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Abstract

Nanotechnology is one of the new approaches introduced to improve agricultural production as the present ecosystem bal-
ance starts to decline significantly due to the extensive use of classical agriculture. Nanoparticles are suitable alternative
materials in place of the excessive use of chemicals, pesticides, and fungicides in agricultural crops to resist various plant
diseases and pests. Moreover, it has been demonstrated that the application of nanoparticles improves plant tolerance to vari-
ous biotic stresses such as drought, heat, and salt. As nanoparticles have many positive effects in improving crop production
and productivity, the adverse effects of some types of nanoparticles have been noted and observed. Therefore, understand-
ing the pros and cons is very important for the efficient use of nanoparticles. In this review, the effect of nanoparticles on
plants under various biotic and abiotic stresses is discussed. The effect of nanoparticle characteristics such as shape, size,
and diameter on plant performance is also discussed. Also, the expression pattern of plant genes in response to the exposure
to different nanoparticles is addressed in this review.
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Introduction

Agricultural crops are an essential source of raw materials
needed for the feed and food industries. They provide human
populations with food, fuel, textiles, feedstock, furniture,
etc. [1]. Currently, the agricultural sector faces two main
problems: a significant-rapid increase in the global popula-
tion and the consequences of climate change. Both problems
threaten the availability and quality of the agricultural crops.
The increase in world population size resulted in a dete-
rioration of nutrient lands and poor nutritional quality of
important agricultural crops. Climate change is considered
a severe problem for agricultural corps as it increases the
harmful effect of biotic and abiotic stresses [2].

Breeding research could improve the production and pro-
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ductivity of agricultural crops. Moreover, the farmer can use
a wide range of chemical fertilizers, pesticides, fungicides,
etc., to improve nutritional quality and crop productivity [3].
However, breeding programs may take time to achieve their
goals, and the extensive use of chemical fertilizers and pes-
ticides raised severe concerns associated with human health.
Therefore, looking for alternative methods and technologies
is an imminent need to meet future demands from agricul-
tural products.
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Nanotechnology is one of the new-smart techniques that
could be used to sustain agriculture [4]. Nanomaterials
(NMs) refer to all materials with at least one dimension is
less than 100 nm [5]. This extreme-small size, along with
its unique properties, opened new possibilities to improve
crop productivity under various environmental stresses.
It was reported that more than 1300 different commercial
nanomaterials could be used for many potential applica-
tions, including agriculture [6]. The composition and size
are fundamental properties for synthesizing the nanomateri-
als (NMs) used in the agriculture sector. Nanomaterials can
be either of natural or synthetic origin. Synthesized nano-
materials and modified naturally occurring nanomaterials
are called engineered nanomaterials (ENs) and are classi-
fied into organic, inorganic, and hybrid materials, including
surface-modified clay [6].

Understanding the effect of nanoparticles (NPs) on the
agricultural crop is very important. Actually, the interaction
between plant cells and the ENs can result in changing the
modulation of plant gene expression and biological pathways
that affect plant development and growth [7]. Moreover, the
response to ENs differs by plant species. The effect of ENs
on plants can vary with the stages of plant growth, method,
and duration of exposure [7]. The shape, size, chemical com-
position, concentration, surface structure, aggregation, and
solubility of ENs are essential characteristics that should be
considered in understanding the effect of ENs on plants [8].

Some engineered NMs (ENs) have been reported to
increase earlier plant germination and plant production [9].
Nanoparticles (NPs) can be presented to plants as nanofer-
tilizers (e.g., nanozinc, titanium dioxide (TiO,), silica (Si),
and iron) and nanopesticides, which can be safely used in
improving crop productivity instead of the excessive use of
chemicals [10]. Metal and metalloid NPs could be fruitfully
used to alleviate the negative effect of abiotic stresses on
crops [11]. On the other hand, it has been found that some
nanoparticles have negative effects on crop production at
a specific concentration. The negative effects could cause
toxic effects and abnormal cell division. Silver nanoparticles
(Ag NPs) and silver ions (Ag") were found to decrease the
mitotic index and caused a lot of chromosomal aberrations
in the root tips of onion (Allium cepa) [12].

