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1  Introduction

Nanotechnology is a multidimensional face of science that has achieved value in 
agriculture and many more welfare activities including hydraulics industries and 
others such as cosmetics, electronics, textiles, and food (Wu et  al. 2020; Faizan 
et al. 2020a, b; Alam et al. 2015). Nanotechnology in agriculture has gained recog-
nition in recent years as a result of technological advancements that have enabled 
the development of a variety of devices, including nanoparticles (NPs) and nano-
tubes that are ultimately reported to influence the microbiome of the plant rhizo-
sphere. NPs with unique properties are documented to influence the plant’s 
development, cell structure, physiological, and biochemical processes (Faizan et al. 
2021a, b). Besides, numerous chemicals, including metallic NPs, aluminum (Al), 
titanium (Ti), zinc (Zn), copper (Cu), gold (Au), silver (Ag), iron (Fe), and cobalt 
(Co), are utilized to adorn NPs which can act as an indirect mean of contaminants’ 
release to the environment (Khot et al. 2012). NPs have specific properties in respect 
to their minute size (less than 100 nm) with at least in one dimension, which conse-
quences in elevated surface area charges, therefore, they are extra reactive over their 
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large amount counterparts (Dimkpa et al. 2019; Faraz et al. 2019). Benefits in farm-
ing comprise abridged fertilizer loss; improvement of agricultural efficiency (Rai 
and Ingle 2012); augmented plants quality and yield (Velasco et al. 2020); and the 
possibility for pest management (Landa 2021), becoming a substitute to chemical 
insecticides since they are measured comparatively secure for humans’ contrast to 
synthetic insecticides (Salem et al. 2015). Nanofertilizers are used to slowly release 
nutrients while diminishing pollution (Seghatoleslami and Forutani 2015). These 
nanoscale fertilizers are a move toward that creates nutrients accessible to plant 
leaves, thus raising the competence of plant nutrient uptake (Vishekaii et al. 2019). 
Zinc oxide NPs have been accounted to lessen the oxidative damage in various 
crops (Dimkpa et al. 2020; Faizan et al. 2018, 2021c). Zinc oxide NPs abridged 
malondialdehyde (MDA) content and improved catalase (CAT) and superoxide dis-
mutase (SOD) activities in stressed Leucaena leucocephala (Zahedi et al. 2020). 
Similar results were also reported in Oryza sativa (Faizan et al. 2021d) and Beta 
vulgaris (Sun et al. 2020). Due to their small dimension, nanofertilizers have an 
advanced and quicker translocation between plant parts, which augments nutrient 
efficiency (Smith 2014). In crop growing, plant yield and effectiveness are enhanced 
by the employment of pesticides. NPs envelop broad diversity of products, some of 
which previously are accessible in the market (Nuruzzaman et al. 2016). Scientists 
demonstrated various methodologies for NPs formulation, characterization, their 
consequence, and their appliance in plant disease management (Al-Samarrai 2012).

Soil microbial communities have a straight effect on soil eminence through pro-
cedures like symbiotic relationships with terrestrial plants, nutrient cycling, and 
decomposition of organic matter (Kennedy and Smith 1995). Therefore, the defense 
of soil microbial growth and variety is the most important challenge in agriculture. 
Numerous carbon nanotubes (CNTs) have recently gained considerable interest due 
to their potential applications in the management of plant growth. Plus, CNTs play 
a positive role in the enhancement of plant physiological attributes and biochemical 
indices as well. According to Tripathi and Sarkar (2014), carbon nanodots over con-
trol significantly increased the root growth in wheat. Likewise, the gram plant also 
showed a positive impact after exposure to carbon nano-onions (Sonkar et al. 2012). 
It is known that the category, dimension, concentration, and functionalization of 
CNTs be able to conclude their toxicological and physiological property in dissimi-
lar crops (Tiwari et al. 2014). CNTs have potential agricultural appliances because 
of their impacts on modifiable plant growth, the aptitude to navigate plant cell walls, 
and as an average for pesticide submission (Jordan et al. 2020). These can be effec-
tive in manipulating the metabolism of cells by stimulating enzymatic and meta-
bolic activity and gene expression, in addition to boosting the photosynthetic 
performance of leaves via an increase in photosynthetic pigment levels (Rahmani 
et al. 2020).

V. D. Rajput et al.



85

2  Source and Impacts of NPs on Soil Properties

The bound of loam to effort as an alive framework, with the surroundings and 
ground usage restrictions, has been characterized as soil well-being to maintain crop 
and respiration system effectiveness, improve water and air quality, and crops. Soils 
are permeable organizations consisting of multifarious prearranged congregations 
of mineral and natural elements joint in liquid and gaseous points. The behavior and 
bioavailability of general pollutants such as pesticides, trace metals, and polycyclic 
aromatic hydrocarbons are highly influenced by soil behavior and characteristics 
(Labud et al. 2007; Ranjard et al. 2000). The study of the communications among 
NPs and soil is complex by the elevated unpredictability in properties, sourced by 
dissimilarity in the ecological situation and soil masterpiece, and by the huge 
numeral of forms of available NPs. Each year, 11 million tons of metal oxide and 
metal NPs are expected to be produced in the world, with soil resources determining 
the final amount (Sun et al. 2014).

These days, nanotechnology is fast attention from industry gratitude to the 
appearance of novel functions in dissimilar fields like medical, electronics, and agri-
culture. This rising attention is foremost to higher manufacture of NPs in the busi-
ness and spaces us in exceptional novel development where the effect might have on 
the surroundings and livelihood beings wants to be immediately evaluated. 
Nanoscience is demonstrated as the branch of science that studies nanometric scale 
matter, bearing in mind its size and uniqueness. However, nanotechnology exam-
ines ways of makeover and controlling these properties (Jeevanandam et al. 2018). 
The term NPs defines the particles whose dimensions are in the nanometer scale for 
some authors and for others it contains the shortest definition of NPs, which is prob-
ably the most instinctive one, taking into contemplation only their size, which is 
limited conservatively to about 100 nm in any direction (Strambeanu et al. 2015). 
This minute size produces a broad range of functions in various scientific fields 
(Tweney 2006).

Nanoparticles affect the majority of soil belongings but there have been no evalu-
ations of their effect on the density performance of soil and the force of collectives. 
Therefore, we evaluated the impact of NPs on the large density and the restricted 
density and tensile strength of summative of calcareous loamy soil. The perfor-
mance of NPs in the environment has involved significant attention in present years 
due to the dramatic boost in NPs production and consumer use, which has resulted 
in rising revelation and discharge to the environment. Some researchers have 
explained the contradictory phenomenon, specifically, the impact of NPs on the 
environment in common, and on soil properties in particular. Elliott and Zhang 
(2001) subjected bimetallic NPs to a test area to reveal the decrease of trichloroeth-
ene and other chlorinated aliphatic hydrocarbons. The porosity of the soil was not 
pretentious by the NPs, and the blockage was shown to be insignificant. Fullerene 
NPs were found to have a modest effect on soil-microbial societies and microbial 
processes (Nyberg et  al. 2008). Multi-walled carbon nanotubes were shown to 
decrease enzymes activity in the soil and microbial growth (Chung et  al. 2011). 
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Metal oxide NPs were also examined; Ge et al. (2011) studied the effect of TiO2 and 
ZnO on soil microbial societies and established that both NPs abridged microbial 
growth and diversity. Pradhan et al. (2011) examined the impact of copper oxide 
and silver NPs on leaf microbial putrefaction presentation that experience to these 
NPs led to a reduction in leaf rotting rate. Furthermore, the decrease in rotting was 
attended by transformation in the organization of the microbial societies.

