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Abstract
Plants symbolize the prevalent edge between the environment and biosphere, so
discovering how nanomaterials affect them is particularly significant for ecological
assessments.Metal-based nanoparticles (NPs) can cause toxicity to terrestrial plants;
however, there is little understanding of plant defensemechanisms that may counter-
act nanotoxicity. The occurrence of oxidative pressure is one of the major biochemi-
cal alterations following nanoparticle exposure, and it changes the balance between
cell function and antioxidative defense mechanisms. Biochemical aspects generally
cause the production of excess reactive oxygen species (ROS), disturbingmembrane
transport mechanisms, oxidative harm to the cell membrane, and DNA degradation.
Globally plants had developed the antioxidant mechanism which tends to eliminate
the access manufacture of ROS i.e. H2O2, OH− and O2 free radicals. Improved levels
of antioxidative enzymes, for instance, superoxide dismutase (SOD), catalase (CAT),
and peroxidase (POX), are able to support plant cells in lightening the oxidative
stress induced by different nanostructures. As the vital signals resolving defense
gene establishment, ROS are principally drawn in the initiation of plant disease
resistance responses. Further reviews are still needed to understand plant defense
mechanism against the potential hazards of nanomaterials.
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14.1	 �Introduction

Nanomaterials are particles having a minimum of one dimension smaller than
100 nm. These particles are of great interest because they can bridge the gap among
bulk materials and atomic molecular makeup. This is incredibly interesting from
scientific point of view, because as it gets smaller, it starts changing its properties
(Kothandapani andMishra 2013). Nanoparticles such as zinc oxide, titanium dioxide
have ability to block sun rays and therefore used in preparation of sun block creams
and lotions. The use of the word “nano” allows researchers to draw attention to the
facts regarding material structures, design, and optimized use of vague properties
and behaviors by length from 10−7 to 10−9 m (Ozimek et al. 2010). The potential
advantages of nanomaterials have been recognized by many industries and many
commercial products are manufactured such as food, aerospace, pharmaceutical,
microelectronics and cosmetic industries (Saboktakin 2012). Progresses in these
commercial enterprises are propelled by basic and functional research in physics,
chemistry, biology, engineering, and material sciences. Achievements and dis
coveries of nanosciences in food and linked industries are restricted. The structural
orientation of compound at nanoscale is significantly dissimilar to the macroscopic
counterparts with respect to physical, chemical and biological properties.
Nanomaterial research is presently a part of passionate scientific significance due to
the diversity of promising application in biomedical, optical, and electronic fields
(Prasad et al. 2014). The national nanoscience program has led to liberal public
grant for nanoscience research in the USA (Suganeswari et al. 2011). Numerous
nanoparticles are manufactured possessing applications in designing and develop-
ment of optical devices, sensor technology, catalyst, bactericide, electronics, bio-
logical labeling, treatment of cancer, and many more (Prasad et al. 2016, 2017). In
previous decade, application of nanomaterials has been extensively increased, and
high demands lead to the bulk production of the nanomaterials. Classically nanoma-
terials are produced by physical and chemical methods, as these methods are very
expensive, poisonous, and non-eco-friendly. In current scenario, scientists are look-
ing for the alternative methods, i.e., biological methods which are low cost, non-
toxic, and eco-friendly (Prasad 2014; Prasad et al. 2016).
NPs are source for various biological and chemical effects on terrestrial plants.

(Du et al. 2016). Numerous studies have demonstrated the metal nanoparticle’s phy-
totoxicity caused by the manufacture of reactive oxygen species (ROS), which sub-
sequently results in oxidative stress, lipid peroxidation, and protein and DNA
damage in plants (Arruda et al. 2015; Ma et al. 2015a; Tripathi et al. 2017a, b; Singh
et al. 2017a, b).
Plant cells cannot move so each cell is needed to be capable of defending them-