Studying and understanding nanoparticles’ positive and
negative effects are significant to achieve high productivity
in the crops. This review presents and discusses the nega-
tive and positive effects of different nanoparticles on some
important agricultural crops.
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General overview: nanomaterials

What would happen when the size of the material is reduced
to be close to the Bohr radius (Nanoscale)? In 1857, Michael
Faraday said, “a mere variation in the size of its particles
gave rise to a variety of resultant colors” when he was dis-
cussing the optical properties of gold particles [13]. A hun-
dred years later, in 1959, Richard P. Feynman, a physicist
at California Institute of Technology, addressed the topic of
nanomaterials for the first time in one of his classes when
he said, “There is plenty of room at the bottom,” and he
predicted that new technology will emerge based on the
nanoscale materials [14]. Nowadays, the term nanomaterial
is well established and refers to particles or assemblies of at
least one dimension in the length scales of 1-100 nm range
[15]. When the material size is reduced to the nanoscale,
various novel promising chemical and physical properties
are possible due to the electron-confinement effect and the
fact that classical and quantum mechanics laws are no longer
valid at the nanoscale dimensions [16].

The type of motion of the electrons allowed in a material
determines its physical and chemical properties. In contrast,
the electrons’ spatial confinement (space in which the elec-
trons are confined) determines the type of motion of the
electrons. Confined electrons in an atom or a molecule and
unconfined (free) electrons are suffering two different types
of electron motions [16]. The former is characterized by a
quantized type of motion, while the latter has a non-quan-
tized one. Critical size, usually in the nanoscale, arises due
to the electrons’ spatial confinement; this size determines
the material properties. A change in the material properties
is often observed when its size is reduced below the criti-
cal size. At this regime, the material properties are size and
shape-dependent. Consequently, modifying the shape or size
of the nanoscale material may have an equivalent impact
on changing the chemical composition or structure of the
material on controlling (altering) a given physical property
[17]. The significant difference in the nanomaterials’ physi-
cal and chemical properties for their bulk counterparts can
be attributed to the spatial confinement of the electrons and
the high surface-to-volume ratio observed in the nanoscale
materials [16, 17].

Over the last two decades, nanomaterials have been
extensively studied and classified based on their shape into
(a) zero-dimensional nanomaterials such as spherical metal
nanoparticles and quantum dots, (b) one-dimensional nano-
materials, for example, metal carbide and oxides nanorods,
(c) two-dimensional nanomaterials, e.g., graphene and
mxenes, and (d) three-dimensional nanomaterials such as
nanoporous metals and inorganic nanocrystals [18-22] as
shown in Fig. 1. Organic (e.g., liposomes & conducting pol-
ymers nanostructures), inorganic (e.g., metal, metal oxides
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Fig. 1 Schematic illustration of zero-, one-, two-, and three-dimensional nanostructured materials

& silica nanocomposites) and carbon-based nanomateri-
als (e.g., carbon nanodots) are another classification of the
nanomaterials based on their chemical composition.

Nanomaterials can also be classified according to the syn-
thesis methods into nanomaterials prepared by bottom-up
or top-down strategies [18-22]. Among the different type
of nanomaterials, metallic nanoparticles have aroused the
attention of researchers due to their unique properties, which
opened the gates for a wide range of potential applications in
energy, agriculture, catalysis, optics, magnetic devices, mag-
netic separation, sensing, coatings, electronics, biotechnology,
optoelectronics, national defense, etc. [15, 23-28]. As pointed
earlier, when the size of material decreases, the chemical and
physical properties of the material may change and new prop-
erties may arise [16, 17]. This is abundantly clear in metallic
nanoparticles. For instance, gold is a noble metal with brilliant
yellow color, has a very high melting point (1064 °C), and
non-magnetic. However, gold nanoparticles display a wide
range of colors extended from red to violet depending on the
particle size.

