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Abstract: The utilization of binary oxide nanoparticles is geometrically increasing due to their nu-
merous applications. Their intentional or accidental release after usage has led to their omnipresence
in the environment. The usage of sludge or fertilizer containing binary oxide nanoparticles is likely
to increase the chance of the plants being exposed to these binary oxide nanoparticles. The aim of the
present review is to assess the detailed positive and negative impacts of these oxide nanoparticles
on the soybean plants and its rhizosphere. In this study, methods of synthesizing binary oxide
nanoparticles, as well as the merits and demerits of these methods, are discussed. Furthermore,
various methods of characterizing the binary oxide nanoparticles in the tissues of soybean are high-
lighted. These characterization techniques help to track the nanoparticles inside the soybean plant.
In addition, the assessment of rhizosphere microbial communities of soybean that have been exposed
to these binary oxide nanoparticles is discussed. The impacts of binary oxide nanoparticles on the
leaf, stem, root, seeds, and rhizosphere of soybean plant are comprehensively discussed. The impacts
of binary oxides on the bioactive compounds such as phytohormones are also highlighted. Overall, it
was observed that the impacts of the oxide nanoparticles on the soybean, rhizosphere, and bioactive
compounds were dose-dependent. Lastly, the way forward on research involving the interactions of
binary oxide nanoparticles and soybean plants is suggested.

Keywords: oxide nanoparticles; soybean; microbial community; bioactive compounds; rhizosphere;
phytohormones; enzymes

1. Introduction

Soybean (Glycine max L.) remains one of the most highly cultivated legumes world-
wide [1]. In a year, more than 200 million metric tons of soybean are produced, as revealed
by the statistic of Food and Agricultural Organization (FAO) in the year 2009 [2]. In 2019,
the FAO classified soybean as the fifth largest crop worldwide in terms of agricultural
productivity [3]. Soybean is a precursor for biodiesel and biomaterials. Investigations have
revealed that it is a good metal accumulator [4], and these numerous uses of soybean have
led to it being in high demand. To sustain the high yield of soybean, serious attention
has been paid to the availability of various micronutrients in the soil using nanofertiliz-
ers. Nanofertilizers (especially those containing oxide nanoparticles) have a high surface
area-to-volume ratio and can easily be absorbed by plants [5,6]. These nanoparticles are
common in the environment due to their vast applications. They are used as antimicrobial
agents, as well as in drug delivery systems, food preservatives, sport equipment, water
purifiers, car tire reinforcements, bone reconstruction, and other applications [7,8]. The
nanoparticles find their way into the irrigation water and soil, where they interact with
the plants.

Exposure of soybean to these nanoparticles can lead to biotransformation, bioaccu-
mulation, translocation, and uptake of the nanoparticles [9]. These processes can have
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beneficial or detrimental effects on the anatomy and physiology of the soybean plant. For
instance, nanoparticles can have negative effects on the growth and germination of plants,
and they have the ability to induce phytotoxicity, but they are important in enhancing the
performance of crop and seed germination [10]. The understanding of the interaction of
the nanoparticles with the plants is, therefore, necessary in understanding the effects of
these nanoparticles on plants. Among the nanoparticles that have been largely studied are
the binary oxide nanoparticles.

The binary oxide nanoparticles are particularly popular due to their application as
photocatalysts and adsorbents in remediating the environment from soil and water pollu-
tants [11-13]. Furthermore, they are used as agents for inactivating bacteria in the presence
of light [14,15]. Examples of these oxide nanoparticles are iron oxide, titanium oxide, cerium
oxide, zinc oxide, silicon oxide, copper oxide, chromium oxide, silver oxide, and aluminum
oxide. Investigations have revealed that these oxide nanoparticles bioaccumulate in the
soybean plant, and they also translocate into its seeds and leaves [16,17]. Their impacts on
the root cannot be overlooked because they have the ability to impair nitrogen fixation,
resulting in detrimental effects on the fertility of the soil [18]. The root of plants is the
link between the plants and the microbes in the soil. Additionally, it is responsible for
transporting water and nutrients to the other parts of the plant. It also secretes exudates
such as phenolic compounds, sugars, organic acids, and amino acids [19]. The extent, types,
and quantity of these exudates released by the roots are influenced by external factors [20].
One of the factors is represented by the constituents of the rhizosphere of the plants, and
binary oxide nanoparticles are often found in the rhizosphere of plants. As far as we
know, the impacts of these oxide nanoparticles on the soybean and its environment have
not been reviewed. As a result, the aim of the present review was to assess the detailed
positive and negative impacts of these oxide nanoparticles on the soybean plant and its
rhizosphere, enzymes, and phytohormones. The various characterization tools needed to
properly understand the interactions between soybean and these oxide nanoparticles are
comprehensively discussed.

2. Methods of Synthesizing Binary Oxide Nanoparticles

There are several methods that have been adopted in synthesizing oxide nanopar-
ticles. Each of these methods has its merits and demerits, as summarized in Table 1. In
addition to the methods listed in the Table 1, other reported methods are template-assisted
precipitation/co-precipitation, flow-injection, electrochemical, oxidation, electron beam
lithography/photolithography, and green synthesis [21-25] (Figure 1). Green synthesis is
majorly adopted because it is an environmentally friendly, reliable, and sustainable route of
synthesis [26]. It can be scaled up to produce nanoparticles on a commercial scale [27]. The
byproducts of green synthesis routes are not toxic unlike the byproducts of other conven-
tional methods. Green synthesis requires the use of fungi, bacteria, algae, or plant-derived
extracts [26,28].
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Figure 1. Methods of synthesizing nanomaterials. Reprinted with permission from [29]. Springer
Nature (2020).

A particular binary oxide nanoparticle can be prepared using several methods. For
example, iron oxides nanoparticles are prepared using physical methods (deposition of
gas phase and electron beam lithography), chemical methods (sol-gel, electrochemical,
hydrothermal, oxidation, and flow injection), and biological methods (microbial incuba-
tion) [30]. Moreover, cerium oxide nanoparticles are prepared using the sol-gel method,

hydrothermal and sonochemical methods, spray-drying, template-assisted precipitation,
and co-precipitation [31].

Table 1. Advantages and disadvantages of methods for synthesizing binary oxide nanoparticles.

Synthetic
Method

Brief Description

Advantages

Disadvantages Ref.

Sol-gel

Preparation via transformation
of liquid precursors to sol and
finally to a gel structure

Control of morphology is possible by
changing the precursors

A toxic organic
solvent may be
required; processing is
associated with
contraction

[21,32]

Hydrothermal

Reaction of solid material with
aqueous solution at high
temperature and pressure

The reaction is usually carried out in a
closed system which minimizes
pollution; easy to control the nucleation;
low temperature required in a suitable
solvent; it saves energy

Longer reaction time
than techniques such
as vapor deposition
technique

[24,33]

Sonochemical

The production of nanoparticles
using ultrasound under high
intensity of sound, high
pressure, and high temperature

Possibility of initiating reaction without
external agents

Lack of ultrasonic
reactors that can
produce in
commercial quantities

[23,34]

Spray-
drying

It involves atomization by using
hot drying gas to give dry
powder of nanoparticles

Reproducible, fast, and cheap

Reduced yield due to
the sticking of the
products to the walls
of the drying chamber

Solvothermal

Precursors are stoichiometrically
mixed with organic solvent at an
elevated temperature to
generate nanoparticles

Materials produced have high degree of
crystallization

Long time reaction;
contamination which
requires several
washing steps

[24,36,37]
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Table 1. Cont.
Synthetic Brief Description Advantages Disadvantages Ref.
Method
Deposition Conversion of vapor phase to Thin films of nanoparticles are formed It has high cost and [21,25]
of gas condensed phase to produce easily gives low yield
phase/vapor nanoparticles
Mechanical/ball ~ Employing impacts from Cheap, easy to optimize, and gives pure Contamination is [28]
milling mechanical energy to generate product possible; it requires a
inorganic materials long time; high energy
is required
Microwave  Utilizing microwave irradiation ~ Easy to reproduce; short reaction time High synthetic cost; [24]
to raise the temperature of needed; high yield is obtained commercialization is
reactants in solution leading to tedious
the formation of nanoparticles
Laser/spray  Laser beam is used to heat up or Relatively cheap; morphological The reactors needed [21]

pyrolysis

decompose the precursor
leading to the formation of
nanoparticles

modulation is possible

for pyrolysis are
expensive

3. The Methods of Characterizing Binary Oxide Nanoparticles Inside Soybean Plant

Different characterization techniques have been used to test the viability of different
parts of soybean plants. One of the techniques used for characterizing the seed of soybean
plant is X-ray. This technique can detect the mechanical and stink bug damage in soybean
plant [38]. It is possible to know if healthy or unhealthy seedlings of soybean will be
produced through this technique. Another technique that can give the distribution of
biomolecules in soybean is time-of-flight mass spectrometry imaging coupled with matrix-
assisted laser desorption ionization (MALDI-MSI). To use this technique, a particular
area is spotted on the tissue of soybean, and alignment software is used to compare its
protein profile [39]. Examples of images obtained via this technique are shown in Figure 2.
Just like there are analytical tools for characterizing various parts of soybean plants, the
nanoparticles are also characterized by various analytical tools. Each of these techniques
has unique applications and principles of operation. Some of these techniques, as well as
their applications and principles of operation, are summarized in Table 2.