3  Effects of NPs on Rhizospheric Microbiome Functionality

The group of microorganisms and their respective genomes living within the sphere 
of the plants’ root are jointly referred to as rhizospheric microbiome (Rajput et al. 
2021). They consist of bacteria and fungi, forming the dominant population, and 
other groups of organisms such as viruses, archaea, and protists, which are also 
found in other environments beside soils such as aquatic habitat, plants, animals, 
and humans (Merten et al. 2020). However, the soil microbial community denotes 
the highest reservoir of biological diversity in the world, as the rhizospheric unit is 
reported to contain about 1011 microbial cell g−1 of the roots, accounting for roughly 
more than 30,000 prokaryotes species (Berendsen et al. 2012). These microbes are 
known to have either beneficial, commensal, or pathogenic relationships among 
themselves as well as with their host plants. They are key players in biogeochemical 
cycles of nutrients such as nitrogen, phosphorus, potassium, carbon, sulfur, etc., and 
biochemical reactions such as nutrients uptake, antibiotics production, biomass 
decomposition, biodegradation, maintenance of soil structure, and stimulating 
stress tolerance in the plants (Rahman et al. 2021; Khan et al. 2021). Thus, plays an 
important role in the overall determination of fertility and health of soil. Nevertheless, 
many external factors ranging from farming practices, physical and chemical prop-
erties of soils, biotic and abiotic stress, including the use of NPs adversely affect the 
microbial diversity in the rhizosphere (Brolsma et al. 2017). Subsequently, favor the 
selective enrichment of certain microbial communities over the others and their 
associated functions in the rhizosphere.

The prevalence of NPs in the rhizospheric region has been attributed from many 
sources; including natural mineralization by plants in response to different environ-
mental stress, use of industrial coated NPs-based products such as fertilizers and 
pesticides in the soils, human activities, sewage or industrial waste products depos-
ited in the soils (Ovais et  al. 2018). The use of industrial coated NP products is 
commonly used in sustainable agricultural practices as a viable technology with a 
positive impact on soil microbial community, plant growth, yield, and yield quality 
(Prasad et al. 2017). The efficiency of their application large rests on their sizes, 
shapes, surface area, composition, and more importantly, the level at which they 
optimally exert their effects (Khodakovskaya et al. 2012; Zhai et al. 2016; Rastogi 
et al. 2017). Therefore, depending on their concentrations in the rhizospheric region, 
the unprecedented utilization and release of NPs may lead to a huge repercussion to 
the soil microbiomes (Khanna et  al. 2021). Nanoparticles can potentially affect 
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microbial functionality and plants in both positive and negative ways (Fig. 4.1). Few 
studies investigated the positive effects of NP products on microbiome functionality 
(Shah and Belozerova 2009; Shah et al. 2014). For example, Asadishad et al. (2017) 
studies revealed that exposing the soil to a fixed size citrate-coated nAu (50 nm) 
generally increased soil enzymatic activities within 30 days of exposure; the abun-
dance of bacterial groups (Actinobacteria and Proteobacteria) was also consider-
ably increased. Suggesting that exposing the nAu to soils may enhance the enzymatic 
activities along with microbial communities, thereby affecting the nutrient cycling 
in the soil.

Contrarily, although the current environmental concentrations of NPs are still 
under the threshold level of toxicity in most soils, some even argue the idea that NPs 
(like nZnO and nAg) are not toxic (Mu et al. 2011; Zhou et al. 2015). These, in addi-
tion to the limited available literature on the environmental impacts and antimicro-
bial properties, demanded a thorough investigation in better understanding the 
physicochemical as well as biotic impacts of NPs in the soils (Kiss et al. 2021). 
Several reports have revealed negative impacts of NPs on exposure to microbial 
functionality. For instance, the study conducted by Shen et  al. (2015) on neutral 
soils treated with 1 mg ZnO-NPs and the ecotoxicology impacts on soil microorgan-
ism observed a decrease in respiration, ammonification, dehydrogenase (DH), and 
fluorescence diacetate hydrolase (FDAH) activity within the first to the third month 
of the study, the proposed mechanisms being the direct contact of Zn-NPs with 
biologic targets. Similarly, results from Ma et al. (2013) also described the toxic 

Fig. 4.1 Schematic representation of NPs’ interaction with soil microbiome and associated 
impacts on its functions and plants
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nature of ZnO-NPs to the different bacterial systems, leading to the dissociation of 
ZnO-NPs to zinc ions (Zn+), and generative of reactive oxygen species (ROS), as a 
result of direct interplay with the biologic target. These were both influenced by 
environmental conditions (Li et al. 2011). The utilization of nanoscale zero-valent 
iron (nZVI) has also been reported to have antimicrobial properties (Cullen et al. 
2011; Saccà et al. 2014; Fajardo et al. 2019). For instance, Semerád and Cajthaml 
(2016) reported from their studies a pronounced change in autochthonous bacteria 
species often exposed to nZVI, which was observed to vary among soil types (2.4 
and 2.2) with the phylogenetic changes appear to be more abundant than at the func-
tional level. Hence, suggesting maintenance of the overall functions of soil ecosys-
tem on exposure to nZVI. Generally, living tissues of microorganisms such as cell 
mitochondria and the cell nucleus often exposed to these nanoparticles can be taken 
up spontaneously, and subsequently results in the alteration of the cell membrane, 
mutation of DNA, structural damage to mitochondria, and ultimately, death of the 
cells (Geiser et al. 2005; Porter et al. 2007; Li et al. 2011).

4  Interactions of Nanoenabled Agrochemicals 
with Soil Microbiome

Agrochemicals play a crucial part in the economic productivity of agricultural prod-
ucts. When used conventionally, however, they are reported to be degraded or 
expelled by environmental variables such as wind, sunlight, rain, etc. (Gill and Garg 
2014). Also, a considerable fraction of agrochemicals do not reach their intended 
species, thereby they are applied on a regular basis. Thus, recurrent agrochemical 
applications not only raise the expense, but also have adverse effects on plants, the 
environment, and the health of those exposed through the food chain (Vurro et al. 
2019). In this context, several techniques have been emerged to resolve this issue 
and nanotechnology is also one of them. Because of the unique properties of nano-
materials, combining nanotechnology with agro-biotechnology is becoming more 
frequent in the agricultural sector (Srivastava and Singh 2021). At low concentra-
tions, NMs are reported as potential agents to improve edible plants’ yield and qual-
ity. Nanomaterials can encapsulate nutrients, coat them with a thin protective 
nanoscale polymeric coating, or distribute them as nano-emulsions or nanoparticles 
(Iavicoli et al. 2017). Thus, nano-enabled agrochemicals can either deliver one or 
more nutrients to plants, hence promoting growth, or they can improve the effective-
ness of conventional fertilizers. Also, due to the greater surface area, nano-coatings 
on fertilizers can hold the substance more firmly on the plant. Thus, nano-enabled 
agrochemicals are reported to boost the plant-uptake efficiency of nutrients and 
reduce the adverse impacts of conventional fertilizer applications (Ur Rahim et al. 
2021). In recent years, the nanopesticides and nanofertilizers got a great deal of 
attention due to their numerous advantages over the conventional ones. The basic 

V. D. Rajput et al.



89

principle and working of these agrochemicals are discussed in the forthcoming 
paragraphs.