Furthermore, the interaction between the gold nanoparticles
and the electromagnetic field of light depends on the particle
shape and size, where the gold nanorods give two plasmon
peaks while the spherical gold nanoparticles display only one
plasmon peak. Gold nanoparticles (2-3 nm) are no longer
noble or non-magnetic, where they display considerable mag-
netism and prominent catalytic properties. Gold nanoparticles
have a significantly lower melting point concerning the bulk
gold where the melting point is a size-dependent property,
and it dramatically decreases as the particle size reduces [29,

30]. The change in the physicochemical properties of a mate-
rial when its size is reduced to the nanoscale (due to the dra-
matic increase in the fraction of surface atoms and so the high
surface energy of the nanoparticles for the bulk counterparts)
significantly affects the nature of the interactions between the
nanoparticles and plant which affects the plant drought toler-
ance as discussed in the following sections.

Use of nanoparticles as inducers for crop
improvement

The application of nanofertilizers could be a potential
approach to address issues of atmospheric changes, soil
toxicity, and other environmental stresses that face the
plant. Earlier studies reported that nanoparticles had posi-
tive and negative effects on the production and productiv-
ity of the crops (Table 1). The positive effects of nanopar-
ticles have been reported for improving germination course
[31], vegetative, and yield components [32] in different
crop plants. Nanoparticles have displayed prominent out-
puts as inducers of tolerance to abiotic and biotic stresses
(Fig. 2). In this regard, Herndndez-Hernandez et al. [33]
illustrated that chitosan-polyvinyl alcohol hydrogels (Cs-
PVA) + copper (Cu) NPs improved the salinity tolerance of
tomato (Solanum lycopersicum) plants via increasing the
content of B-carotene, phenols, vitamin C, and lycopene
in stressed plants. In addition, they increased the anti-
oxidant enzyme activities such as superoxide dismutase,
catalase, ascorbate peroxidase, glutathione peroxidase, and
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Table 1 Positive (+ve) and

. Nanoparticle Crop plant Abiotic stress  Biotic stress  Organs, cells, and
negative .(—Ve) effects of subcellular orga-
nanoparticle applied on some nelles
agricultural crops

Chitosan-vepolyvinyl alcohol Tomato +ve
hydrogels (Cs-PVA) + Copper
(Cw)
TiO, Wheat +ve
Spinach +ve
Tobacco +ve
ZnO Wheat +ve
Rice +ve —ve
Maize +ve
Tobacco +ve —ve
Ryegrass —ve
Cabbage —ve
Rapeseed —ve
CeO, Rice +ve
SiO, Wheat +ve
Ginseng +ve
Grapes +ve
Al,O; Soybean +ve
Ag Soybean +ve
Tobacco +ve —ve
Au Crops +ve —ve
AgNO, Cabbage —ve
Maize —ve
Tobacco —ve
ZnSO, Cabbage —ve
NiO Tomato —ve
CuO Dotted duckmeat —ve
English oak —ve
Barley —ve
Co50, Eggplants —ve

phenylalanine ammonia-lyase. In another study, TiO, NPs
fertigation increased absolute and relative growth rates,
unit leaf rate, and net assimilation rate of drought-imposed
bread and durum wheat (7riticum aestivum) cultivars [34].
Moreover, the applied nanoparticle was found to increase
leaf longevity by enhancing biomass duration, leaf area
duration via improvement of chlorophyll content, and net
photosynthetic rate.