The transportation of nanoparticles inside the soybean plants is also possible using
some of the analytical techniques. One of the techniques used is synchrotron micro-X-ray
fluorescence (XRF). Hernandez-Viezcas et al. used u-XRF and u-XANES to track both CeO,
and ZnO in soybean plants. Through these techniques, it was possible to determine if there
are residual nanoparticles in any part of the soybean plants, and to evaluate the interaction
of soybean plants with the oxide nanoparticles [40]. Examples of images obtained in
tracking ZnO and other nutrients (calcium and potassium) through these techniques are
shown in Figure 3. Inductively coupled plasma atomic emission spectrometry (ICP-OES),
inductively coupled plasma mass spectrometry (ICP-MS), radiotracer and autoradiograph,
u-XAS, are micro-particle-induced X-ray emission are specific examples of these methods
for tracking nanoparticles in different plants, as reviewed in [41]. In fact, methods that can
be used to detect the presence of microbes in plants are impacted by nanoparticles. One such
method is matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) [42].
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Figure 2. MALDI imaging in soybean cotyledons. (A) A cross-section of the cotyledon, exposing
the center midway between the tip and the base. (B) MALDI-MSI cross-section showing the peak
intensity and localization for m/z 3918. (C) Cross-section of the cotyledon cut axially from tip to base.
(D) MALDI-MSI cross-section showing the peak intensity and localization for n1/z 5372. Reproduced
from [39]; Springer Nature (2011); open access under Creative Commons Agreement.

Table 2. Methods of characterizing binary oxide nanoparticles.

Characterization Application Principle of Operation Ref.
Tools
X-ray diffraction To determine the dimensions of The interaction of a light having a single wavelength with [43,44]
(XRD) the lattice, particle size and the oxide nanoparticles.
crystallinity; it is also used for
crystal characterization
UV /visible To determine the stability of the The plot of coefficient of extinction against wavelength [45]
absorption oxide nanoparticles and for obtained when light of known intensity passes through the
spectroscopy identification purposes sample to the detector
Fourier-transform To determine the functional Interaction of infrared radiation causing vibration and [46]
infrared group of molecules attached to interaction of molecules
spectroscopy (FTIR) the oxide nanoparticles
Dynamic light To measure the distribution of Detection of the scattered light at a known angle after the [47]
scattering (DLS) the particle size in colloid or sample is focused with a laser beam
suspension
Scanning electron To determine the surface Interaction of the electrons in the sample with the beam of [48,49]

microscopy (SEM)

images of oxide nanoparticles

electron from the machine to generate captured signals

Transmission
electron microscopy
(TEM)

To determine the morphology,
size, and internal morphology
of oxide nanoparticles

The beams of electrons pass through the oxide nanoparticles;
the beam is scattered, while the lens captures the scattered
electrons to form an image

[50]
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Table 2. Cont.

Characterization Application Principle of Operation Ref.
Tools
Energy-dispersive To determine the elements that Electrons are knocked off from the inner shell of electrons [48,49]
X-ray analysis are present in oxide when it is bombarded with a beam of electrons, leading to
(EDAX) nanoparticles the generation of a positively charged hole which takes up
another electron from the valence shell due to electrostatic
forces of attraction
X-ray To determine the purity of Bombardment of nanoparticles with high energy radiations [51]
phosphorescence oxide nanoparticles to give a characteristic fluorescent emission.
(XPS)
Atomic force To determine the volume A micro-cantilever is used with the side having weaker force ~ [52-54]
microscopy (AFM) distribution, surface area, contacting the sample; the fluctuation of the probe is
roughness, morphology, and measured
size of oxide nanoparticles
Thermal To determine the stability of The change in weight is plotted as a function of temperature [55]
gravimetric analysis  oxide nanoparticles under heat
(TGA)
Dynamic light To determine the state of It operates on the basis of “Brownian motion” [56]

scattering (DLS)

aggregation of oxide
nanoparticles

Grain

Figure 3. Tricolor u-XRF maps (blue = K, green = Ca, and red = Zn): (a) nodule, (b) stem, and (c) pod
maps. White circles mark the areas with high intensity of Zn, according to u-XANES. Reproduced
with permission from [40]; copyright (2013) America Chemical Society.
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4. Effects of Binary Oxide Nanoparticles on Soybean Plant

Nanoparticles have been found to have significant effects on the germination rate of
plants. The nanoparticle is small, and it assists the penetration of nutrients and water into
the seed of soybean without altering its internal structure [57]. Every part of the soybean
plant is affected by the presence of oxide nanoparticles. In fact, the rhizosphere is not
exempt. Nanoparticles can influence the growth and germination of soybean plants. They
can prevent the plant from going moldy and cause an increase in water utilization and the
absorption properties of plants [58]. This section explains the impact of oxide nanoparticles
on various parts of the soybean and its rhizosphere, enzymes, and hormones.

4.1. Effects of Binary Oxide Nanoparticles on the Rhizosphere Microbial Community of
Soybean Plant

The region surrounding the roots of plants, usually 2-80 mm from the root depending
on the species of plant, is called the rhizosphere, which is rich in enzymes, microbes, and
nutrients [59,60]. The microorganisms found in the rhizosphere of soybean form part of the
ecological feeding system in the rhizosphere by using the root-exuding chemicals which
help to regulate the activities that go on in the soybean root’s attached soil. The final
microbial assemblage and composition in the rhizosphere are a result of the rich species
of microbes found in soybean’s bulk soil [61]. Researchers have reported two theories
(neutral theory and niche theory) to explain the reason for microbiome assemblage in the
rhizosphere [62]. The neutral theory is a sampling, dispersal-assembled, and stochastic
theory based on the interaction and origin of a biological population. It assumes that the
interactions are operated on individual levels [63]. The niche theory, on the other hand, is
based on the spatial homogeneity of the local environment [64].

The microbes that are present in the rhizosphere are known as rhizosphere microbial
communities. Degradation of soil organic carbon, cycling of nitrogen, and mineralization
of nutrients are all biogeometrical functions of the microbial communities of the soil [65].
Hence, the availability of organic carbon and nutrient depends on the state of the microbial
communities. The assessment of microbial communities of useful plants such as soybean is
necessary [66]. It has been reported that the toxicity of oxide nanoparticles on the microbial
communities is a function of the specific microbes that are present in the rhizosphere [67]
and the type of soil under investigation [66]. Some oxide nanoparticles show no effect
on the rhizosphere bacterial communities in an uncultivated soil. However, the bacterial
communities of soybean-cultivated soil are altered.

Ge et al. [68] observed that application of 0.5 g/kg of zinc oxide nanoparticles increased
the Azotobacter, Clostridium, Rhodospirillaceae, and Ensifer in the soybean cultivated soil,
while the population of Sphingomonas and Rhizobium significantly decreased. This same
effect was observed with cerium oxide nanoparticles, but a lower quantity of cerium oxide
was used (0.1 g/kg). The effect of CeO, was particularly observed in the soil cultivated
with soybean unlike the unplanted soil, where bacterial communities were not affected by
CeO, nanoparticles. A large quantity of ZnO was required because soybean root takes up
zinc ions, thereby reducing its availability and effects on soil microbial communities [68].
The reduced availability of ZnO can also be as a result of the carbon that is released by
root exudates, which causes immobilization of these oxide nanoparticles. The impact of
oxide nanoparticles on the growth of A. vinelandii has also been investigated. It was
observed that there was no effect on the growth of A. vinelandii when TiO, was used for
the investigations. However, <10 mg/L tungsten oxide displayed a significant toxic effect
on the microbe. The toxic effect of tungsten oxide was linked to catechol-metallophore
interference [69].

TiO; has impacts on the rhizospheric microbial community, whether it is doped or
undoped. For instance, even at low concentrations of nitrogen doped TiO; and undoped
TiO, nanoparticles, the communities of mycorrhizal fungi and other prominent functional
groups in the rhizosphere of soybean are affected. These alterations in the microbial
communities may influence the growth of soybean plant, especially in the absence or
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insufficiency of nutrients and moisture [67]. Since arbuscular mycorrhizal fungi have
the ability to form a symbiotic relationship with the root of plants, the ability to acquire
nutrients in the root of Trifolium repens and other arbuscular mycorrhizal fungi may be
affected, and the content of the glomalin may be significantly reduced [70]. SiO;, and TiO,
increased the activity of reductase in soybean, and they also activated the antioxidant
defense system [58,71].

4.2. Effects of Binary Oxide Nanoparticles on the Leaf of Soybean Plant

Inorganic iron has low solubility under a near neutral pH, which causes a reduction
in the concentration of iron in the soil solution. Deficiency of iron in plants leads to a
reduction in chlorophyll biosynthesis and iron deficiency chlorosis [1,2]. This in turn slows
the growth rate of soybean plant and yellowing of leaves. Since iron plays an important
role in photosynthesis, there is a need to introduce an alternative iron source for better leaf
(and chlorophyll) development in soybean. Iron oxide nanoparticles are among the sources
of iron used for this purpose. For instance, the introduction of iron oxide into soybean
plant under hydroponic conditions led to enhanced chlorophyll levels without any noted
detrimental effects on the plants [72]. Even when iron oxide nanoparticles were coated with
fulvic acid, there was still an enhancement of chlorophyll content of soybean plants [73].

The introduction of TiO, nanoparticles to cultivated soybean in a cadmium stress
environment led to a decrease in the chlorophyll content of the plant. The reduction in
chlorophyll content was as a result of disturbance of the enzyme in charge of chlorophyll
synthesis [74]. In fact, there was also a reduction in leaf carbon content when TiO, was
introduced to soybean, and the reduction was significantly greater than when FezO4
nanoparticles were used instead of TiO; [75]. Another oxide nanoparticle that has been
used to investigate the effect of oxide nanoparticles on chlorophyll is Cr,O3. There was
damage to the chloroplast thylakoid structure and ultrastructure, leading to the alteration
of photosynthetic system. Inhibition of the activities of electron acceptor NADP+ was also
observed [76].

Stowers et al. examined the effect of exposure of soybean to cerium oxide nanoparticles.
These researchers discovered that the rate of photosynthesis of soybean seedlings planted
in sterilized soil was 122% better than that of those planted in unsterilized soil, when
100 mg/kg of this nanoparticle was used. On the contrary, the rate of photosynthesis
dropped in sterilized soil by 67.2% when the quantity of cerium oxide was increased from
100 mg/kg to 500 mg/kg [59], which showed that the photosynthetic rate of soybean varies
with the amount of cerium oxide nanoparticles present in soybean. The ratio of chlorophyll
a to chlorophyll b is also influenced by the presence of cerium oxide nanoparticles. The
ratio of chlorophyll a to chlorophyll b in an unsterilized soil loaded with 500 mg/kg cerium
oxide nanoparticles increased from 1.94 to 3.05 in an unsterilized soil. On the contrary,
the ratio remained constant at 2.55 when the soil was sterilized [59]. The development of
the trifoliate leaves of soybean is also affected by the presence of oxide nanoparticles. For
instance, after 14 days of cultivation of soybean in the presence of 500 mg/kg zinc oxide
nanoparticles, there was inhibition in the formation of first trifoliate compared with the
control. However, there were minimal effects on the leaves when 50 mg/kg of the zinc
oxide nanoparticles were introduced into the system [9].