4.1  Nanopesticides

The nanoformulation of conventional pesticides with polymers or metal nanoparti-
cles is an emerging area in the pesticide industry in and of itself. Any pesticide 
formulation that implies either very small particles of a pesticide active component 
or other small, designed structures with effective pesticidal characteristics is referred 
to as a “nanopesticide” (Kookana et al. 2014; Iavicoli et al. 2017). The controlled 
and progressive release of active ingredient by modification in the outer shell of the 
nanocapsule delivers a mild dose over a longer time period and prevents excess run- 
off of undesirable pesticide, which make it a viable approach for agricultural per-
sonnel (Gill and Garg 2014; Sharma et  al. 2019). Thus, nano-formulations for 
pesticides provide benefits due to their improved solubility, mobility, and durability.

4.2  Nanofertilizers

Nanofertilizers are NMs that deliver one or more essential nutrients to plants 
directly. Also, it has been observed that nanofertilizers improve the performance, 
availability, or usage of traditional fertilizers (Zulfiqar et al. 2019). Over the last few 
decades, the global pressure for chemical fertilizers to restore nutrient levels in soils 
that are regularly used for crop production has expanded considerably (Selim 2020). 
Contrarily, the most critical elements required by plants, such as nitrogen (N), phos-
phorus (P), and potassium (K), continue to have low nutrient usage efficiency. Thus, 
deficits in nutrient delivery to and utilization by plants cause farmers and producers 
to apply excessive amounts, leading to environmental contamination from emis-
sions, leaching, and run-off (Dimkpa et al. 2019). Owing to this reason, numerous 
researchers have found that nanofertilizers possess the potential to improve nutrient 
delivery efficiency to plants. Nanofertilizer is classified into three types based on 
plants’ nutritional requirements: (A) macro- and (B) micronanofertilizer, and (C) 
nanoparticulate fertilizer (Kumari et al. 2019).

Despite the uncountable advantages of nano-enabled agrochemicals, there are 
still some gaps and controversies regarding their efficacy and fate in microbiome. 
The soil is a reservoir of microorganisms, in which the plant selects a certain micro-
biome, which makes a significant contribution to the plant’s growth and health 
(Trivedi et al. 2020). As a result of the selected microbiome, the plant adapts more 
quickly to stressors whether abiotic or biotic. Therefore, understanding how 
nanopesticides and nanofertilizers interact with the microbiome is critical for devel-
oping smart nanoagrochemicals that combine efficiency with ecocompatibility to 
protect soil microbial diversity. There are currently two types of nanomaterials that 
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have resulted in commercially accessible nanoenabled agrochemicals: copper 
nanoparticles as fungicides and colloidal silver to treat fungal pathogens on seeds, 
tubers, and vegetative plants (He et al. 2019). The impact of nano-CuO was observed 
on the soil enzymes activities and composition of microbial community. The appli-
cations of TiO2 and CuO NPs were reported to decrease the soil microbial biomass 
and enzymatic activities (Xu et al. 2015). In a study, the influence of nanosized CuO 
on five agricultural was recorded. The exposure of CuO-NPs caused significant 
reductions in the microbial activities of soil which involved the carbon and nitrogen 
cycles, respiration, nitrification, and denitrification (Zhao et al. 2020). Likewise, in 
the study of You et al. (2018), ZnO, TiO2, CeO2, and Fe3O4 NPs on soil enzymatic 
activities and bacterial communities of saline-alkali and black soils. The findings 
revealed an impact on soil enzyme activity, changes in the soil bacterial community, 
and a risk to biological nitrogen fixation. The content of microorganisms in soil was 
dramatically reduced when Fe3O4 NPs were present in high concentration (Cao 
et al. 2016). Plate counts of Azotobacter, P-solubilizing, and K-solubilizing bacteria 
were altered by zinc oxide and CeO2 NPs, and enzymatic activity was inhibited 
(Chai et al. 2015).

5  Impacts of NPs on Plant-Microbiome Interaction

The plant-microbiome is a complex network of genetic, biochemical, physical, and 
metabolic interactions. In a natural environment, plants are constantly exposed to 
diverse microbiota and interact with each other with substantial useful effects to the 
host plants in nutrients uptake, growth promotion, increased productivity, enhanced 
biological and chemical reactions, resistance to pathogens, and stress tolerance 
(Philippot et al. 2013; Busby et al. 2016; Singh et al. 2019; Trivedi et al. 2020). The 
abundance of microbes in the rhizosphere region is primarily owing to the richness 
in microbial substrates derived from plant photosynthates and other secondary 
metabolites like flavonoids, which play a crucial role in maintaining communica-
tions among soil microbiomes. Plants may interfere in the manipulation of gene 
expression of the soil community by secreting quorum sensing compounds (Merten 
et al. 2020). In analog, it is also claimed that plant microbiome extends the potential 
function of the host, as the microbiome possesses the ability to impact the expres-
sion of plant traits and subsequently improve the physiological state of the plants 
(Mendes et al. 2013). Therefore, it can be inferred that the plant-microbiome rela-
tionship cannot be underestimated, the fact that it represents an interweaving mutu-
alistic association among the components (Rahman et  al. 2021). The collective 
genome of the rhizosphere microbiome is referred to as the plant’s second genome. 
The beneficial impacts of bacterial strains and other consortia of microorganisms on 
their host are considered cultivar and species (associated to diets, environment, etc.) 
specific, which in turn limits their applications (Cullen et al. 2020; Rai-Kalal and 
Jajoo 2021). Hence, understanding the functional aspects of the interplay between 
microbiomes and their host is crucial for their potent use in agriculture (Ortiz et al. 
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2015; Singh et al. 2016). The balance of microorganisms in the soil is thus an impor-
tant aspect of plant physiological development. However, these balances can be 
impaired by several human activities such as the development of antibiotics, heavy 
metals exploitation, release of plant protection products (PPP), and high levels of 
nanoparticles in the soils (Rodriguez et al. 2019).

A large number of NPs-based products are being commercially produced and 
disposed to the soils as a sink in large quantities. These particles often exposed to 
the soils can directly result in NPs-microbial or indirectly NPs-plants interactions 
and revealed the consequences on either the plants or microbial community (Guan 
et  al. 2020). The behavior of these particles and their persistence rests on their 
chemical nature and soil characteristics. More importantly, NPs-based products like 
nAg and nZnO possess antimicrobial properties, their presence and persistence in 
soils can result in the alteration of soil microbiome, thereby distorting key microbial 
processes like N-fixation, nutrients mineralization, phytoremediation, and plant 
growth-promoting activities (Thijs et al. 2016; Khan 2020). Several studies on the 
effects of plant-microbiome interactions and the effects have been reported in the 
literature as presented in Table 4.1.

6  Future Prospective

It is evident from the current state of knowledge that the use of nanotechnology- 
derived processes and materials can bring substantial enhancements and improve-
ment in the agriculture and allied sectors. Unfortunately, much R&D has been done 
in a haphazard and random manner, with little regard for the potential for negative 
repercussions and impacts. Another issue to be concerned about is the increased 
nutrition provided by nano-fertilizers, which may encourage intrinsic plant defense 
and systemic resistance pathways. Thus, if nanotechnology-based approaches are 
effectively developed and implemented, they will play an important role in achiev-
ing and maintaining global food security and safety.