The role of nanoparticles in enhancing plant growth and
tolerance against metal stress has been studied extensively
[35, 36]. Si NPs may enhance metal-stressed plants’ growth
by improving the nutritional status, photosynthesis, mor-
phology, and physiology of crops [36]. Zinc oxide nano-
particles (ZnO NPs), enhanced the zinc (Zn*") concentra-
tion, photosynthetic pigments, antioxidant enzymes and
reduced the cadmium (Cd*) concentration in wheat grains.
In another study, ZnO NPs combined with biochar decreased
Cd** concentration in rice (Oryza sativa) [37] and maize

@ Springer

(Zea mays) [38] in a short growth period. A study by Gil-
Diaz et al. [39] stated that the application of zero-valent iron
(Fe®) decreased the availability of heavy metals in calcareous
or acidic soils. In another study about the effect of nanoparti-
cles on mineral status in the growing media, Wang et al. [40]
explored the potential of ceria nanoparticles (CeO, NPs) to
alleviate low (N deficiency) and high nitrogen (excess nitro-
gen) stresses compared to medium nitrogen application in
rice. They illustrated that CeO, NPs increased the N levels
under N deficiency and reduced it under high N stress in
roots and shoots. Moreover, CeO, NP treatment enhanced
N assimilation enzymes as glutamine synthetase (GS),
glutamine oxoglutarate aminotransferase, and glutamate
dehydrogenase (GDH), accounting for the high N content
in plants under low nitrogen. Conversely, CeO, NPs down-
regulated the GS and GDH activity to reduce N accumula-
tion under high nitrogen stress. The same study reported that
CeO, NPs reduced oxidative membrane and DNA damage
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Fig. 2 Different types of abiotic and biotic stresses on plants

by regulating the antioxidant enzyme system, proline and
phytohormones’ levels under N-stress. Thus, the study of
Wang et al. [40] was the first to report that CeO, NPs could
alleviate N stress in rice, while it might be a risk when the
N supply is normal. Considering the effect of nanoparti-
cles on UV stress, Lei et al. [41] found that nano-anatase
(TiO, NPs) promotes the antioxidant response of spinach
plant (Spinacia oleracea) chloroplasts under UV-B irradia-
tion. The nano-anatase treatment significantly decreased the
oxidative stress caused by the accumulation of superoxide
radicals, hydrogen peroxide, and malondialdehyde (MDA)
contents, which mediated by the increased activity of cata-
lase, superoxide dismutase (SOD), ascorbate peroxidase,
guaiacol peroxidase, and elevating the oxygen evolution rate
in spinach chloroplasts under UV-B radiation. Tripathi et al.
[42] observed that pre-addition of Si-NPs protected wheat
seedlings against UV-B stress through the nitric oxide-medi-
ated triggering of antioxidant systems counteracted ROS-
induced damages of photosynthesis. Another abiotic stress
that adversely affects plant productivity is flooding stress.
Various studies reported the importance of nanoparticles
as protective agents against the negative disorders of flood-
ing stress. In this regard, the effect of alumina (Al,05) NPs
of 30—60 nm was studied on soybean (Glycine max) plants
under flooding conditions with the result that the root length
increased while mitochondrial proteins related to glycolysis
were suppressed [43]. Also, Al,O; NPs of varying size and
shape modulated cells’ scavenging activity by regulating the
ascorbate/glutathione pathway [44].

Further studies revealed that nanoparticles exerted some
biochemical upregulations as converting sugar metabolism

| Living organisms

Nematodes |

| Bacteria
Biotic | Viruses |
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to fermentation and deregulation of alcohol dehydrogenase
enzyme [44]. In this regard, Mustafa et al. [45] stated that
silver nanoparticles (2 ppm Ag NPs, 15 nm in size) treatment
enhanced seedling growth under flooding stress. Ag NPs
treatment had a significant role in reducing the abundances
and transcript level of the glyoxalase II 3 and fermentation-
related proteins revealing less cytotoxic by-products of
glycolysis are produced in soybeans plants treated with Ag
NPs as compared to flooded soybean. Moreover, the alco-
hol dehydrogenase 1 and pyruvate decarboxylase 2 genes
were retarded in response to Ag NPs compared to flooding
stress plants, revealing metabolic shift toward normal cel-
lular processes.