4.3. The Effects of Binary Oxide Nanoparticles on the Stem of Soybean Plant

Spots, etiolation, and early wilting were observed on the stem of soybean exposed to
500 mg/kg of zinc oxide nanoparticles. However, there was no significant difference with
the control when 50 mg/kg of the nanoparticle was used [9]. This observation showed that
the amount of zinc oxide nanoparticle determines its effect on the stem of soybean plant. A
similar effect was observed when zinc oxide nanoparticles were introduced into the soil
during the cultivation of another leguminous plant (Mungbean seed) [77].

The low solubility coupled with the high stability of cerium oxide in the environment,
contributes to its availability in the plants [78]. Cerium oxide nanoparticles caused a
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reduction in the stem size of soybean plant [79]. This was due to the pronounced interaction
between the cerium oxide and soybean plant, as shown by the total cerium concentration
in the soybean plant [80]. The type of soil used and the concentration of cerium oxide
influence the amount of cerium that accumulates in the tissue of soybean plant [59]. Soybean
translocates and transforms cerium more than corn under the same conditions. Its ability
to translocate and transform cerium is linked to the chemistry of the surrounding solution.
Additionally, the composition of roots exudates and xylems also determines the extent of
cerium oxide transformation in soybean plants [81]. The rate of transpiration of cerium
oxide nanoparticles by soybean is also influenced by the presence of phosphorus, the
structure of the xylem, and the zeta potential, as shown in Figure 4.
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high transpiration rate more negative charges
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. .

+P treatment -P treatment

monocot (corn) low transpiration rate less negative charges

> €

Figure 4. Comparative studies of translocation of cerium oxide nanoparticles and cerium ions on
corn (monocot) and soybean (dicot). Reproduced from [81]; Royal Society of Chemistry (open access
under Creative Commons Agreement).

Aluminum oxide nanoparticles also have noticeable impacts on the stems of soybean.
The presence of aluminum oxide nanoparticles did not increase the length of the stems;
however, it was reported to increase the activities of peroxidase around the cell wall while
reducing the activities of the enzymes that break down ammonia and phenylalanine in the
stem of soybean. Unlike in the root of soybean, the presence of aluminum oxide nanoparti-
cles increased the content of parahydroxyphenyl in the stem. Phenolic compounds also
increased in the stem of soybean as a result of aluminum oxide nanoparticles. On the
contrary, the amount of paracoumaric acid in the stems of soybean reduced due to the
presence of aluminum oxide [82].

There was a 140% increase in the shoot biomass compared to control with the intro-
duction of 60 ppm of CuO nanoparticles [83]. However, when the concentration of CuO
nanoparticles was increased to 2000 ppm, there was a 100% decrease in the shoot biomass,
revealing that the optimum concentration beneficial to soybean is 60 ppm, whereas a high
concentration of this same nanoparticle has detrimental effects on soybean plants. On
the contrary, there was an observable decrease in the weight of the shoot when Cr,O3
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nanoparticles were used in another investigation. The decrease in biomass observed for the
shoot was lower compared with what was observed in the root. In particular, there was a
46.3% biomass reduction in the root, whereas there was a 9.9% biomass reduction in the
shoot of the soybean plant [76]. The reduction in biomass varied with the concentration of
Cr,0O3 nanoparticles, as shown in Figure 5.

0.01g/L  0.05g/L

407 ] [ a
2 N Shoot C &0 B Shoot S
3.5 — | | S Root
£ 30 S .Asoo-
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Figure 5. Effects of chromium nanoparticles treatment on (A) the growth of shoots and roots of
soybean (B) the biomass of soybean after 14 days of the nanoparticles treatment (C) the residual
contents of chromium in the roots and shoots after 14 days of nanoparticle treatment. Bars with
different letters are significantly different at p < 0.05. Reprinted with permission from [76]; copyright
(2013), Springer Nature.

4.4. The Effects of Binary Oxide Nanoparticles on the Root of Soybean Plant

It has been reported that, when nanoparticles are applied to the soil, they are concen-
trated in the root tips and root hairs of plants. If the nanoparticle is iron oxide, the ratio
of divalent iron to the total iron is boosted with a high biomineralization value [84]. Iron
oxide nanoparticles have shown a significant impact in the root development of legumes.
This was particularly obvious in the formation of root nodules [73]. The chemical compo-
sition, morphology, and concentration of iron oxide nanoparticles played an important
role in the growth of the roots of leguminous embryos. A low concentration of iron oxide
nanoparticles (~5.54 x 1073 mg/L Fe) was better than a high concentration in ensuring
better seedling growth. Metallic-doped iron oxide nanoparticles (hybrid NPs) performed
worse than undoped iron oxide nanoparticles [85], as illustrated in Figure 6.
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Figure 6. The growth of seedlings planted with nanoparticles at neutral pH: (A) legume root grown
in the solution of iron oxide nanoparticles; (B) legume root planted in platinum-functionalized
nanoparticles. High nanoparticle concentration = 27.7 mg/L Fe; low nanoparticle concentration =
5.54 x 1073 mg/L Fe. Reprinted from [85]; Royal Society of Chemistry (Open Access under Creative
Common Agreement).

The presence of zinc oxide nanoparticles in the soil during cultivation has an inhibitory
effect on the root anatomy of the soybean. Treatment of the soil used for planting soybean
with 500 mg/kg of zinc oxide nanoparticles led to an 88% reduction in the surface area of
the root and an 87% reduction in the volume of root compared to the control, which was
planted without zinc oxide nanoparticles. Furthermore, the treated soybean had fewer root
hairs compared to the control [9]. On the contrary, presoaking of soybean seeds with zinc
oxide nanoparticles under saline soil conditions led to stimulation of the growth parameters
of soybean. There was also a significant increase in the level of MDA and proline when
50 mg/L of the zinc oxide was used compared with the control. The improvement in
the growth of soybean under this condition was attributed to the presence of zinc oxide
nanoparticles because there was a 65% reduction in the germination rate when soybean was
planted in saline soil without the seed being soaked with zinc oxide nanoparticles [86]. This
highlights the fact that zinc oxide nanoparticles can have both a positive and a negative
impact on soybean plants depending on the method of application.

There is higher rate of absorbance of cerium oxide nanoparticles in the root of soybean
than in its shoot. When concentrated in the root, cerium oxide nanoparticles increase the
growth of the root of soybean [79]. The amount of root nodules produced by soybean plant
is influenced by the presence of cerium oxide nanoparticles. This impacts the rate at which
nitrogen is being taken up by the soybeans [80]. Aluminum oxide nanoparticles induce
crack formation close to the apex of the root of soybean, as well as damage the root cap.
They interact with some organelles in the cell wall and cytosols of the root. Hence, they are
found to concentrate in these parts of soybean roots. When they are in the root, they cause
the content of lignin to be boosted in the root. Furthermore, they increase the phenolic,
ferulic, and paracoumaric acid contents of soybean roots [82]. Increased lignification
of the cells in the root of soybean plant has been reported as a result of its exposure
to CuO nanoparticles. The increased lignification slows down the root development of
soybean seedlings. Moreover, the generation of peroxidase and hydrogen peroxide is
significantly higher in the presence of CuO nanoparticles [3]. Application of 60 ppm of CuO
nanoparticles led to an increase in root biomass by 177% compared to the control [83]. Root
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necrosis and inhibition of elongation of the root of soybean plants as a result of exposure to
CuO nanoparticles have also been reported [87].

4.5. The Effects of Binary Oxide Nanoparticles on the Seeds of Soybean Plant

The nutrient availability in the pods and seeds of soybean are affected by the presence
of oxide nanoparticles. This alteration of nutrients depends on the concentration and the
type of oxide nanoparticle impacting the soybean. For example, with a low concentration of
cerium oxide nanoparticles, the amount of sodium in the seed pod is reduced, whereas, at
a high concentration of cerium oxide, the amount of calcium is reduced, while the amounts
of copper and phosphorus are increased. When zinc oxide is introduced, the amounts of
copper, manganese, and zinc increase in the seed pods [88]. In another study, treatment
with 500 mg/kg of zinc oxide nanoparticles caused reductions in the shoot and root of
soybean. Additionally, the seed did not form at all due to the negative impact of zinc
oxide nanoparticles on the seed formation of soybean [9]. Conversely, there was 100% seed
germination when CuO nanoparticles were introduced into the soybean during cultivation.
Normal seed germination may have been a result of the presence of the seed coat, which
protected the embryo from the effect of the nanoparticles [87]. In another investigation, the
size of the CuO nanoparticles was found to influence the yield of soybean seed obtained [3].

4.6. The Effects of Binary Oxide Nanoparticles on Phytohormones and Enzymes of Soybean Plant

The exposure of soybean to nanoparticles could lead to oxidative stress conditions,
where reactive oxygen species such as hydroxyl radicals, hydrogen peroxide, singlet oxygen,
and superoxide radicals are generated. For oxidative stress not to occur, the level of reactive
oxygen species is controlled using antioxidants. Some of these antioxidants are enzymes
such as superoxide dismutase [89]. Phytohormones are molecules generated inside the
plants to either mediate or regulate the growth and development of plants by altering the
process of metabolism. Examples of phytohormones are peptide hormones, jasmonates,
cytokinnins, auxins, ethylene, giberrellins, brassinosteroids, and abscisic acid [90]. Some of
these phytohormones perform more than one function in plants, and they can be used to
assess the toxicity of nanoparticle on soybean plant [90]. Zinc oxide nanoparticles stimulate
the formation of metabolites, enzymes, antioxidants, osmolytes, and phytohormones,
when used in an appropriate dosage. They can also be used to combat abiotic stress in
soybean [91]. Foliar application of CuO nanoparticles has also been used to modulate the
status of phytohormones in soybean plants, leading to significant reversal of the damage to
the photosynthetic leaves and biomass of soybean plants [92].