7  Conclusions

Nanotechnology offers enormous potential to improve pesticide delivery and usage 
by crops. According to key findings on plant exposure to nanoparticles, ENMs can 
be deleterious at higher doses, while the lower dose applications of NMs under 
specified conditions will have favorable effects such as improved nutrient delivery, 
antibacterial and disease suppression, and insecticidal and herbicidal applications. 
Also, when compared to conventional formulations, one very major advancement 
connected with NMs is that they can dramatically minimize the number of metals/
agrichemicals released into the environment. So, in a nutshell, future research 
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Table 4.1 Impacts of nanoparticles on plants-microbiome interactions

Nanoparticles 
(NPs) and 
concentrations 
applied Plants and microbes Soil microbes

Impacts on 
plant-microbiome 
interactions References

SiO2 @ 5 mg 
per plant

Pakchoi (Brassica 
chinensis L.)

Bacteria 
(Rhodobacteria and 
Paenibacillus) and 
fungus 
(Chaetomium)

Increased number 
of some bacterial 
and fungal genera 
that involved in 
carbon and nitrogen 
cycles. Thus, 
suggesting an 
alteration in the soil 
metabolites 
profiles.

Tian et al. 
(2020)

CuO @ 
50 mg kg−1

Wheat (Triticum 
aestivum L.)

Bacteria 
(Caulobacteracaea, 
Chitinophaga, 
Paenibaccilus, 
Peredibacter, and 
Pseudomonas)

Increased nitrate 
concentration in the 
rhizosphere 
correlated with the 
gene abundance 
related to 
N-fixation and a 
decrease of gene 
denitrification 
abundance. 
However, the 
effects on microbial 
diversity were not 
clearly explained in 
the studies.

Guan et al. 
(2020)

(continued)
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Table 4.1 (continued)

Nanoparticles 
(NPs) and 
concentrations 
applied Plants and microbes Soil microbes

Impacts on 
plant-microbiome 
interactions References

Ag and TiO2 @ 
100 mg L−1

Early growth of 
wheat (Triticum 
aestivum L.,) and flax 
(Linumusitatissimum)

Bacteria (Bacillus 
and Pseudomonas)

TiO2 enhanced 
germination and 
seedling growth of 
what, whereas both 
the NPs increased 
chlorophyll 
contents of flax. 
The bacterial 
community was not 
significantly 
altered; however, 
the total contents 
were observed to 
increase except in 
positively charged 
TiO. Hence, 
suggesting 
variability of the 
plants and bacterial 
communities in 
response to NPs at 
varying degree

Gorczyca 
et al. 
(2018)

TiO2 (Conc. 
Not not 
specified)

Wheat (Triticum 
aestivum L.)

Fungus (Arbuscular 
mycorrhiza) and 
prokaryotic

NPs altered the 
structure of 
prokaryotic 
community but the 
fungal structure 
remains unaltered. 
Both the wheat 
growth and 
arbuscular 
mycorrhizal 
colonization were 
not negatively 
affected by 
different TiO2 
concentrations

Moll et al. 
(2017)

(continued)
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Table 4.1 (continued)

Nanoparticles 
(NPs) and 
concentrations 
applied Plants and microbes Soil microbes

Impacts on 
plant-microbiome 
interactions References

Fe3O4 @ 
2000 mg L−1

Common bean 
(Phaseolus vulgaris)

Fungus (Rhizobium 
inoculum; 
Leguminorum CF1 
strain)

Improved 
symbiotic 
performance such 
as nitrogenase 
activity, nodule 
leghemoglobin, 
iron contents, 
active nodules per 
plant, nodules dry 
weight, along with 
increased root and 
shoot nitrogen 
content of the 
35-day-old 
harvested plant. 
Hence, suggesting 
a strong 
relationship 
between rhizobium 
and common bean 
plant due to 
improved 
nodulation and 
N-fixation 
following 
application of 
Fe3O4 NPs

De 
Souza- 
Torres 
et al. 
(2021)

(continued)
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Table 4.1 (continued)

Nanoparticles 
(NPs) and 
concentrations 
applied Plants and microbes Soil microbes

Impacts on 
plant-microbiome 
interactions References

ZnO @ 
250–1000 mg 
Zn kg−1

Bean (Phaseolus 
vulgaris)

Bacteria 
(Pseudomonad)

Only NPs at 
1000 mg 
concentrations 
significantly inhibit 
shoot growth. Also 
correlated with root 
growth inhibition, 
solubility of Fe, 
Mn and shoot 
accumulation of 
Zn, Fe, and Mn 
after 7 days. Root 
ferric reductase 
activity also often 
diminished after 
exposure to NPs. 
Concluding that 
soil bacteria could 
reduce plant 
accumulation of 
metals under toxic 
levels of NPs, 
thereby negatively 
affecting uptake of 
essential elements

Dimkpa 
et al. 
(2015)

Hydroxyapatite 
(nHA) (Conc. 
not specified)

Soybean (Glycine 
max)

Different general of 
bacterial and fungal 
sp. was studied

Treatments with 
nHA revealed 
nearly similar 
results in growth, 
biomass, total plant 
phosphorus, and 
yield. The soil and 
rhizosphere 
community also 
revealed similar 
results in the nHA 
and HA, with the 
minor shifts in the 
former. Hence, 
extrapolating that 
application of nHA 
may not be 
considered a viable 
alternative to 
traditional Pi 
fertilizers

McKnight 
et al. 
(2020)

(continued)
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should focus on the possibility of generating different types of nutrient-augmented 
nanomaterials with a safer and more effective profile.

Acknowledgments The present work was funded by RFBR (no. 20-55-05014) and SC RA (no. 
20RF-036), and by the Strategic Academic Leadership Program of the Southern Federal University 
(“Priority 2030”).

References

F. Alam, M. Naim, M. Aziz, N. Yadav, Unique roles of nanotechnology in medicine and cancer-
 II. Indian J. Cancer 52, 1 (2015)

A.M.  Al-Samarrai, Nanoparticles as alternative to pesticides in management plant diseases-a 
review. Int. J. Sci. Res. Pub. 2(4), 1–4 (2012)

B. Asadishad, S. Chahal, V. Cianciarelli, K. Zhou, N. Tufenkji, Effect of gold nanoparticles on 
extracellular nutrient-cycling enzyme activity and bacterial community in soil slurries: Role 
of nanoparticle size and surface coating. Environ. Sci. Nano 4(4), 907–918 (2017). https://doi.
org/10.1039/C6EN00567E

Table 4.1 (continued)

Nanoparticles 
(NPs) and 
concentrations 
applied Plants and microbes Soil microbes

Impacts on 
plant-microbiome 
interactions References

Cu, Ni, and Zn 
@ 100, 1000, 
and 
10,000 mg kg−1

Radish (Raphanus 
sativus)

Bacteria 
(Azotobacter sp.)

Contamination of 
the soil with NPs 
observed to cause 
deterioration of the 
biological 
properties like 
abundance of 
bacteria 
(Azotobacter sp.), 
activity of catalase 
dehydrogenases, 
seed germination 
rate, and the length 
of radish roots. The 
Cu ranked first and 
Zn second, then Zn 
in order of highest 
ecotoxicity of the 
studied pollutants 
exposed under the 
same concentration. 
Their degree of 
negative impacts on 
biological 
activities.