As has been mentioned before, several reports documented
that the application of nanomaterials prompted plant tolerance
against abiotic stress. The advantages and challenges of NMs
usage in agriculture are illustrated in Fig. 3. It has been dem-
onstrated that several NMs act as anti-pathogenic agents and
play vital roles in disease prevention [46, 47]. For instance,
Au NMs coated with N-heterocyclic showed significant activ-
ity against bacteria, including gram-positive and multi-drug
resistant strains [48]. Hao et al. [47] demonstrated that metal
nanoparticles and carbon NMs reduced the turnip mosaic
virus infection by increasing phytohormone levels. Cai et al.
[49] reported the antiviral protective role of ZnO NPs against
tobacco mosaic virus by regulating immunity and providing
nutritional synergism in tobacco (Nicotiana benthamiana)
plants. Abbai et al. [50] reported that the application of Si
NPs on Ginseng (Panax ginseng) Meyer seedlings infected by
Ilyonectria mors-panacis (the fungal causal agent of root rot
disease) decreased disease-severity index and enhanced the

@ Springer
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Fig.3 Simple comparison
between bulk and nanomaterials
in agriculture

Wasteful
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tolerance against the pathogen, thereby improving root quality
and yield. Younis et al. [32] developed silica (SiO,) NPs and
chitosan-silica nanocomposites. These two NPs were found
to control gray mold disease caused by Botrytis cinerea in
grapes (Vitis vinifera). The nanoparticles application prevented
the weight loss of bunches caused by pathogen infection.
Hence, this could help in reducing the use of fungicides. A
more recent study by Adeel et al. [51] investigated the role of
nanoscale titanium dioxide (TiO,) and silver (Ag), C60 fuller-
enes, and carbon nanotubes (CNTs) as foliar exposure pre-
inoculation with GFP-tagged tobacco mosaic virus (TMV).
Plants treated with CNTs and C60 exhibited normal phenotype
and lessened viral symptomology at 5 days post-infection com-
pared to nanoscale TiO, and Ag which failed to suppress the
viral infection. This protective effect of CNTs and C60 treat-
ments could be associated with reduction of viral coat protein
transcript abundance and GFP mRNA expression. Moreover,
the applied nanoparticles helped in keeping the chloroplast not
effected by infection, maintained the photosynthesis process,
upregulation of the defense-related phytohormones abscisic
acid and salicylic acid.

Advanced research in the field of nanoparticles has led
to production of genetically modified plants. In this regard,
mesoporous Si NPs (MSNPs) can host several guest mole-
cules like DNA, proteins, and agrochemicals because of their
large surface area, adjustable pore sizes, three-dimensional
open pore structure, and well-characterized surface proper-
ties [52]. The delivery of DNA and small-interfering RNA
with surface-coated MSNPs, and re-recombinase through
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gold-plated MSNPs via particle bombardment in maize [53]
have proved the potential of MSNPs to develop genetically
modified plants. Nanobiolistics is emerging as a novel tech-
nique of plant genetic transformation, which requires optimiza-
tion for broad-scale implementation [54]. Accordingly, such
investigations are prefaced a new scenario in research that may
prove futuristic aspects of food production under various abi-
otic/ biotic stresses.

Effect of nanoparticles on organs, cells,
and subcellular organelles

It has been evidenced that some nanoparticle treatments
exerted deleterious effects on the cellular compartments
as well as the cell ultrastructure (Table 1). ZnO nano-
particles caused significant modifications in ryegrass
(Lolium perenne), including altered root tip morphology,
collapsed and vacuolated cortex, destroyed epidermis
and root cap, and diminished vascular cylinder [55]. The
treatment of maize and cabbage (Brassica oleracea) var.
capitata with nanoparticles including Ag, ZnO, AgNO;,
and ZnSO, caused instrumental changes in the organs and
organelles such as the increment of metaxylem counts
and AgNO; caused significant damage in maize root api-
cal meristem [56]. Nickel oxide nanoparticles (NiO NPs)
caused destructive changes in organelles of tomato with
an agglomerated nucleus, high counts of peroxisomes, and
destroyed mitochondrial cristae in root cells [57]. The Ag



