CuO NPs, on crucial physiological aspects, such as protein and proline contents,
in wheat varieties. The observed increases suggest benefits in terms of overall plant health.

Nitrogen, a crucial macronutrient for crop plants, plays a key role in vital processes
such as growth, leaf expansion, and biomass yield production [86]. In our study, the nitro-
gen uptake increased in the HD3086 variety in all three NP treatment sets. Particularly, the
treatment set with ZnO NPs and both bacteria showed a substantial increase in nitrogen in
both wheat varieties. It was reported that the inoculation of B. subtilis and foliar fertilization
with nano-Zn led to a significant increase in nitrogen biofortification, yield, and zinc use
efficiency in wheat [87]. Additionally, the moderate supplementation of Zn to the rice
plants was found to increase the activity of nitrate reductase and glutamine synthetase,
thereby enhancing nitrogen synthesis [88].

In the case of phosphorus, an increase in uptake was observed in the leaves of HD3086
in the treatment with CuO and AHP3 and both bacterial isolates compared to the control.
Conversely, the application of ZnO NPs to wheat plants decreased the phosphorus in the
leaves, suggesting a reduced uptake of phosphorus from the soil to the shoot. Previous
studies have proposed that this decline in phosphorus uptake may be attributed to the
interaction of zinc with phosphorus, forming zinc phosphate, presumably in the phytate
form, thereby hampering the bioavailability of zinc to plants [89]. These results highlight
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the intricate dynamics of nutrient interactions influenced by nanoparticle treatments in
different wheat varieties. The findings underscore the importance of considering nutrient
bioavailability and potential interactions in nanoparticle-assisted nutrient management
strategies for improved crop nutrition.

Macro- and micronutrient analysis in the leaves of both wheat varieties revealed a
significant increase in Mg content in all treatments compared to the control. In the HD3086
variety, CP4 + MS exhibited the maximum levels of Mn, Cu, and Zn compared to the other
treatments. In both wheat varieties, the amount of Cu in the leaf increased in all treatments
with CuO NPs and bacteria except for the treatment involving the application of CuO NPs
alone in black wheat. The Mn concentration in the ZnO and CuO NP treatments, alone and
with bacteria, showed a higher value compared to the control in both wheat varieties. A
previous study reported similar results, demonstrating an increase in Mn content when
Medicago polymorpha L. plants were treated with ZnO and CuO [90]. However, plants
treated with only CuO NP exhibited an increase in the uptake of Cu ions but a decrease
in the uptake of other macro- and micronutrients, such as iron and calcium, in HD3086.
This interference in Fe uptake may be attributed to the formation of a complex between
Cu and 2′-deoxymugineic acid (DMA), a phytosiderophore. The level of the divalent
cation Ca may be decreased due to its competition for uptake with CuO NP [80]. In plant
roots, the antagonistic interactions between specific elements occur due to imbalances in
relative nutrient concentration and the intense competition for the absorption by metal
ion transporters localized in the roots. The direct application of the competing nutrient to
aboveground parts of the plant does not cease this competition for nutrient uptake by the
roots [91].

Soil analysis serves as a valuable tool for assessing a soil’s potential to support plant
growth, identifying deficits in essential nutrients necessary for plants, predicting fertiliza-
tion needs, and evaluating the environmental risks associated with soil conditions [92].
Soil organic carbon, a crucial parameter for assessing soil fertility, was found to be at its
highest in plants treated with ZnO and CuO nanoparticles in combination with bacteria in
both wheat varieties. CuO nanoparticles have the potential to dissolve and release Cu ions,
which can interact with the plant’s root zone. The variables affecting the dissolution of CuO
nanoparticles include dissolved soil organic matter, bacterial niches, and plant metabolic
exudates [93]. In soil, invertase and dehydrogenase enzymes play essential roles in the
carbon and nitrogen cycles. The current study demonstrated that the treatment with ZnO
NPs alone and ZnO NPs and bacteria showed a significant increase in soil dehydrogenase
activity in the soils of both wheat varieties. In black wheat, the combination of CuO and
consortia also showed a significant increase in soil dehydrogenase activity. The Bacillus sp.
CP4 treatment exhibited an increase in soil invertase activity compared to the control in the
soils of both wheat varieties. Notably, the soil in the AHP3 + CuO treatment in the HD3086
variety showed a significant increase in invertase compared to the AHP3 alone treatment.
These findings underscore the intricate interplay between nanoparticles, bacteria, and soil
enzymes, contributing valuable insights into the complex dynamics of soil health and
nutrient cycling in the context of agricultural practices.

The characteristics of NPs may be affected by various bioenvironmental conditions. As
soil aggregation occurs, NP solubility is modified according to the coating or lack of coating
of their surfaces by different plant and/or soil factors [94]. Microbial factors can also alter
the bioactivity of nanoparticles. Extracellular polymeric substances (EPS) produced by
Bacillus species are stimulated by Ag and ZnO nanoparticles, resulting in changes in the
cellular processes to prevent toxicity [95]. Metallic nanoparticles (MNPs) interact intricately
with biological and soil-associated factors, which include organic acids, sugars, proteins,
ions, etc. NP or ions released by them modulate plant development and impede the growth
of pathogens [96]. Root exudates of wheat influence the activity of CuO and ZnO NPs on
the soil microbe P. putida KT2440, indicating a synergy with soil factors, which could serve
as a protective mechanism for associated bacteria against the phytotoxic effects of NP [97].
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The present study has shown the positive and variable effects of applying different
nanoparticles alone and in combination with PGPB on morphological, physiological, and
biochemical parameters related to plant growth. Although the use of nanoparticles alone
had a positive effect on plant growth-promoting attributes, 31 out of 72 comparisons (43%)
in black wheat and 27 out of 72 comparisons (38%) in HD3086 showed significant im-
provements in shoot length, root length, fresh weight, chlorophyll content, protein content,
proline content, nitrogen, and phosphorus in the NP + PGPB treatment compared to NP-
only treatment based on our ANOVA and/or t-tests. Similarly, 9 out of 27 comparisons
(33%) in black wheat and 13 out of 27 comparisons (48%) in HD3086 showed significant
improvements in soil organic carbon and soil dehydrogenase and invertase activities in
the NP + PGPB treatment compared to NP-only treatment. Although most of the previous
studies in the literature have reported positive effects derived from the use of nanoparticles
such as CuO, ZnO, and TiO2 NPs on plant growth-related parameters, aligning with our
studies, there are some studies that have reported a decrease in plant growth-related pa-
rameters with the use of nanoparticles [73,98]. These contrasting results may be attributed
to a number of factors, including plant species/genotype, growth conditions, nature of
nanoparticles, nature of soil, and environment/climate.

5. Conclusions

The application of nanoparticles in conjunction with PGPB, employed as nanobiofer-
tilizers, exhibited an overall improvement in plant growth parameters and soil health
compared to the control. About one-third to half of the treatments involving both NPs and
PGPB showed significant improvement in wheat growth-promoting attributes and soil
health compared to NP treatment as a control. The findings of the current study highlighted
that zinc oxide nanoparticles, when combined with bacteria, augmented plant growth the
most by exerting a positive influence on morphological and growth traits, including shoot
and root lengths and chlorophyll, protein, and nitrogen contents. Additionally, mesoporous
silica nanoparticles enhanced chlorophyll contents, along with the contents of proline and
nitrogen. The integration of nanotechnology in agriculture in the form of nanobiofertilizers
could emerge as an effective tool to improve agriculture if delivered in an economical and
sustainable manner.
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