Kolesnikov 
et al. 
(2021)

V. D. Rajput et al.

https://doi.org/10.1039/C6EN00567E
https://doi.org/10.1039/C6EN00567E


97

R.L. Berendsen, C.M. Pieterse, P.A. Bakker, The rhizosphere microbiome and plant health. Trends 
Plant Sci. 17(8), 478–486 (2012)

K.M. Brolsma, J.A. Vonk, L. Mommer, J. Van Ruijven, E. Hoffland, R.G. De Goede, Microbial 
catabolic diversity in and beyond the rhizosphere of plant species and plant genotypes. 
Pedobiologia 61, 43–49 (2017)

P.E.  Busby, K.G.  Peay, G.  Newcombe, Common foliar fungi of Populus trichocarpa modify 
Melampsora rust disease severity. New Phytol. 209(4), 1681–1692 (2016). https://doi.
org/10.1111/nph.13742

J. Cao, Y. Feng, X. Lin, J. Wang, Arbuscular mycorrhizal fungi alleviate the negative effects of 
iron oxide nanoparticles on bacterial community in rhizospheric soils. Front. Environ. Sci. 4, 
10 (2016)

H. Chai, J. Yao, J. Sun, C. Zhang, W. Liu, M. Zhu, B. Ceccanti, The effect of metal oxide nanopar-
ticles on functional bacteria and metabolic profiles in agricultural soil. Bull. Environ. Contam. 
Toxicol. 94(4), 490–495 (2015)

H. Chung, Y. Son, T.K. Yoon, S. Kim, W. Kim, The effect of multi-walled carbon nanotubes on soil 
microbial activity. Ecotoxical. Environ. Saf. 74, 569–575 (2011)

C.M. Cullen, K.K. Aneja, S. Beyhan, C.E. Cho, S. Woloszynek, M. Convertino, et al., Emerging 
priorities for microbiome research. Front. Microbiol. 11, 136 (2020). https://doi.org/10.3389/
fmicb.2020.00136

L.G. Cullen, E.L. Tilston, G.R. Mitchell, C.D. Collins, L.J. Shaw, Assessing the impact of nano- 
and micro-scale zerovalent iron particles on soil microbial activities: Particle reactivity inter-
feres with assay conditions and interpretation of genuine microbial effects. Chemosphere 
82(11), 1675–1682 (2011)

A.  De Souza-Torres, E.  Govea-Alcaide, E.  Gomez-Padilla, S.H.  Masunaga, F.B.  Effenberger, 
L.M. Rossi, et al., Fe3O4 nanoparticles and Rhizobium inoculation enhance nodulation, nitro-
gen fixation and growth of common bean plants grown in soil. Rhizosphere 17, 100275 (2021)

C.O. Dimkpa, T. Hansen, J. Stewart, J.E. McLean, D.W. Britt, A.J. Anderson, ZnO nanoparticles 
and root colonization by a beneficial pseudomonad influence essential metal responses in bean 
(Phaseolus vulgaris). Nanotoxicology 9(3), 271–278 (2015). https://doi.org/10.3109/1743539
0.2014.900583

C.O.  Dimkpa, U.  Singh, P.S.  Bindraban, W.H.  Elmer, J.L.  Gardea-Torresdey, J.C.  White, Zinc 
oxide nanoparticles alleviate drought-induced alterations in sorghum performance, nutrient 
acquisition, and grain fortification. Sci. Total Environ. 688, 926–934 (2019)

C.O. Dimkpa, J. Andrews, J. Fugice, U. Singh, P.S. Bindraban, W.H. Elmer, J.L. Gardea-Torresdey, 
J.C. White, Facile coating of urea with low-dose ZnO nanoparticles promotes wheat perfor-
mance and enhances Zn uptake under drought stress. Front. Plant Sci. 11, 168 (2020)

D.W.  Elliott, W.X.  Zhang, Field Assessment of nanoscale bimetallic particles for groundwater 
treatment. Environ. Sci. Technol. 35, 4922–4926 (2001)

M. Faizan, J.A. Bhat, C. Chen, M.N. Alyemeni, L. Wijaya, P. Ahmad, F. Yu, Zinc oxide nanopar-
ticles (ZnO-NPs) induce salt tolerance by improving the antioxidant system and photosynthetic 
machinery in tomato. Plant Physiol. Biochem. 161, 122–130 (2021a)

M. Faizan, J.A. Bhat, K. Hessini, F. Yu, P. Ahmad, Zinc oxide nanoparticles alleviates the adverse 
effects of cadmium stress on Oryza sativa via modulation of the photosynthesis and antioxidant 
defense system. Ecotoxicol. Environ. Saf. 220, 112401 (2021d)

M.  Faizan, J.A.  Bhat, A.  Noureldeen, P.  Ahmad, F.  Yu, Zinc oxide nanoparticles and 
24-Epibrassinolide alleviates Cu toxicity in tomato by regulating ROS scavenging, stomatal 
movement and photosynthesis. Ecotoxicol. Environ. Saf. 218, 112293 (2021c)

M. Faizan, A. Faraz, A.R. Mir, S. Hayat, Role of zinc oxide nanoparticles in countering nega-
tive effects generated by cadmium in Lycopersicon esculentum. J. Plant Growth Regul. 40, 
101–115 (2020b)

M. Faizan, A. Faraz, M. Yusuf, S.T. Khan, S. Hayat, Zinc oxide nanoparticle-mediated changes 
in photosynthetic efficiency and antioxidant system of tomato plants. Photosynthetica 56(2), 
678–686 (2018)

4 Influence of Nanoparticles on the Plant Rhizosphere Microbiome

https://doi.org/10.1111/nph.13742
https://doi.org/10.1111/nph.13742
https://doi.org/10.3389/fmicb.2020.00136
https://doi.org/10.3389/fmicb.2020.00136
https://doi.org/10.3109/17435390.2014.900583
https://doi.org/10.3109/17435390.2014.900583


98

M. Faizan, V.D. Rajput, A.A. Al-Khuraif, M. Arshad, T. Minkina, S. Sushkova, F. Yu, Effect of 
foliar fertigation of chitosan nanoparticles on cadmium accumulation and toxicity in Solanum 
lycopersicum. Biology 10, 666 (2021b)

M. Faizan, F. Yu, C. Chen, A. Faraz, S. Hayat, Zinc oxide nanoparticles help to enhance plant 
growth and alleviate abiotic stress: A review. Curr. Protein Pept. Sci. 21, 1–15 (2020a)

C.  Fajardo, J.  García-Cantalejo, P.  Botías, G.  Costa, M.  Nande, M.  Martin, New insights into 
the impact of nZVI on soil microbial biodiversity and functionality. J. Environ. Sci. Health A 
54(3), 157–167 (2019). https://doi.org/10.1080/10934529.2018.1535159

A. Faraz, M. Faizan, F. Sami, H. Siddiqui, J. Pichtel, S. Hayat, Nanoparticles: Biosynthesis, trans-
location and role in plant metabolism. IET Nanobiotechnol. 13(4), 345–352 (2019)

Y. Ge, J.P. Schimel, P. A. Holden, Evidence for negative effects of TiO2 and ZnO nanoparticles 
on soil bacterial communities. Environmental science & technology, 45(4), 1659–1664 (2011)

M. Geiser, B. Rothen-Rutishauser, N. Kapp, S. Schürch, W. Kreyling, H. Schulz, et al., Ultrafine 
particles cross cellular membranes by nonphagocytic mechanisms in lungs and in cultured 
cells. Environ. Health Perspect. 113(11), 1555–1560 (2005)

H.K. Gill, H. Garg, Pesticide: Environmental impacts and management strategies. Pesticides-toxic 
aspects 8, 187 (2014)

A.  Gorczyca, S.W.  Przemieniecki, T.  Kurowski, M.  Oćwieja, Early plant growth and bacterial 
community in rhizoplane of wheat and flax exposed to silver and titanium dioxide nanopar-
ticles. Environ. Sci. Pollut. Res. 25(33), 33820–33826 (2018). https://doi.org/10.1007/
s11356- 018- 3346- 7