Lipid peroxidation is often measured by measuring the accumulation of malondi-
aldehyde in the tissues of plants [93]. Both the size and the dosage of CuO nanoparticles
were found to have pronounced effects on the malondialdehyde level, with the highest
accumulation recorded when 250 mg/kg of the nanoparticles were used. It was reported
that there was maximum hydrogen peroxide production when 500 mg/kg of CuO was
applied, in contrast to when a lower dosage of the nanoparticles was used for the similar
task. CuO nanoparticles also have an impact on the activities of enzymes such as superox-
ide dismutase, catalase, and guaiacol peroxidase. The impacts of CuO nanoparticles on
these enzymes were found to be dependent on the dosage and particle size of the nanopar-
ticles [3]. Generally, investigations on the bioactive exudates from soybean are not possible
without the use of separation techniques such as high-performance liquid chromatogra-
phy (HPLC), Sephadex chromatography, flash chromatography, column chromatography,
and thin-layer chromatography (TLC). Moreover, nonchromatographic techniques can be
applied, such as Fourier-transform infrared spectroscopy (FTIR), phytochemical screen-
ing assay, and the use of monoclonal antibodies (typically called an immunoassay) [94].
Other rapid techniques for determining the bioactive compounds in soybean plants be-
fore and after their exposure to the oxide nanoparticles have been reported. For instance,
Chien et al. [95] developed the sequential window acquisition of all theoretical fragment
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ions (SWATH) technique coupled with mass spectrometry for the determination of various
bioactive compounds in soybean plants.

5. Metagenomics as a Tool for Identifying Microbiomes

A detailed understanding of microbial structure and functions is necessary because
microbes form mutualistic and beneficial relationships with most plants [96]. Metage-
nomics is a useful tool for investigating the microbial diversities of microbial communities.
This tool requires the extraction and cloning of DNA to understand the pool of genome
organisms [97]. This technique helps in establishing the taxon, as well as functions of
the established taxon, and in identifying the gene and assemblage of the genomes of mi-
croorganisms in the environment. Researchers have explained the importance of not using
only one sequencing technique to properly study microorganisms that are not abundant
in a community containing many microbiomes [98,99]. Krishnamoorthy et al. established
the use of metagenomics in showing structural diversity and unestablished functions of
microbiomes [100].

Metagenomics deals with the collection of genomes of microbes to determine the diver-
sity and ecology of the microbes in the rhizosphere, as well as the functional potentials of
the microbiomes in the environment [101]. This technology has been used to assess different
microbial communities in different plants. For instance, Sugiyama et al. [102] investigated
the physiological properties of bacterial communities in the bulk and rhizospheric soil
and roots of soybean through the use of a metagenomic approach. The technique has also
been used to obtain detailed information on specific rhizospheric microbes [103] and to
understand the role, number, and composition of these microbes [104,105].

Metagenomics as a Tool for Investigating the Microbiome of Soybean Rhizosphere

The environment of the rhizosphere is likely to be richer than that of the bulk soil
since the bulk soil usually experiences less chronic stress compared to the rhizosphere [101].
To properly describe the nature of the plant-soil interface, the knowledge of the user
interactions among the microorganisms present in the rhizosphere is necessary [106]. To un-
derstand this beneficial interaction and microbial diversities, molecular techniques such as
fluorescent in situ hybridization (FISH) [107], terminal restriction fragment length polymor-
phism (T-RFLP) [108], restriction fragment length polymorphism (RFLP) [109], denaturing
gradient gel electrophoresis (DGGE and TGGE) [110], cloning and sequencing of ribosomal
genes, and polymerase chain reaction (PCR) [111] are used. In these techniques, the 16S
rRINA gene is used as a phylogenetic marker to analyze microbial diversities because this
gene is conserved through numerous years of evolution [112]. Large amounts of nucleotide
data are generated from most of these techniques. Therefore, bioinformatics software
such as the Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt), PacBio, Computer-Aided Room Analyzer (CARMA), Metagenome Ana-
lyzer (MEGAN), and Quantitative Insights into Microbial Ecology (QIIME) [101] is used.
Platforms such as Metagenomics Rapid Annotation using Subsystem Technology (MG-
RAST) [113] and Cloud Virtual Resource (CloVR) [114] are then used for microbial diversity
analysis [101].

Slattery et al. [115] successfully used metagenomics to investigate the effect of cerium
oxide on the microbiome of soybean. This group discovered that a low concentration of
nanoparticles in the soil can modulate the biological system. Furthermore, metagenomics
showed that incubation of the nanoparticle in the natural soil can have opposite effects
on soybean compared to when cerium oxide nanoparticles are used without incubation.
Another discovery, with the metagenomics tool by Slattery et al., is that the aging factor
of the cerium oxide nanoparticles influences the soil rhizosphere microbiome community.
In addition to these findings, metagenomics, along with other analytical equipment, has
been used to understand the effects of root exudates on the microbial community of
plants [116]. It has been discovered that the relative abundance of some plant growth-
promoting rhizobacteria is enhanced, while cerium oxide nanoparticles in the plant’s
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rhizosphere lead to a reduction in the microbial diversity of the rhizosphere [116]. All
these discoveries could not have been possible without the use of metagenomics tools.
Metagenomics has also been a useful tool for understanding the functional and taxonomic
levels that exist in the rhizosphere community of soybean. For instance, Mendes et al. [62]
observed that rhizosphere microbial communities undergo a niche-based process influenced
by environmental factors and the selection power of soybean plants.

6. Conclusions and Future Perspectives

The impacts of different oxide nanoparticles on the rhizosphere, roots, stems, seeds
and leaves of soybean plants were reviewed. Generally, they display both detrimental and
beneficial effects on soybean plants. Most of these oxide nanoparticles commonly showed
beneficial effects when used controllably at a low dosage, whereas, at a high dosage, they
generated stress or toxicity, leading to the disruption of metabolism on the cellular level.
Hence, there is an urgent need to study the optimum dosage of these oxide nanoparticles
that would be beneficial for soybean cultivation. Furthermore, the effect of the synthesis
method of binary oxide nanoparticles on the physiology and anatomy of the soybean plant
should be studied. Looking ahead, the use of oxide nanoparticles to control the viral disease
of soybean should be investigated. Some of the viral diseases of soybean plants that can
be investigated are alfalfa mosaic virus, peanut stunt virus, peanut mottle virus, soybean
dwarf virus, soybean vein necrosis virus, bean pod mottle virus, and soybean mosaic virus.
Furthermore, the impact of different heterojunction systems and compositions of oxide
nanoparticles on soybean plants has not been studied. Efforts should be geared toward
investigating the impacts of ternary oxide nanoparticles and carbon-based materials (such
as cyclodextrin, graphene, and graphene oxide) on soybean and other plants. Another
question that researchers should try to answer is how different soil types affect the binary
oxide nanoparticles in the tissues and rhizosphere of soybean plants. The effects of binary
oxide nanoparticles on soybean metabolites such as saponin and isoflavone should be
studied with detailed characterization. Lastly, studies on the effects of oxide nanoparticles
on other leguminous and non-leguminous crops should be investigated.

Funding: The study was funded by the National Research Foundation, South Africa (UID98460 to
OOB, UID104015 to OOB, and UID104050 to OOB).

Acknowledgments: North-West University, South Africa, is acknowledged for the postgraduate
funding awarded to Titilope Tinu Ajiboye; Nelson Mandela University, South Africa, is acknowledged
for the postdoctoral grant awarded to Timothy Oladiran Ajiboye.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Roriz, M.; Carvalho, S.M.P.; Vasconcelos, M.W. High relative air humidity influences mineral accumulation and growth in iron
deficient soybean plants. Front. Plant Sci. 2014, 5, 726. [CrossRef] [PubMed]

2. Vasconcelos, M.W.; Grusak, M.A. Morpho-physiological parameters affecting iron deficiency chlorosis in soybean (Glycine max L.).
Plant Soil 2014, 374, 161-172. [CrossRef]

3. Yusefi-Tanha, E.; Fallah, S.; Rostamnejadi, A.; Pokhrel, L.R. Particle size and concentration dependent toxicity of copper oxide
nanoparticles (CuONPs) on seed yield and antioxidant defense system in soil grown soybean (Glycine max cv. Kowsar). Sci. Total
Environ. 2020, 715, 136994. [CrossRef] [PubMed]

4.  Loépez-Moreno, M.L.; de la Rosa, G.; Hernandez-Viezcas, ].A.; Castillo-Michel, H.; Botez, C.E.; Peralta-Videa, J.R.; Gardea-
Torresdey, J.L. Evidence of the Differential Biotransformation and Genotoxicity of ZnO and CeO, Nanoparticles on Soybean
(Glycine max) Plants. Environ. Sci. Technol. 2010, 44, 7315-7320. [CrossRef] [PubMed]

5. Elemike, E.E.; Uzoh, LM.; Onwudiwe, D.C.; Babalola, O.O. The Role of Nanotechnology in the Fortification of Plant Nutrients
and Improvement of Crop Production. Appl. Sci. 2019, 9, 499. [CrossRef]

6.  Ajilogba, C.F,; Babalola, O.O.; Nikoro, D.O. Nanotechnology as Vehicle for Biocontrol of Plant Diseases in Crop Production. In
Food Security and Safety; Springer: Berlin/Heidelberg, Germany, 2021; pp. 709-724.