Nanotechnology for Environmental Engineering (2021) 6:21

Page7of 11 21

nanoparticles significantly altered the structure of chloro-
plast resulted in fewer interramal thylakoids [58]. In rape-
seed (Brassica napus), the long-term exposure to ZnO NPs
provoked instrumental anatomical and subcellular modi-
fications such as decreasing the root tip diameter, size
of epidermal, cortical cells, and increased counts of the
stellar cells. It also decreased the size of pericycle cells,
changed the shape and ultrastructure of chloroplasts of
mesophyll cells, decreased size, and increased the number
of plastoglobuli [28]. Copper oxide nanoparticles (CuO
NPs) imposed similar effects on dotted duckmeat (Land-
oltia punctate), English oak (Quercus robur), and barley
(Hordeum sativum distichum) via increasing plastoglob-
uli, decreasing mitochondria counts with abnormal shape,
disorganized grana, and chloroplast membrane [59-61].
The exposure of eggplants (Solanum melongena) to cobalt
oxide nanoparticles (Co;0, NPs) showed its phytotoxic-
ity by swelling mitochondria and causing cell death [62].
In wheat, across the whole life cycle, exposure to cerium
oxide nanoparticles (CeO NPs) caused significant changes
in leaf cells microstructure, swollen chloroplasts, abnor-
mal nuclei, and disorganized thylakoids [63]. Cvjetko et al.
[64], reported that in a concentration-dependent pattern,
Ag NPs and AgNO; NPs exerted destructive effects on dif-
ferent plant organs and organelles of tobacco, resulted in
partially destroyed and vacuolated root cells, disintegrated
nuclei, black points around and inside the cell wall of root
cells, disorganized and smaller size plastids.

In a comprehensive study by Milewska et al. [65], posi-
tively and negatively charged gold (Au) NPs did not affect
the cytoplasm density or the development of the dictyosomes
of Golgi apparatus in Arabidopsis root cells; the neutral Au
NPs reduced the density of cytoplasm and reduced the devel-
opment of dictyosomes of Golgi apparatus. For mitochon-
dria, the cells of the roots treated by the negatively charged
Au NPs showed a denser matrix and rounded-shape mito-
chondria compared with the control treatment, while the
remaining AuNPs did not display any effect. Compared with
control, no changes had been observed in plastids when the
roots were treated by neutral and positively charged Au NPs,
but the plastids in cells of roots treated by negatively charged
Au NPs had light stroma and no lamella or any other struc-
tures inside. No changes have been observed in the nuclei
or the plasmodesmata of the cells treated by the different
Au NPs compared to the control treatment. For cells treated
by the different kinds of Au NPs, the vacuole size increased
and was filled by various precipitations. The periplasmic
space (i.e., the space between the cell wall and cell mem-
brane) dramatically decreased when roots were treated by
negatively charged Au NPs, while it became wider when
roots were treated by positive and neutral Au NPs relative
to control. Fedorenko et al. [66] reported that barley grown
soils contaminated by CuO NPs showed shorter dense root

hairs, larger cortical cell vacuoles, and destroyed mitochon-
dria compared with control. Moreover, the author stated
that significant modifications were observed in leaf-related
parameters as thick leaf blades and destroyed chloroplasts.

The prominent effect of nanoparticles on the cell is the
induction of the reactive oxygen species (ROS) production,
causing significant cellular damages, including mitochon-
drial damage, plastid damage, and genotoxic effects due
to DNA fragmentation, and chromosomal abnormalities,
leading to cell death [67]. To sum up, nanoparticles effects
on plant cells vary depending on the plant-specific factors,
including (species, organ, and organelle), as well as parti-
cle-specific factors including (type, size, dose strength, and
charge).