X. Guan, X. Gao, A. Avellan, E. Spielman-Sun, J. Xu, S. Laughton, et  al., CuO nanoparticles 
alter the rhizospheric bacterial community and local nitrogen cycling for wheat grown in a 
calcareous soil. Environ. Sci. Technol. 54(14), 8699–8709 (2020). https://doi.org/10.1021/acs.
est.0c00036

X. He, H. Deng, H.M. Hwang, The current application of nanotechnology in food and agriculture. 
J. Food Drug Anal. 27(1), 1–21 (2019)

I. Iavicoli, V. Leso, D.H. Beezhold, A.A. Shvedova, Nanotechnology in agriculture: Opportunities, 
toxicological implications, and occupational risks. Toxicol. Appl. Pharmacol. 329, 
96–111 (2017)

J. Jeevanandam, A. Barhoum, Y. Chan, A. Dufresne, M.K. Danquah, Review on nanoparticles and 
nanostructured materials: History, sources, toxicity and regulations. Beilstein J. Nanotechnol. 
9, 1050–1074 (2018)

J.T. Jordan, R.P. Oates, S. Subbiah, P.R. Payton, K.P. Singh, S.A. Shah, M.J. Green, D.M. Klein, 
J.E. Cañas-Carrell, Carbon nanotubes affect early growth, flowering time and phytohormones 
in tomato. Chemosphere 256, 127042 (2020)

A.C. Kennedy, K.L. Smith, Soil microbial diversity and the sustainability of agricultural soils. 
Plant Soil 170, 75–86 (1995)

M. Khan, A.U. Khan, M.A. Hasan, K.K. Yadav, M. Pinto, N. Malik, et al., Agro-nanotechnology as 
an emerging field: A novel sustainable approach for improving plant growth by reducing biotic 
stress. Appl. Sci. 11(5), 2282 (2021). https://doi.org/10.3390/app11052282

S.T. Khan, Interaction of engineered nanomaterials with soil microbiome and plants: Their impact 
on plant and soil health, in Sustainable Agriculture Reviews, vol. 41, (Springer, Cham, 2020), 
pp. 181–199. https://doi.org/10.1007/978- 3- 030- 33996- 8_10

K. Khanna, S.K. Kohli, N. Handa, H. Kaur, P. Ohri, R. Bhardwaj, et al., Enthralling the impact of 
engineered nanoparticles on soil microbiome: A concentric approach towards environmental 
risks and cogitation. Ecotoxicol. Environ. Saf. 222, 112459 (2021)

M.V.  Khodakovskaya, K.  De Silva, A.S.  Biris, E.  Dervishi, H.  Villagarcia, Carbon nanotubes 
induce growth enhancement of tobacco cells. ACS Nano 6(3), 2128–2135 (2012). https://doi.
org/10.1021/nn204643g

L.R. Khot, S. Sankaran, J.M. Maja, R. Ehsani, E.W. Schuster, Applications of nanomaterials in 
agricultural production and crop protection: A review. Crop Prot. 35, 64–70 (2012)

V. D. Rajput et al.

https://doi.org/10.1080/10934529.2018.1535159
https://doi.org/10.1007/s11356-018-3346-7
https://doi.org/10.1007/s11356-018-3346-7
https://doi.org/10.1021/acs.est.0c00036
https://doi.org/10.1021/acs.est.0c00036
https://doi.org/10.3390/app11052282
https://doi.org/10.1007/978-3-030-33996-8_10
https://doi.org/10.1021/nn204643g
https://doi.org/10.1021/nn204643g


99

L.V. Kiss, A. Seres, G. Boros, M. Sárospataki, P.I. Nagy, Ecotoxicological effects of zinc oxide 
nanoparticles on test organisms from soil micro-and mesofauna, in Zinc-Based Nanostructures 
for Environmental and Agricultural Applications, (Elsevier, 2021), pp. 569–588

S. Kolesnikov, А. Timoshenko, T. Minnikova, N. Tsepina, K. Kazeev, Y. Akimenko, et al., Impact 
of metal-based nanoparticles on cambisol microbial functionality, enzyme activity, and plant 
growth. Plan. Theory 10(10), 2080 (2021). https://doi.org/10.3390/plants10102080

R.S.  Kookana, A.B.  Boxall, P.T.  Reeves, R.  Ashauer, S.  Beulke, Q.  Chaudhry, et  al., 
Nanopesticides: Guiding principles for regulatory evaluation of environmental risks. J. Agric. 
Food Chem. 62(19), 4227–4240 (2014)

R.M. Kumari, N. Sharma, G. Arya, S. Nimesh, Recent progress in applied nanomaterials. Plant 
Nanobionics, 33–64 (2019)

V. Labud, C. Garcia, T. Hernandez, Effect of hydrocarbon pollution on the microbial properties of 
a sandy and a clay soil. Chemosphere 66, 1863–1871 (2007)

P. Landa, Positive effects of metallic nanoparticles on plants: Overview of involved mechanisms. 
Plant Physiol. Biochem. 161, 12–24 (2021)

M. Li, L. Zhu, D. Lin, Toxicity of ZnO nanoparticles to Escherichia coli: Mechanism and the 
influence of medium components. Environ. Sci. Technol. 45(5), 1977–1983 (2011). https://doi.
org/10.1021/es102624t

H. Ma, P.L. Williams, S.A. Diamond, Ecotoxicity of manufactured ZnO nanoparticles–a review. 
Environ. Pollut. 172, 76–85 (2013)

M.M. McKnight, Z. Qu, J.K. Copeland, D.S. Guttman, V.K. Walker, A practical assessment of 
nano-phosphate on soybean (Glycine max) growth and microbiome establishment. Sci. Rep. 
10(1), 1–17 (2020). https://doi.org/10.1038/s41598- 020- 66005- 

R.  Mendes, P.  Garbeva, J.M.  Raaijmakers, The rhizosphere microbiome: Significance of plant 
beneficial, plant pathogenic, and human pathogenic microorganisms. FEMS Microbiol. Rev. 
37(5), 634–663 (2013). https://doi.org/10.1111/1574- 6976.12028

C. Merten, R. Schoonjans, D. Di Gioia, C. Peláez, Y. Sanz, D. Maurici, T. Robinson, Exploring the 
need to include microbiomes into EFSA's scientific assessments. EFSA J. 18, e18061 (2020). 
https://doi.org/10.2903/j.efsa.2020.e18061

J. Moll, F. Klingenfuss, F. Widmer, A. Gogos, T.D. Bucheli, M. Hartmann, M.G. van der Heijden, 
Effects of titanium dioxide nanoparticles on soil microbial communities and wheat biomass. 
Soil Biol. Biochem. 111, 85–93 (2017)

H. Mu, Y. Chen, N. Xiao, Effects of metal oxide nanoparticles (TiO2, Al2O3, SiO2 and ZnO) on 
waste activated sludge anaerobic digestion. Bioresour. Technol. 102(22), 10305–10311 (2011)

M.D. Nuruzzaman, M.M. Rahman, Y. Liu, R. Naidu, Nanoencapsulation, nano-guard for pesti-
cides: A new window for safe application. J. Agric. Food Chem. 64, 1447–1483 (2016)

L. Nyberg, R.F. Turco, L. Nies, Assessing the impact of nanomaterials on anaerobic microbial 
communities. Environ. Sci. Technol. 42, 1938–1943 (2008)