7. Martinez, G.; Merinero, M.; Pérez-Aranda, M.; Pérez-Soriano, E.M.; Ortiz, T.; Villamor, E.; Begines, B.; Alcudia, A. Environmental

Impact of Nanoparticles” Application as an Emerging Technology: A Review. Materials 2021, 14, 166. [CrossRef]


http://doi.org/10.3389/fpls.2014.00726
http://www.ncbi.nlm.nih.gov/pubmed/25566297
http://doi.org/10.1007/s11104-013-1842-6
http://doi.org/10.1016/j.scitotenv.2020.136994
http://www.ncbi.nlm.nih.gov/pubmed/32041054
http://doi.org/10.1021/es903891g
http://www.ncbi.nlm.nih.gov/pubmed/20384348
http://doi.org/10.3390/app9030499
http://doi.org/10.3390/ma14010166

Molecules 2023, 28, 1326 15 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ajiboye, T.O.; Oyewo, O.A.; Marzouki, R.; Onwudiwe, D.C. Photocatalytic Reduction of Hexavalent Chromium Using
Cu3.21Bi4.7959 / g-C3N4 Nanocomposite. Catalysts 2022, 12, 1075. [CrossRef]

Yoon, S.-J.; Kwak, ].I.; Lee, W.-M.; Holden, P.A.; An, Y.-J. Zinc oxide nanoparticles delay soybean development: A standard soil
microcosm study. Ecotoxicol. Environ. Saf. 2014, 100, 131-137. [CrossRef]

Capaldi Arruda, S.C.; Diniz Silva, A.L.; Moretto Galazzi, R.; Antunes Azevedo, R.; Zezzi Arruda, M.A. Nanoparticles applied to
plant science: A review. Talanta 2015, 131, 693-705. [CrossRef]

Ajiboye, T.O.; Oyewo, O.A.; Onwudiwe, D.C. The performance of bismuth-based compounds in photocatalytic applications. Surf.
Interfaces 2021, 23, 100927. [CrossRef]

Ajiboye, T.O.; Oyewo, O.A.; Onwudiwe, D.C. Photocatalytic removal of parabens and halogenated products in wastewater: A
review. Environ. Chem. Lett. 2021, 19, 3789-3819. [CrossRef]

Ahlenstiel, C.L.; Suzuki, K.; Marks, K.; Symonds, G.P.,; Kelleher, A.D. Controlling HIV-1: Non-Coding RNA Gene Therapy
Approaches to a Functional Cure. Front. Immunol. 2015, 6, 474. [CrossRef]

Ajiboye, T.O.; Babalola, S.0.; Onwudiwe, D.C. Photocatalytic Inactivation as a Method of Elimination of E. coli from Drinking
Water. Appl. Sci. 2021, 11, 1313. [CrossRef]

Padmanabhan, N.T.; Thomas, R.M.; John, H. Antibacterial self-cleaning binary and ternary hybrid photocatalysts of titanium
dioxide with silver and graphene. . Environ. Chem. Eng. 2022, 10, 107275. [CrossRef]

Garcia-Gomez, C.; Fernandez, M.D. Chapter Four—Impacts of metal oxide nanoparticles on seed germination, plant growth and
development. In Comprehensive Analytical Chemistry; Verma, S.K., Das, A.K., Eds.; Elsevier: Amsterdam, The Netherlands, 2019;
Volume 84, pp. 75-124.

Maroufpoor, N.; Mousavi, M.; Hatami, M.; Rasoulnia, A.; Lajayer, B.A. Chapter 5—Mechanisms Involved in Stimulatory
and Toxicity Effects of Nanomaterials on Seed Germination and Early Seedling Growth. In Advances in Phytonanotechnology;
Ghorbanpour, M., Wani, S.H., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 153-181. [CrossRef]

Priester, ] H.; Ge, Y.; Mielke, R.E.; Horst, A.M.; Moritz, S.C.; Espinosa, K.; Gelb, J.; Walker, S.L.; Nisbet, R.M.; An, Y.-]. Soybean
susceptibility to manufactured nanomaterials with evidence for food quality and soil fertility interruption. Proc. Natl. Acad. Sci.
USA 2012, 109, E2451-E2456. [CrossRef]

Tsuno, Y.; Fujimatsu, T.; Endo, K.; Sugiyama, A.; Yazaki, K. Soyasaponins: A New Class of Root Exudates in Soybean (Glycine
max). Plant Cell Physiol. 2017, 59, 366-375. [CrossRef] [PubMed]

Singh, G.; Mukerji, K.G. Root Exudates as Determinant of Rhizospheric Microbial Biodiversity. In Microbial Activity in the
Rhizoshere; Mukerji, K.G., Manoharachary, C., Singh, J., Eds.; Springer: Berlin/Heidelberg, Germany, 2006; pp. 39-53. [CrossRef]
Ajiboye, T.O.; Onwudiwe, D.C. Bismuth sulfide based compounds: Properties, synthesis and applications. Results Chem. 2021,
3,100151. [CrossRef]

Shiva Sambhitha, S.; Raghavendra, G.; Quezada, C.; Hima Bindu, P. Green synthesized TiO2 nanoparticles for anticancer
applications: Mini review. Mater. Today: Proc. 2022, 54, 765-770. [CrossRef]

Xu, H.; Zeiger, B.W.,; Suslick, K.S. Sonochemical synthesis of nanomaterials. Chem. Soc. Rev. 2013, 42, 2555-2567. [CrossRef]
Jamkhande, P.G.; Ghule, N.W.; Bamer, A.H.; Kalaskar, M.G. Metal nanoparticles synthesis: An overview on methods of
preparation, advantages and disadvantages, and applications. J. Drug Deliv. Sci. Technol. 2019, 53, 101174. [CrossRef]

Rane, A.V,; Kanny, K.; Abitha, V,; Thomas, S. Methods for synthesis of nanoparticles and fabrication of nanocomposites. In
Synthesis of Inorganic Nanomaterials; Elsevier: Amsterdam, The Netherlands, 2018; pp. 121-139.

Teimouri, M.; Khosravi-Nejad, F; Attar, F; Saboury, A.A.; Kostova, L; Benelli, G.; Falahati, M. Gold nanoparticles fabrication by
plant extracts: Synthesis, characterization, degradation of 4-nitrophenol from industrial wastewater, and insecticidal activity—A
review. J. Clean. Prod. 2018, 184, 740-753. [CrossRef]

Sastry, A.B.S.; Karthik Aamanchi, R.B.; Sree Rama Linga Prasad, C.; Murty, B.S. Large-scale green synthesis of Cu nanoparticles.
Environ. Chem. Lett. 2013, 11, 183-187. [CrossRef]

Kumar, J.A.; Krithiga, T.; Manigandan, S.; Sathish, S.; Renita, A.A.; Prakash, P.; Prasad, B.S.N.; Kumar, T.R.P.; Rajasimman, M.;
Hosseini-Bandegharaei, A.; et al. A focus to green synthesis of metal/metal based oxide nanoparticles: Various mechanisms and
applications towards ecological approach. J. Clean. Prod. 2021, 324, 129198. [CrossRef]

Goutam, S.; Saxena, G.; Roy, D.; Yadav, A.; Bharagava, R. Green Synthesis of Nanoparticles and Their Applications in Water and
Wastewater Treatment. In Bioremediation of Industrial Waste for Environmental Safety; SaxenaRam, G., Bharagava, N., Eds.; Springer:
Singapore, 2019; pp. 349-379. [CrossRef]

Ali, A.; Zafar, H.; Zia, M.; Ul Haq, I; Phull, A.R.; Ali, ].S.; Hussain, A. Synthesis, characterization, applications, and challenges of
iron oxide nanoparticles. Nanotechnol. Sci. Appl. 2016, 9, 49-67. [CrossRef]

Selvaraj Janaki, N.J.; Ivan Jebakumar, D.S.; Sumithraj Premkumar, P. Studies on the physical properties of green synthesized
cerium oxide nanoparticles using Melia dubia leaf extract. Mater. Today Proc. 2021, 58, 850-854. [CrossRef]

Danks, A.E.; Hall, S.R.; Schnepp, Z. The evolution of ‘sol-gel’ chemistry as a technique for materials synthesis. Mater. Horiz. 2016,
3, 91-112. [CrossRef]

Yoshimura, M.; Byrappa, K. Hydrothermal processing of materials: Past, present and future. J. Mater. Sci. 2008, 43, 2085-2103.
[CrossRef]

Ashokkumar, M. Advantages, disadvantages and challenges of ultrasonic technology. In Ultrasonic Synthesis of Functional Materials;
Springer: Berlin/Heidelberg, Germany, 2016; pp. 41-42.


http://doi.org/10.3390/catal12101075
http://doi.org/10.1016/j.ecoenv.2013.10.014
http://doi.org/10.1016/j.talanta.2014.08.050
http://doi.org/10.1016/j.surfin.2021.100927
http://doi.org/10.1007/s10311-021-01263-2
http://doi.org/10.3389/fimmu.2015.00474
http://doi.org/10.3390/app11031313
http://doi.org/10.1016/j.jece.2022.107275
http://doi.org/10.1016/B978-0-12-815322-2.00006-7
http://doi.org/10.1073/pnas.1205431109
http://doi.org/10.1093/pcp/pcx192
http://www.ncbi.nlm.nih.gov/pubmed/29216402
http://doi.org/10.1007/3-540-29420-1_3
http://doi.org/10.1016/j.rechem.2021.100151
http://doi.org/10.1016/j.matpr.2021.11.073
http://doi.org/10.1039/C2CS35282F
http://doi.org/10.1016/j.jddst.2019.101174
http://doi.org/10.1016/j.jclepro.2018.02.268
http://doi.org/10.1007/s10311-012-0395-x
http://doi.org/10.1016/j.jclepro.2021.129198
http://doi.org/10.1007/978-981-13-1891-7_16
http://doi.org/10.2147/NSA.S99986
http://doi.org/10.1016/j.matpr.2021.10.035
http://doi.org/10.1039/C5MH00260E
http://doi.org/10.1007/s10853-007-1853-x

Molecules 2023, 28, 1326 16 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

Sosnik, A.; Seremeta, K.P. Advantages and challenges of the spray-drying technology for the production of pure drug particles
and drug-loaded polymeric carriers. Adv. Colloid Interface Sci. 2015, 223, 40-54. [CrossRef]

Ajiboye, T.O.; Oyewo, O.A.; Onwudiwe, D.C. Conventional and Current Methods of Toxic Metals Removal from Water Using
g-C3N4-Based Materials. J. Inorg. Organomet. Polym. Mater. 2021, 31, 1419-1442. [CrossRef]