Nanoparticles and their effect on gene
expression controlling plant growth
and development

It was reported that multiwalled carbon nanotubes (MWC-
NTs) exaggerate the upregulation of stress-related gene
expression in tomato seed germination and further affect
the seedlings’ progress [68—70]. On the other hand, Lahiani
et al. [71] demonstrated that MWCNTSs activate seed germi-
nation and growth in soybean, maize, and barley seed coats
by stimulating gene expression encoding several types of
water channel proteins that belong to different gene families
of aquaporins such as plasma membrane intrinsic proteins
(PIPs), tonoplast intrinsic proteins (TIPs), and small and
basic intrinsic proteins (SIPs). On another side, single-walled
carbon nanotubes (SWCNHs) can influence stress signaling
in tobacco plants and the expression of genes associated with
cell growth [71]. Additionally, the treatment of MWCNTs
enhances the expression of cell elongation, cell division, as
well as stress-responsive genes. In the same context, Khoda-
kovskaya et al. [68] revealed that MWCNTSs nanotubes could
enhance the growth of cultured tobacco cells by activating
water channels and significant gene regulators of cell divi-
sion and extension, such as NtPIP1, CycB, and NtLRX1
[68]. In a study by Frazier et al. [72], nano-TiO, exposure
to tobacco plants affected miRNAs’ expression profiles sig-
nificantly. Low concentrations of TiO, significantly induced
miR395 and miR399 expression that might be responsible
for reducing the growth of tobacco seedlings. MWCNTs
improve the root and stem growth and peroxidase and dehy-
drogenase activity due to the accumulation of MWCNTSs by
roots followed by the translocation from roots to leaves [73].
The exposure of SWCNTSs to maize seedlings promotes the
growth of seminal roots [74]. These effects are related to the
differential expression and upregulation of the associated
genes encoding epigenetic modification enzymes, leading to
global deacetylation of histone H3, similar to other abiotic
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stress response mechanisms. Syu et al. studied the effect
of three different morphologies of Ag NPs on the molecu-
lar response of Arabidopsis. The three different sizes and
shapes of Ag NPs induced gene expression involved in cel-
lular events. For example, gene expression of indoleacetic
acid protein 8 (IAAS8), 9-cis-epoxycarotenoid dioxygenase
(NCED3), and dehydration-responsive RD22. Also, Ag NPs
activated the aminocyclopropane-1-carboxylic acid (ACC)-
derived inhibition of root elongation in Arabidopsis seed-
lings. It was also observed that Ag NPs stimulate the buildup
of reactive oxygen species and enhanced root development
in the Arabidopsis plant by inducing the expression of some
genes that regulated cellular processes like metabolism, hor-
mone signaling pathways, and cell proliferation. In other
studies, Koul et al. [70] reported Au NPs had a significant
role in altering microRNAs expression levels, which regu-
lated various morphological, physiological, and metabolic
processes in plants. Moreover, it was discovered that pro-
teins that were significantly altered during exposure to alu-
mina (Al,0;) NPs are associated with energy metabolism,
glycolysis, and lipid metabolism, and the cell wall was pri-
marily enhanced when exposed to Al,O; nanoparticles. The
mRNA expression revealed that upregulation of NmrA likes
negative transcriptional regulator when treated with Al,O;
nanoparticles [45]. Wang et al. [75] studied the gene profiles
of Arabidopsis in response to ZnO NPs and ZnSO,. The
expression of several genes encoding the synthesis of carot-
enoids augmented significantly, including geranyl pyroph-
osphate synthase (GGPS6), phytoene synthase (PSY), phy-
toene desaturase (PDS), and zeta-carotene desaturase (ZDS).
Tumburu et al. [76] found that nano-titania and nano-ceria
induced distinct transcriptomic responses in Arabidopsis
rosette leaves and roots. Nano-titania upregulated transcripts
related to photosynthesis, carbohydrate, lipid, and secondary
metabolic pathways in leaves and roots. There was an overall
down-regulation of these processes in both leaves and roots
under the nano-ceria exposure. In canola roots and shoots
exposed to ENMs, genes such as auxin-responsive protein
and protein kinase decreased with increasing concentration
of ZnO NPs, as revealed by the qPCR study. In A. thaliana
exposed to ZnO NPs, zinc homeostasis genes like AtHMA3
and AtHMA4, macro-and microelement homeostasis were
up hormone regulation genes like AtNAC1, AtASA1 were
upregulated in roots but downregulated in the shoots. Yue
et al. [77] found that lanthanum oxide (La,05;) NPs were
affected by the expression of aquaporin genes like PIPs,
TIPs, NIPs, and SIPs in the roots of maize seedling.
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Enhancement of secondary metabolites
through nano-treatment