N.  Ortiz, E.  Armada, E.  Duque, A.  Roldán, R.  Azcón, Contribution of arbuscular mycorrhizal 
fungi and/or bacteria to enhancing plant drought tolerance under natural soil conditions: 
Effectiveness of autochthonous or allochthonous strains. J. Plant Physiol. 174, 87–96 (2015)

M.  Ovais, A.T.  Khalil, M.  Ayaz, I.  Ahmad, S.K.  Nethi, S.  Mukherjee, Biosynthesis of metal 
nanoparticles via microbial enzymes: A mechanistic approach. Int. J. Mol. Sci. 19(12), 4100 
(2018). https://doi.org/10.3390/ijms19124100

L. Philippot, J.M. Raaijmakers, P. Lemanceau, W.H. Van Der Putten, Going back to the roots: The 
microbial ecology of the rhizosphere. Nat. Rev. Microbiol. 11(11), 789–799 (2013). https://doi.
org/10.1038/nrmicro3109

A.E. Porter, M. Gass, K. Muller, J.N. Skepper, P. Midgley, M. Welland, Visualizing the uptake of 
C60 to the cytoplasm and nucleus of human monocyte-derived macrophage cells using energy- 
filtered transmission electron microscopy and electron tomography. Environ. Sci. Technol. 
41(8), 3012–3017 (2007)

A.  Pradhan, S.  Seena, C.  Pascoal, F.  Cássio, Can metal nanoparticles be a threat to microbial 
decomposers of plant litter in streams?. Microbial ecology, 62(1), 58–68 (2011)

4 Influence of Nanoparticles on the Plant Rhizosphere Microbiome

https://doi.org/10.3390/plants10102080
https://doi.org/10.1021/es102624t
https://doi.org/10.1021/es102624t
https://doi.org/10.1038/s41598-020-66005-
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.2903/j.efsa.2020.e18061
https://doi.org/10.3390/ijms19124100
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1038/nrmicro3109


100

R. Prasad, A. Bhattacharyya, Q.D. Nguyen, Nanotechnology in sustainable agriculture: Recent 
developments, challenges, and perspectives. Front. Microbiol. 8, 1014 (2017). https://doi.
org/10.3389/fmicb.2017.01014

A.N.S.N. Rahman, N.W. Abdul Hamid, K. Nadarajah, Effects of abiotic stress on soil microbiome. 
Int. J. Mol. Sci. 22(16), 9036 (2021). https://doi.org/10.3390/ijms22169036

N. Rahmani, T. Radjabian, B.M. Soltani, Impacts of foliar exposure to multi-walled carbon nano-
tubes on physiological and molecular traits of Salvia verticillata L., as a medicinal plant. Plant 
Physiol. Biochem. 150, 27–38 (2020)

M. Rai, A. Ingle, Role of nanotechnology in agriculture with special reference to management of 
insect pests. Appl. Microbiol. Biotechnol. 94, 287–293 (2012)

P. Rai-Kalal, A. Jajoo, Priming with zinc oxide nanoparticles improve germination and photosyn-
thetic performance in wheat. Plant Physiol. Biochem. 160, 341–351 (2021)

V.D. Rajput, T. Minkina, M. Feizi, A. Kumari, M. Khan, S. Mandzhieva, et al., Effects of silicon 
and silicon-based nanoparticles on rhizosphere microbiome, plant stress and growth. Biology 
10(8), 791 (2021)

L.  Ranjard, S.  Nazaret, F.  Gourbière, J.  Thioulouse, P.  Linet, A.  Richaume, A soil microscale 
study to reveal the heterogeneity of hg (II) impact on indigenous bacteria by quantification of 
adapted phenotypes and analysis of community DNA fingerprints FEMS. Microbiol. Ecol. 31, 
107–115 (2000)

A. Rastogi, M. Zivcak, O. Sytar, H.M. Kalaji, X. He, S. Mbarki, M. Brestic, Impact of metal and 
metal oxide nanoparticles on plant: A critical review. Front. Chem. 5, 78 (2017). https://doi.
org/10.3389/fchem.2017.00078

P.A.  Rodriguez, M.  Rothballer, S.P.  Chowdhury, T.  Nussbaumer, C.  Gutjahr, P.  Falter-Braun, 
Systems biology of plant-microbiome interactions. Mol. Plant 12(6), 804–821 (2019)

M.L. Saccà, C. Fajardo, G. Costa, C. Lobo, M. Nande, M. Martin, Integrating classical and molec-
ular approaches to evaluate the impact of nanosized zero-valent iron (nZVI) on soil organisms. 
Chemosphere 104, 184–189 (2014)

A.A.  Salem, A.M.  Hamzah, N.M.  El-Taweelah, Aluminum and zinc oxides nanoparticles as a 
new method for controlling the red flour beetles, Tribolium castaneum (Herbest) compared to 
malathion insecticide. JPPP 6, 129–137 (2015)

M. Seghatoleslami, R. Forutani, Yield and water use efficiency of sunflower as affected by nano 
ZnO and water stress. J. Adv. Agric. Technol. 2, 34–37 (2015)

M.M. Selim, Introduction to the integrated nutrient management strategies and their contribution 
to yield and soil properties. Int. J. Agron. (2020, 2020)

J. Semerád, T. Cajthaml, Ecotoxicity and environmental safety related to nano-scale zerovalent 
iron remediation applications. Appl. Microbiol. Biotechnol. 100(23), 9809–9819 (2016). 
https://doi.org/10.1007/s00253- 016- 7901- 1

V.  Shah, I.  Belozerova, Influence of metal nanoparticles on the soil microbial community and 
germination of lettuce seeds. Water Air Soil Pollut. 197(1), 143–148 (2009). https://doi.
org/10.1007/s11270- 008- 9797- 6

V.  Shah, J.  Jones, J.  Dickman, S.  Greenman, Response of soil bacterial community to metal 
nanoparticles in biosolids. J. Hazard. Mater. 274, 399–403 (2014)

A. Sharma, V. Kumar, B. Shahzad, M. Tanveer, G.P.S. Sidhu, N. Handa, et al., Worldwide pesticide 
usage and its impacts on ecosystem. SN Appl. Sci. 1(11), 1–16 (2019)

Z. Shen, Z. Chen, Z. Hou, T. Li, X. Lu, Ecotoxicological effect of zinc oxide nanoparticles on 
soil microorganisms. Front. Environ. Sci. Eng. 9(5), 912–918 (2015). https://doi.org/10.1007/
s11783- 015- 0789- 7

J. Singh, K. Vishwakarma, N. Ramawat, P. Rai, V.K. Singh, R.K. Mishra, et al., Nanomaterials and 
microbes’ interactions: A contemporary overview. 3. Biotech 9(3), 1–14 (2019). https://doi.
org/10.1007/s13205- 019- 1576- 0

U.B. Singh, D. Malviya, S. Singh, J.K. Pradhan, B.P. Singh, M. Roy, et al., Bio-protective micro-
bial agents from rhizosphere eco-systems trigger plant defense responses provide protection 
against sheath blight disease in rice (Oryza sativa L.). Microbiol. Res. 192, 300–312 (2016)

V. D. Rajput et al.

https://doi.org/10.3389/fmicb.2017.01014
https://doi.org/10.3389/fmicb.2017.01014
https://doi.org/10.3390/ijms22169036
https://doi.org/10.3389/fchem.2017.00078
https://doi.org/10.3389/fchem.2017.00078
https://doi.org/10.1007/s00253-016-7901-1
https://doi.org/10.1007/s11270-008-9797-6
https://doi.org/10.1007/s11270-008-9797-6
https://doi.org/10.1007/s11783-015-0789-7
https://doi.org/10.1007/s11783-015-0789-7
https://doi.org/10.1007/s13205-019-1576-0
https://doi.org/10.1007/s13205-019-1576-0