Reveroén, H.; Aymonier, C.; Loppinet-Serani, A.; Elissalde, C.; Maglione, M.; Cansell, F. Single-step synthesis of well-crystallized
and pure barium titanate nanoparticles in supercritical fluids. Nanotechnology 2005, 16, 1137. [CrossRef]

Pinto, T.L.E; Cicero, S.; Franca-Neto, J.; Forti, V. An assessment of mechanical and stink bug damage in soybean seed using X-ray
analysis test. Seed Sci. Technol. 2009, 37, 110-120. [CrossRef]

Grassl, J.; Taylor, N.L.; Millar, A. Matrix-assisted laser desorption/ionisation mass spectrometry imaging and its development for
plant protein imaging. Plant Methods 2011, 7, 21. [CrossRef]

Hernandez-Viezcas, J.A.; Castillo-Michel, H.; Andrews, ]J.C.; Cotte, M.; Rico, C.; Peralta-Videa, J.R.; Ge, Y.; Priester, ].H.; Holden,
P.A.; Gardea-Torresdey, J.L. In situ synchrotron X-ray fluorescence mapping and speciation of CeO, and ZnO nanoparticles in soil
cultivated soybean (Glycine max). ACS Nano 2013, 7, 1415-1423. [CrossRef] [PubMed]

Shrivastava, M.; Srivastav, A.; Gandhi, S.; Rao, S.; Roychoudhury, A.; Kumar, A.; Singhal, RK.; Jha, S.K,; Singh, S.D. Monitoring
of engineered nanoparticles in soil-plant system: A review. Environ. Nanotechnol. Monit. Manag. 2019, 11, 100218. [CrossRef]
Ahmad, F,; Siddiqui, M.A.; Babalola, O.0.; Wu, H.-F. Biofunctionalization of nanoparticle assisted mass spectrometry as biosensors
for rapid detection of plant associated bacteria. Biosens. Bioelectron. 2012, 35, 235-242. [CrossRef] [PubMed]

Nath, D.; Singh, F,; Das, R. X-ray diffraction analysis by Williamson-Hall, Halder-Wagner and size-strain plot methods of CdSe
nanoparticles- a comparative study. Mater. Chem. Phys. 2020, 239, 122021. [CrossRef]

Iniewski, K.; Grosser, A. Semiconductor Sensors for XRD Imaging. In X-Ray Diffraction Imaging; CRC Press: Boca Raton, FL, USA,
2018; pp. 53-82.

Hussain, C.M.; Rawtani, D.; Pandey, G.; Tharmavaram, M. Chapter 3—UV-visible and fluorescence spectroscopy for forensic
samples. In Handbook of Analytical Techniques for Forensic Samples; Hussain, C.M., Rawtani, D., Pandey, G., Tharmavaram, M., Eds.;
Elsevier: Amsterdam, The Netherlands, 2021; pp. 37-54. [CrossRef]

Singh, M.K,; Singh, A. Chapter 13—Fourier transform infrared (FTIR) analysis. In Characterization of Polymers and Fibres; Singh,
MK, Singh, A., Eds.; Woodhead Publishing: Sawston, England, 2022; pp. 295-320. [CrossRef]

Babick, F. Chapter 3.2.1—Dynamic light scattering (DLS). In Characterization of Nanoparticles; Hodoroaba, V.-D., Unger, W.E.S.,
Shard, A.G., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 137-172. [CrossRef]

Abd Mutalib, M.; Rahman, M.A.; Othman, M.H.D.; Ismail, A.E,; Jaafar, ]. Chapter 9—Scanning Electron Microscopy (SEM) and
Energy-Dispersive X-Ray (EDX) Spectroscopy. In Membrane Characterization; Hilal, N., Ismail, A.F., Matsuura, T., Oatley-Radcliffe,
D., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 161-179. [CrossRef]

Nair, G.M.; Sajini, T.; Mathew, B. Advanced Green Approaches for Metal and Metal Oxide Nanoparticles Synthesis and Their
Environmental Applications. Talanta Open 2021, 5, 100080. [CrossRef]

Kannan, M. Transmission Electron Microscope -Principle, Components and Applications Illumination system (Electron Gun and Condenser
Lenses); Electron gun: Amsterdam, The Netherlands, 2018; pp. 93-101.

Beckhoff, B.; Kanngiefier, B.; Langhoff, N.; Wedell, R.; Wolff, H. Handbook of Practical X-ray Fluorescence Analysis; Springer Science
& Business Media: Berlin/Heidelberg, Germany, 2007.

Deng, X.; Xiong, F; Li, X.; Xiang, B.; Li, Z.; Wu, X,; Guo, C.; Li, X;; Li, Y.; Li, G.; et al. Application of atomic force microscopy in
cancer research. . Nanobiotechnology 2018, 16, 102. [CrossRef] [PubMed]

Blanchard, C.R. Atomic Force Microscopy. Chem. Educ. 1996, 1, 1-8. [CrossRef]

Wang, K.; Taylor, K.G.; Ma, L. Advancing the application of atomic force microscopy (AFM) to the characterization and
quantification of geological material properties. Int. J. Coal Geol. 2021, 247, 103852. [CrossRef]

Akash, M.S.H.; Rehman, K. Thermo Gravimetric Analysis. In Essentials of Pharmaceutical Analysis; Springer: Singapore, 2020;
pp. 215-222.

Lim, J.; Yeap, S.P; Che, H.X.; Low, S.C. Characterization of magnetic nanoparticle by dynamic light scattering. Nanoscale Res. Lett.
2013, 8, 381. [CrossRef]

Afsheen, S.; Naseer, H.; Igbal, T.; Abrar, M.; Bashir, A.; [jaz, M. Synthesis and characterization of metal sulphide nanoparticles
to investigate the effect of nanoparticles on germination of soybean and wheat seeds. Mater. Chem. Phys. 2020, 252, 123216.
[CrossRef]

Changmei, L.; Chaoying, Z.; Junqgiang, W.; Guorong, W.; Mingxuan, T. Research of the effect of nanometer materials on
germination and growth enhancement of Glycine max and its mechanism. Soybean Sci. 2002, 21, 168-171.

Stowers, C.; King, M.; Rossi, L.; Zhang, W.; Arya, A.; Ma, X. Initial Sterilization of Soil Affected Interactions of Cerium Oxide
Nanoparticles and Soybean Seedlings (Glycine max (L.) Merr.) in a Greenhouse Study. ACS Sustain. Chem. Eng. 2018, 6,
10307-10314. [CrossRef]

Igiehon, N.O.; Babalola, O.O. Below-ground-above-ground Plant-microbial Interactions: Focusing on Soybean, Rhizobacteria and
Mycorrhizal Fungi. Open Microbiol. ]. 2018, 12, 261-279. [CrossRef] [PubMed]

Mendes, R.; Garbeva, P.; Raaijmakers, ].M. The rhizosphere microbiome: Significance of plant beneficial, plant pathogenic, and
human pathogenic microorganisms. FEMS Microbiol. Rev. 2013, 37, 634—-663. [CrossRef]


http://doi.org/10.1016/j.cis.2015.05.003
http://doi.org/10.1007/s10904-020-01803-3
http://doi.org/10.1088/0957-4484/16/8/026
http://doi.org/10.15258/sst.2009.37.1.13
http://doi.org/10.1186/1746-4811-7-21
http://doi.org/10.1021/nn305196q
http://www.ncbi.nlm.nih.gov/pubmed/23320560
http://doi.org/10.1016/j.enmm.2019.100218
http://doi.org/10.1016/j.bios.2012.02.055
http://www.ncbi.nlm.nih.gov/pubmed/22436686
http://doi.org/10.1016/j.matchemphys.2019.122021
http://doi.org/10.1016/B978-0-12-822300-0.00003-3
http://doi.org/10.1016/B978-0-12-823986-5.00014-2
http://doi.org/10.1016/B978-0-12-814182-3.00010-9
http://doi.org/10.1016/B978-0-444-63776-5.00009-7
http://doi.org/10.1016/j.talo.2021.100080
http://doi.org/10.1186/s12951-018-0428-0
http://www.ncbi.nlm.nih.gov/pubmed/30538002
http://doi.org/10.1007/s00897960059a
http://doi.org/10.1016/j.coal.2021.103852
http://doi.org/10.1186/1556-276X-8-381
http://doi.org/10.1016/j.matchemphys.2020.123216
http://doi.org/10.1021/acssuschemeng.8b01654
http://doi.org/10.2174/1874285801812010261
http://www.ncbi.nlm.nih.gov/pubmed/30197700
http://doi.org/10.1111/1574-6976.12028

Molecules 2023, 28, 1326 17 of 19

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Mendes, L.W.; Kuramae, E.E.; Navarrete, A.A.; Van Veen, J.A.; Tsai, S.M. Taxonomical and functional microbial community
selection in soybean rhizosphere. ISME J. 2014, 8, 1577-1587. [CrossRef]

Alonso, D; Etienne, R.S.; McKane, A.]. The merits of neutral theory. Trends Ecol. Evol. 2006, 21, 451-457. [CrossRef]

Godsoe, W.; Jankowski, J.; Holt, R.D.; Gravel, D. Integrating Biogeography with Contemporary Niche Theory. Trends Ecol. Evol.
2017, 32, 488-499. [CrossRef]

Prosser, J.I.; Bohannan, B.J.M.; Curtis, T.P; Ellis, R.J.; Firestone, M.K.; Freckleton, R.P,; Green, J.L.; Green, L.E.; Killham, K.; Lennon,
J.J.; et al. The role of ecological theory in microbial ecology. Nat. Rev. Microbiol. 2007, 5, 384-392. [CrossRef]

Frenk, S.; Ben-Moshe, T.; Dror, I.; Berkowitz, B.; Minz, D. Effect of metal oxide nanoparticles on microbial community structure
and function in two different soil types. PLoS ONE 2013, 8, e84441. [CrossRef]