Secondary metabolites play a significant role in plants’ sur-
vival, protection against pests, insect attack, mechanical
injury, and other biotic and abiotic stresses. The applica-
tion of nanoparticles has been reported as potential elici-
tors for the production of secondary plant metabolites. For
example, Jasmonate (JA) hormone enhances various plant
defense responses, along with the biosynthesis of defensive
secondary metabolites [78]. Nanoparticles could play a sig-
nificant role in regulating the expression of genes for jas-
monate production in treated cells. On the other hand, cobalt
nanoparticles have been used in cell suspension cultures of
Sweet wormwood (A. annua) to elicit artemisinin secondary
metabolites. The expression levels of SQS and DBR2 genes
were declined at different concentrations of cobalt nanoparti-
cles. This decline in the expression of SQS and DBR2 genes
might cause enhanced production of artemisinin content at
high concentrations of the cobalt nanoparticles [79].

The intervention of nanoparticles
in photosynthesis

Rubisco (a complex of Rubisco and Rubisco activase) is
an important enzyme for photosynthesis process to cata-
lyze the incorporation of carbon dioxide into biological
compounds. Nano-anatase TiO, enhances the photosyn-
thetic carbon assimilation by activating Rubisco that could
promote Rubisco carboxylation, thereby increasing plants’
growth [80]. Ze et al. [81] found a significant increase in
expression of light-harvesting complex II (LHCII) b gene in
Arabidopsis upon TiO, NPs exposure. This high LHCII con-
tent in the thylakoid membrane increased the light absorp-
tion efficiency in the chloroplast. Linglan et al. [71] studied
the impact of nano-anatase on the molecular mechanism
of carbon reaction. They suggested that the nano-anatase-
induces marker gene for Rubisco activase (RCA) mRNA and
enhances protein levels and activities of Rubisco activase,
which result in the improvement of the Rubisco carboxyla-
tion and the high rate of photosynthetic carbon reaction.
Wang et al. [75] investigated the gene profiles of Arabidopsis
in response to ZnO NPs and ZnSO,. RT-PCR indicated a
50% reduction in the expression of chlorophyll oxygenase
(CAO), chlorophyll synthase (CHLG), and photosystem
structure gene photosystem 1 subunit D2 (PSAD?2), pho-
tosystem 1 subunit E-2 (PSAE2), photosystem 1 subunit K
(PSAK), and photosystem 1 subunit N (PSAN) in 300 mg/L
ZnO NP-treated plants.
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Conclusion

Improving the productivity and production of important
crops can be achieved using advances in nanotechnology.
However, it is important to understand the action and effects
of nanoparticles when they are applied to field crops. The
effects of these nanoparticles depend on their characteristics
such as shape, size, and concentration. It is expected that the
use of nanoparticles will continue gaining more and more
importance in agriculture as some of them improved toler-
ance to various biotic and abiotic stresses. There are very
few studies on the effect of these nanoparticles on the genetic
material which is very important to genetically improve
crops. Expanding our knowledge of the genetic changes is
very important and urgently needed to be addressed. Also,
plant species expressed different interactions with the nano-
particles. All changes induced by the nanoparticles in plant
morphological traits, physiological parameters, and gene
expressions are very important to improve field crops to
meet the future food demand. Last, researchers should pay
attention to the toxicity of nanomaterials applied in the agri-
cultural field.
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