101

D.W. Smith, Soil Survey Staff Keys to Soil Taxonomy, 12th edn. (USDA-NRCS, Washington, DC, 
2014).; ISBN 0926487221

S.K. Sonkar, M. Roy, D.G. Babar, S. Sarkar, Water soluble carbon nano-onions from wood wool 
as growth promoters for gram plants. Nanoscale 4, 7670 (2012)

A. Srivastava, R. Singh, Nanoparticles for sustainable agriculture and their effect on plants. Curr. 
Nanosci. 17(1), 58–69 (2021)

N. Strambeanu, L. Demetrovici, D. Dragos, M. Lungu, Nanoparticles: Definition, classification 
and general physical properties, in Nanoparticles’ Promises and Risks: Characterization, 
Manipulation, and Potential Hazards to Humanity and the Environment, ed. by M.  Lungu, 
A. Neculae, M. Bunoiu, C. Biris, (Springer, Cham, 2015), pp. 3–8

L. Sun, F. Song, J. Guo, X. Zhu, S. Liu, F. Liu, Nano-ZnO-induced drought tolerance is associated 
with melatonin Syn-thesis and metabolism in maize. Int. J. Mol. Sci. 21, 782 (2020)

T.Y.  Sun, F.  Gottschalk, K.  Hungerbuhler, B.  Nowack, Comprehensive probabilistic modelling 
of environmental emissions of engineered nanomaterials. Environ. Pollut. 185, 69–76 (2014)

S. Thijs, W. Sillen, F. Rineau, N. Weyens, J. Vangronsveld, Towards an enhanced understanding of 
plant–microbiome interactions to improve phytoremediation: Engineering the metaorganism. 
Front. Microbiol. 7, 341 (2016). https://doi.org/10.3389/fmicb.2016.00341

L. Tian, J. Shen, G. Sun, B. Wang, R. Ji, L. Zhao, Foliar application of SiO2 nanoparticles alters soil 
metabolite profiles and microbial community composition in the Pakchoi (Brassica chinensis 
L.) rhizosphere grown in contaminated mine soil. Environ. Sci. Technol. 54(20), 13137–13146 
(2020). https://doi.org/10.1021/acs.est.0c03767

D.K. Tiwari, N. Dasgupta-Schubert, L.M. Villaseñor Cendejas, J. Villegas, L. Carreto Montoya, 
S.E. Borjas García, Interfacing carbon nanotubes (CNT) with plants: Enhancement of growth, 
water and ionic nutrient uptake in maize (Zea mays) and implications for nanoagriculture. 
Appl. Nanosci. 4, 577–591 (2014)

S. Tripathi, S. Sarkar, Influence of water-soluble carbon dots on the growth of wheat plant. Appl. 
Nanosci. 5, 609–616 (2014)

P. Trivedi, J.E. Leach, S.G. Tringe, T. Sa, B.K. Singh, Plant–microbiome interactions: From com-
munity assembly to plant health. Nat. Rev. Microbiol. 18(11), 607–621 (2020)

R.D. Tweney, Discovering discovery: How faraday found the first metallic colloid. Perspect. Sci. 
14, 97–121 (2006)

H. Ur Rahim, M. Qaswar, M. Uddin, C. Giannini, M.L. Herrera, G. Rea, Nano-enable materials 
promoting sustainability and resilience in modern agriculture. Nano 11(8), 2068 (2021)

E.A.P.  Velasco, R.B.  Galindo, L.A.  Valdez-Aguilar, J.A.  González-Fuentes, B.A.P.  Urbina, 
S.A. Lozano-Morales, S. Sanchez-Valdes, Effects of the morphology, surface modification and 
application methods of ZnO-NPs on the growth and biomass of tomato plants. Molecules 25, 
1282 (2020)

Z.R. Vishekaii, A. Soleimani, E. Fallahi, M. Ghasemnezhad, A. Hasani, The impact of foliar appli-
cation of boron nano-chelated fertilizer and boric acid on fruit yield, oil content, and quality 
attributes in olive (Olea europaea L.). Sci. Hortic. 257, 108689 (2019)

M.  Vurro, C.  Miguel-Rojas, A.  Pérez-de-Luque, Safe nanotechnologies for increasing the 
effectiveness of environmentally friendly natural agrochemicals. Pest Manag. Sci. 75(9), 
2403–2412 (2019)

J. Wu, K. Yin, M. Li, Z. Wu, S. Xiao, H. Wang, J.A. Duan, J. He, Under-oil self-driven and direc-
tional transport of water on a femtosecond laser-processed superhydrophilic geometry-gradient 
structure. Nanoscale 12, 4077–4084 (2020)

C. Xu, C. Peng, L. Sun, S. Zhang, H. Huang, Y. Chen, J. Shi, Distinctive effects of TiO2 and CuO 
nanoparticles on soil microbes and their community structures in flooded paddy soil. Soil Biol. 
Biochem. 86, 24–33 (2015)

T. You, D. Liu, J. Chen, Z. Yang, R. Dou, X. Gao, L. Wang, Effects of metal oxide nanoparticles on 
soil enzyme activities and bacterial communities in two different soil types. J. Soils Sediments 
18(1), 211–221 (2018)

4 Influence of Nanoparticles on the Plant Rhizosphere Microbiome

https://doi.org/10.3389/fmicb.2016.00341
https://doi.org/10.1021/acs.est.0c03767


102

S.M. Zahedi, M. Karimi, J.A.T. Da Silva, The use of nanotechnology to increase quality and yield 
of fruit crops. J. Sci. Food Agric. 100, 25–31 (2020)

Y. Zhai, E.R. Hunting, M. Wouters, W.J. Peijnenburg, M.G. Vijver, Silver nanoparticles, ions, and 
shape governing soil microbial functional diversity: Nano shapes micro. Front. Microbiol. 7, 
1123 (2016). https://doi.org/10.3389/fmicb.2016.01123

S. Zhao, X. Su, Y. Wang, X. Yang, M. Bi, Q. He, Y. Chen, Copper oxide nanoparticles inhibited 
denitrifying enzymes and electron transport system activities to influence soil denitrification 
and N2O emission. Chemosphere 245, 125394 (2020)

Q.  Zhou, W.  Liu, Y.  Long, C.  Sun, G.  Jiang, Toxicological effects and mechanisms of silver 
nanoparticles, in Silver Nanoparticles in the Environment, (Springer, Berlin, Heidelberg, 
2015), pp. 109–138. https://doi.org/10.1007/978- 3- 662- 46070- 2_5

F. Zulfiqar, M. Navarro, M. Ashraf, N.A. Akram, S. Munné-Bosch, Nanofertilizer use for sustain-
able agriculture: Advantages and limitations. Plant Sci. 289, 110270 (2019)

V. D. Rajput et al.

https://doi.org/10.3389/fmicb.2016.01123
https://doi.org/10.1007/978-3-662-46070-2_5

	Chapter 4: Influence of Nanoparticles on the Plant Rhizosphere Microbiome
	1 Introduction
	2 Source and Impacts of NPs on Soil Properties
	3 Effects of NPs on Rhizospheric Microbiome Functionality
	4 Interactions of Nanoenabled Agrochemicals with Soil Microbiome
	4.1 Nanopesticides
	4.2 Nanofertilizers

	5 Impacts of NPs on Plant-Microbiome Interaction
	6 Future Prospective
	7 Conclusions
	References