Burke, D.J.; Zhu, S.; Pablico-Lansigan, M.P.; Hewins, C.R.; Samia, A.C.S. Titanium oxide nanoparticle effects on composition of
soil microbial communities and plant performance. Biol. Fertil. Soils 2014, 50, 1169-1173. [CrossRef]

Ge, Y,; Priester, ].H.; Van De Werfhorst, L.C.; Walker, S.L.; Nisbet, RM.; An, Y.-].; Schimel, ].P.; Gardea-Torresdey, ].L.; Holden,
P.A. Soybean Plants Modify Metal Oxide Nanoparticle Effects on Soil Bacterial Communities. Environ. Sci. Technol. 2014, 48,
13489-13496. [CrossRef]

Allard, P.; Darnajoux, R.; Phalyvong, K.; Bellenger, ].-P. Effects of tungsten and titanium oxide nanoparticles on the diazotrophic
growth and metals acquisition by Azotobacter vinelandii under molybdenum limiting condition. Environ. Sci. Technol. 2013, 47,
2061-2068. [CrossRef]

Feng, Y.; Cui, X.; He, S.; Dong, G.; Chen, M.; Wang, J.; Lin, X. The Role of Metal Nanoparticles in Influencing Arbuscular
Mycorrhizal Fungi Effects on Plant Growth. Environ. Sci. Technol. 2013, 47, 9496-9504. [CrossRef]

Mustafa, G.; Sakata, K.; Komatsu, S. Proteomic analysis of flooded soybean root exposed to aluminum oxide nanoparticles. J.
Proteom. 2015, 128, 280-297. [CrossRef] [PubMed]

Ghafariyan, M.H.; Malakouti, M.].; Dadpour, M.R; Stroeve, P.; Mahmoudi, M. Effects of Magnetite Nanoparticles on Soybean
Chlorophyll. Environ. Sci. Technol. 2013, 47, 10645-10652. [CrossRef]

Yang, X.; Alidoust, D.; Wang, C. Effects of iron oxide nanoparticles on the mineral composition and growth of soybean (Glycine
max L.) plants. Acta Physiol. Plant. 2020, 42, 128. [CrossRef]

Singh, J.; Lee, B.-K. Influence of nano-TiO2 particles on the bioaccumulation of Cd in soybean plants (Glycine max): A possible
mechanism for the removal of Cd from the contaminated soil. J. Environ. Manag. 2016, 170, 88-96. [CrossRef] [PubMed]

Burke, D.J.; Pietrasiak, N.; Situ, S.F.; Abenojar, E.C.; Porche, M.; Kraj, P.; Lakliang, Y.; Samia, A.C.S. Iron Oxide and Titanium
Dioxide Nanoparticle Effects on Plant Performance and Root Associated Microbes. Int. ]. Mol. Sci. 2015, 16, 23630-23650.
[CrossRef]

Li, J.; Song, Y.; Wu, K,; Tao, Q.; Liang, Y.; Li, T. Effects of Cr203 nanoparticles on the chlorophyll fluorescence and chloroplast
ultrastructure of soybean (Glycine max). Environ. Sci. Pollut. Res. 2018, 25, 19446-19457. [CrossRef] [PubMed]

Jayarambabu, N.; Kumari; Rao, K.; Prabhu, Y. beneficial Role of zinc oxide nanoparticles on green crop production. Int. J.
Multidiscip. Adv. Res. Trends 2015, 2, 2349-7408.

Amano, Y.; Tong, X.; Sun, R.; Umemoto, ]J.; Kobayashi, M.; Shiratsuki, Y.; Okuno, T.; Tanino, A.; Nakao, M.; Hotta, T.; et al.
Therapeutic Efficacy of Zinc Oxide Nanoparticles Against Small Cell Lung Cancer in an Orthotopic Xenograft Model. Am. J.
Respir. Crit. Care Med. 2019, 199, A3948. [CrossRef]

Vesali-Kermani, E.; Habibi-Yangjeh, A.; Diarmand-Khalilabad, H.; Ghosh, S. Nitrogen photofixation ability of g-C3N4
nanosheets/Bi2MoO6 heterojunction photocatalyst under visible-light illumination. . Colloid Interface Sci. 2020, 563, 81-91.
[CrossRef]

Stowers, C.E. The Impact of the Rhizosphere Microbial Community on the Interactions of Engineered Nanoparticles with Plants.
Master’s Thesis, Texas A & M University, Colledge Station, TX, USA, 2017.

Zhang, P.; Ma, Y.; Xie, C.; Guo, Z.; He, X.; Valsami-Jones, E.; Lynch, L; Luo, W.; Zheng, L.; Zhang, Z. Plant species-dependent
transformation and translocation of ceria nanoparticles. Environ. Sci. Nano 2019, 6, 60-67. [CrossRef]

Almeida, G.H.G.d.; Siqueira-Soares, R.d.C.; Mota, T.R.; Oliveira, D.M.d.; Abrahao, J.; Foletto-Felipe, M.d.P.; dos Santos, W.D.;
Ferrarese-Filho, O.; Marchiosi, R. Aluminum oxide nanoparticles affect the cell wall structure and lignin composition slightly
altering the soybean growth. Plant Physiol. Biochem. 2021, 159, 335-346. [CrossRef]

Nair, PM.G.; Chung, .M. A Mechanistic Study on the Toxic Effect of Copper Oxide Nanoparticles in Soybean (Glycine max L.)
Root Development and Lignification of Root Cells. Biol. Trace Elem. Res. 2014, 162, 342-352. [CrossRef]

Shankramma, K.; Yallappa, S.; Shivanna, M.B.; Manjanna, J. Fe;O3 magnetic nanoparticles to enhance S. lycopersicum (tomato)
plant growth and their biomineralization. Appl. Nanosci. 2016, 6, 983-990. [CrossRef]

Palchoudhury, S.; Jungjohann, K.L.; Weerasena, L.; Arabshahi, A.; Gharge, U.; Albattah, A.; Miller, J.; Patel, K.; Holler, R.A.
Enhanced legume root growth with pre-soaking in a-Fe;O3 nanoparticle fertilizer. RSC Adv. 2018, 8, 24075-24083. [CrossRef]
Diab, R.; shanshory, a.; Gaafar, R.; Hamouda, M. Role of Zinc Oxide Nanoparticles in Ameliorating Salt Tolerance in Soybean.
Egypt. ]. Bot. 2020, 60, 733-747.

Adhikari, T.; Kundu, S.; Biswas, A.K.; Tarafdar, ].C.; Rao, A.S. Effect of copper oxide nano particle on seed germination of selected
crops. J. Agric. Sci. Technol. A 2012, 2, 815.


http://doi.org/10.1038/ismej.2014.17
http://doi.org/10.1016/j.tree.2006.03.019
http://doi.org/10.1016/j.tree.2017.03.008
http://doi.org/10.1038/nrmicro1643
http://doi.org/10.1371/journal.pone.0084441
http://doi.org/10.1007/s00374-014-0938-3
http://doi.org/10.1021/es5031646
http://doi.org/10.1021/es304544k
http://doi.org/10.1021/es402109n
http://doi.org/10.1016/j.jprot.2015.08.010
http://www.ncbi.nlm.nih.gov/pubmed/26306862
http://doi.org/10.1021/es402249b
http://doi.org/10.1007/s11738-020-03104-1
http://doi.org/10.1016/j.jenvman.2016.01.015
http://www.ncbi.nlm.nih.gov/pubmed/26803259
http://doi.org/10.3390/ijms161023630
http://doi.org/10.1007/s11356-018-2132-x
http://www.ncbi.nlm.nih.gov/pubmed/29728974
http://doi.org/10.1164/ajrccm-conference.2019.199.1_MeetingAbstracts.A3948
http://doi.org/10.1016/j.jcis.2019.12.057
http://doi.org/10.1039/C8EN01089G
http://doi.org/10.1016/j.plaphy.2020.12.028
http://doi.org/10.1007/s12011-014-0106-5
http://doi.org/10.1007/s13204-015-0510-y
http://doi.org/10.1039/C8RA04680H

Molecules 2023, 28, 1326 18 of 19

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Peralta-Videa, ].R.; Hernandez-Viezcas, ].A.; Zhao, L.; Diaz, B.C.; Ge, Y,; Priester, ]. H.; Holden, P.A.; Gardea-Torresdey, J.L. Cerium
dioxide and zinc oxide nanoparticles alter the nutritional value of soil cultivated soybean plants. Plant Physiol. Biochem. 2014, 80,
128-135. [CrossRef] [PubMed]

Galazzi, R M.; Lopes Junior, C.A.; de Lima, T.B.; Gozzo, F.C.; Arruda, M.A.Z. Evaluation of some effects on plant metabolism
through proteins and enzymes in transgenic and non-transgenic soybeans after cultivation with silver nanoparticles. J. Proteom.
2019, 191, 88-106. [CrossRef]

Ma, C.; White, ].C.; Zhao, ].; Zhao, Q.; Xing, B. Uptake of engineered nanoparticles by food crops: Characterization, mechanisms,
and implications. Annu. Rev. Food Sci. Technol. 2018, 9, 129-153. [CrossRef] [PubMed]

Chanu Thounaojam, T.; Thounaojam, T.M.; Upadhyaya, H. Chapter 16—Role of zinc oxide nanoparticles in mediating abiotic
stress responses in plant. In Zinc-Based Nanostructures for Environmental and Agricultural Applications; Abd-Elsalam, K.A., Ed.;
Elsevier: Amsterdam, The Netherlands, 2021; pp. 323-337. [CrossRef]

Ma, C.; Borgatta, J.; Hudson, B.G.; Tamijani, A.A.; De La Torre-Roche, R.; Zuverza-Mena, N.; Shen, Y.; Elmer, W.; Xing, B.; Mason,
S.E; et al. Advanced material modulation of nutritional and phytohormone status alleviates damage from soybean sudden death
syndrome. Nat. Nanotechnol. 2020, 15, 1033-1042. [CrossRef] [PubMed]

Radi¢, S.; Radi¢-Stojkovi¢, M.; Pevalek-Kozlina, B. Influence of NaCl and mannitol on peroxidase activity and lipid peroxidation
in Centaurea ragusina L. roots and shoots. . Plant Physiol. 2006, 163, 1284-1292. [CrossRef]

Sasidharan, S.; Chen, Y.; Saravanan, D.; Sundram, K.; Latha, L.Y. Extraction, isolation and characterization of bioactive compounds
from plants’ extracts. Afr. J. Tradit. Complement. Altern. Med. 2011, 8, 1-10. [CrossRef] [PubMed]

Chien, H.-J.; Wang, C.-S.; Chen, Y.-H.; Toh, J.-T.; Zheng, Y.-F; Hong, X.-G.; Lin, H.-Y,; Lai, C.-C. Rapid determination of isoflavones
and other bioactive compounds in soybean using SWATH-MS. Anal. Chim. Acta 2020, 1103, 122-133. [CrossRef] [PubMed]
Babalola, O.O.; Glick, B.R. The use of microbial inoculants in African agriculture: Current practice and future prospects. J. Food
Agric. Env. 2012, 10, 540-549.

Nazir, A. Review on metagenomics and its applications. Imp. |. Intersd. Res. 2016, 2.

Sharon, I.; Kertesz, M.; Hug, L.A.; Pushkarev, D.; Blauwkamp, T.A.; Castelle, C.J.; Amirebrahimi, M.; Thomas, B.C.; Burstein,
D.; Tringe, S.G. Accurate, multi-kb reads resolve complex populations and detect rare microorganisms. Genome Res. 2015, 25,
534-543. [CrossRef] [PubMed]

dos Santos, D.EK.; Istvan, P.; Quirino, B.F.; Kruger, R. H. Functional Metagenomics as a Tool for Identification of New Antibiotic
Resistance Genes from Natural Environments. Microb. Ecol. 2017, 73, 479-491. [CrossRef] [PubMed]

Krishnamoorthy, A.; Gupta, A.; Sar, P.; Maiti, M.K. Metagenomics of two gnotobiotically grown aromatic rice cultivars reveals
genotype-dependent and tissue-specific colonization of endophytic bacterial communities attributing multiple plant growth
promoting traits. World J. Microbiol. Biotechnol. 2021, 37, 59. [CrossRef] [PubMed]

Soni, R.; Kumar, V.; Suyal, D.C.; Jain, L.; Goel, R. Metagenomics of plant rhizosphere microbiome. In Understanding Host-
Microbiome Interactions-An Omics Approach; Springer: Berlin/Heidelberg, Germany, 2017; pp. 193-205.

Sugiyama, A.; Ueda, Y.; Zushi, T.; Takase, H.; Yazaki, K. Changes in the bacterial community of soybean rhizospheres during
growth in the field. PloS ONE 2014, 9, €100709. [CrossRef] [PubMed]

Lagos, L.; Maruyama, F.; Nannipieri, P.; Mora, M.; Ogram, A.; Jorquera, M. Current overview on the study of bacteria in the
rhizosphere by modern molecular techniques: A mini—Review. J. Soil Sci. Plant Nutr. 2015, 15, 504-523.

LeBlanc, N.; Kinkel, L.L.; Kistler, H.C. Soil Fungal Communities Respond to Grassland Plant Community Richness and Soil
Edaphics. Microb. Ecol. 2015, 70, 188-195. [CrossRef]

Spence, C.; Alff, E.; Johnson, C.; Ramos, C.; Donofrio, N.; Sundaresan, V.; Bais, H. Natural rice rhizospheric microbes suppress
rice blast infections. BMC Plant Biol. 2014, 14, 130. [CrossRef]

Singh, B.K.; Millard, P.; Whiteley, A.S.; Murrell, ].C. Unravelling rhizosphere-microbial interactions: Opportunities and limitations.
Trends Microbiol. 2004, 12, 386-393. [CrossRef] [PubMed]

Hirsch, PR.; Mauchline, T.H.; Clark, .M. Culture-independent molecular techniques for soil microbial ecology. Soil Biol. Biochem.
2010, 42, 878-887. [CrossRef]

Marsh, T.L. Terminal restriction fragment length polymorphism (T-RFLP): An emerging method for characterizing diversity
among homologous populations of amplification products. Curr. Opin. Microbiol. 1999, 2, 323-327. [CrossRef]

Emoto, T.; Yamashita, T.; Kobayashi, T.; Sasaki, N.; Hirota, Y.; Hayashi, T.; So, A.; Kasahara, K.; Yodoi, K.; Matsumoto, T.; et al.
Characterization of gut microbiota profiles in coronary artery disease patients using data mining analysis of terminal restriction
fragment length polymorphism: Gut microbiota could be a diagnostic marker of coronary artery disease. Heart Vessel. 2017, 32,
39-46. [CrossRef] [PubMed]

Morimoto, S.; Fujii, T. A new approach to retrieve full lengths of functional genes from soil by PCR-DGGE and metagenome
walking. Appl. Microbiol. Biotechnol. 2009, 83, 389-396. [CrossRef]

Hong, S.; Bunge, J.; Leslin, C.; Jeon, S.; Epstein, S.S. Polymerase chain reaction primers miss half of rRNA microbial diversity.
ISME . 2009, 3, 1365-1373. [CrossRef]

Isenbarger, T.A.; Carr, C.E.; Johnson, S.S.; Finney, M.; Church, G.M.; Gilbert, W.; Zuber, M.T.; Ruvkun, G. The Most Conserved
Genome Segments for Life Detection on Earth and Other Planets. Orig. Life Evol. Biosph. 2008, 38, 517-533. [CrossRef]

Keegan, K.P; Glass, E.M.; Meyer, F. MG-RAST, a Metagenomics Service for Analysis of Microbial Community Structure and
Function. In Microbial Environmental Genomics (MEG); Martin, E, Uroz, S., Eds.; Springer: New York, NY, USA, 2016; pp. 207-233.


http://doi.org/10.1016/j.plaphy.2014.03.028
http://www.ncbi.nlm.nih.gov/pubmed/24751400
http://doi.org/10.1016/j.jprot.2018.03.024
http://doi.org/10.1146/annurev-food-030117-012657
http://www.ncbi.nlm.nih.gov/pubmed/29580140
http://doi.org/10.1016/B978-0-12-822836-4.00027-6
http://doi.org/10.1038/s41565-020-00776-1
http://www.ncbi.nlm.nih.gov/pubmed/33077964
http://doi.org/10.1016/j.jplph.2005.08.019
http://doi.org/10.4314/ajtcam.v8i1.60483
http://www.ncbi.nlm.nih.gov/pubmed/22238476
http://doi.org/10.1016/j.aca.2019.12.054
http://www.ncbi.nlm.nih.gov/pubmed/32081177
http://doi.org/10.1101/gr.183012.114
http://www.ncbi.nlm.nih.gov/pubmed/25665577
http://doi.org/10.1007/s00248-016-0866-x
http://www.ncbi.nlm.nih.gov/pubmed/27709246
http://doi.org/10.1007/s11274-021-03022-5
http://www.ncbi.nlm.nih.gov/pubmed/33660141
http://doi.org/10.1371/journal.pone.0100709
http://www.ncbi.nlm.nih.gov/pubmed/24955843
http://doi.org/10.1007/s00248-014-0531-1
http://doi.org/10.1186/1471-2229-14-130
http://doi.org/10.1016/j.tim.2004.06.008
http://www.ncbi.nlm.nih.gov/pubmed/15276615
http://doi.org/10.1016/j.soilbio.2010.02.019
http://doi.org/10.1016/S1369-5274(99)80056-3
http://doi.org/10.1007/s00380-016-0841-y
http://www.ncbi.nlm.nih.gov/pubmed/27125213
http://doi.org/10.1007/s00253-009-1992-x
http://doi.org/10.1038/ismej.2009.89
http://doi.org/10.1007/s11084-008-9148-z

Molecules 2023, 28, 1326 19 of 19

114. Angiuoli, S.V.; Matalka, M.; Gussman, A.; Galens, K.; Vangala, M.; Riley, D.R.; Arze, C.; White, ].R.; White, O.; Fricke, W.E. CloVR:
A virtual machine for automated and portable sequence analysis from the desktop using cloud computing. BMC Bioinform. 2011,
12, 356. [CrossRef] [PubMed]

115. Slattery, M.R.; Harper, S.L.; Johnson, M.G.; Andersen, C.P,; Reichman, J.R. CeO, nanoparticles affect soybeans and their root-
associated microbiome at low, environmentally relevant concentrations. In A Nano-Sized Dose of Toxicology: Elucidating the
Disconnect Between Nanomaterial Dosimetry and Biological Effects; Oregon State University: Corvallis, OR, USA, 2019; Volume 53.

116. Dai, Y.; Chen, E; Yue, L.; Li, T; Jiang, Z.; Xu, Z.; Wang, Z.; Xing, B. Uptake, Transport, and Transformation of CeO, Nanoparticles
by Strawberry and Their Impact on the Rhizosphere Bacterial Community. ACS Sustain. Chem. Eng. 2020, 8, 4792-4800. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1186/1471-2105-12-356
http://www.ncbi.nlm.nih.gov/pubmed/21878105
http://doi.org/10.1021/acssuschemeng.9b07422

	Introduction 
	Methods of Synthesizing Binary Oxide Nanoparticles 
	The Methods of Characterizing Binary Oxide Nanoparticles Inside Soybean Plant 
	Effects of Binary Oxide Nanoparticles on Soybean Plant 
	Effects of Binary Oxide Nanoparticles on the Rhizosphere Microbial Community of Soybean Plant 
	Effects of Binary Oxide Nanoparticles on the Leaf of Soybean Plant 
	The Effects of Binary Oxide Nanoparticles on the Stem of Soybean Plant 
	The Effects of Binary Oxide Nanoparticles on the Root of Soybean Plant 
	The Effects of Binary Oxide Nanoparticles on the Seeds of Soybean Plant 
	The Effects of Binary Oxide Nanoparticles on Phytohormones and Enzymes of Soybean Plant 

	Metagenomics as a Tool for Identifying Microbiomes 
	Conclusions and Future Perspectives 
	References