selves from the attack of stress and pathogens. Only proteins are involved in plant
defense responses and proper cell functioning. Plants had evolved the two types of
well defense mechanism. The first line of defense takes place when plant cells sense
the presence of herbivore (by detecting general characteristics like flagella of bacte-
ria or the chitin in fungi cell walls) and alert nearby cells by secreting certain
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chemical molecules that alert other surrounding cells to amplify their defense reac-
tion (Freeman and Beattie 2008). For example, in response to harmful pathogens or
invaders, the alerted plant cells may secrete certain molecules that build extra walls
for protection. Pathogens evolved and developed the mechanism to tackle the plant
first line of defense, in response plant evolved and developed second line of defense.
The second line of defense protects the plant from invaders. There are diverse indica-
tors that help to indicate which type of defense must be activated in plant in response
to what type of pathogen. By analyzing these signs and the genome of plants, scien-
tists can find out which parts of the plant genome and which proteins are imple-
mented in defense system. The example of the activation of secondary defense
response is hypersensitive response (HR). Plant cells align around the pathogen
attack site and kill themselves to restrict pathogen from dispersion throughout the
plant. This inhibits pathogen uptake of water and nutrients from plants.

14.2	 �Nanoparticles Exhibiting Plant Defense Mechanisms

Nanoparticles are the interesting topic for research because their property at
nanoscale is different as compared to its normal size. Nanomaterials have been used
in crop growing to improve seed germination and plant development and to guard
crops from biotic stresses, i.e., herbivore (Khodakovskaya et al. 2009). However,
the unique properties of NPs on living organisms in the ecosystem may experience
oxidative stress induced by NPs (Majumdar et al. 2014). Plants can activate various
enzymatic and nonenzymatic defense systems (Rico et al. 2015) against stress. One
of the interesting properties is amplification of defense response in plants through
nanoparticles (Table 14.1). Chitosan is known to possess antifungal properties
against plant pathogens and induce disease resistance. TiO2 increases the enzyme
activities which decreases the accumulation of reactive oxygen species. Silicon
nanoparticles are known to enhance the fungal resistance in maize by expressing
higher level of phenolic compound and lower level of stress-responsive enzymes
against fungi. A combination of Pseudomonas fluorescens and silica NPs in soil
increases phenolic action and trims down the stress by the inhibition of responsive
enzymes in maize. This elevated level of phenolics is established to induce silica
accumulation in leaf epidermal layer, thereby conferring a defensive physical wall
as well as induced disease resistance (Rangaraj et al. 2014). Copper oxide nanopar-
ticles accumulate in the plant cells and increase the significant levels of superoxide
dismutase, catalase, and lipid peroxidase.
A large number of reports have studied activation of antioxidative enzymes in

response to nanomaterial exposure (Tripathi et al. 2017a, c). Antioxidant enzymes
can be activated by a variety of nanomaterials i.e. nCeO2, nFe3O4, and nCo3O4 can
induce CAT; nCeO2, nFe3O4, nCo3O4, nMnO2, nCuO, and nAu can induce GPX;
and nCeO2, nPt, and fullerene can induce SOD (Tripathi et al. 2016a). Antioxidant
defense mechanism of plants employs both enzymatic agents such as superoxide
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), guaiacol peroxi-
dase (GPX), dehydroascorbatereductase (DHAR), and glutathione reductase (GR)
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and nonenzymatic antioxidants such as ascorbate, glutathione, thiols, phenolics,
etc. (Singh et al. 2015; Rico et al. 2015). ROS are fairly manufactured as by-
products of metabolic pathways in chloroplasts and are also accountable for chlo-
rophyll degradation (Melegari et al. 2013; Rico et al. 2015; Ma et al. 2015a; Singh
et al. 2017a, b). However, disorder in plant photosynthetic activity by NPs can
generate ROS and stimulate the plants’ defense pathway to fight oxidative stress
damage (Shweta et al. 2016). Enzymes (such as SOD, CAT, POD (peroxidase),
GPX and APX, thiol contents (GSSG or GSH), and malondialdehyde (MDA) con-
tent) are commonly changed as a result of the fluctuation of ROS concentration
(Arif et al. 2016).
Multi-walled carbon nanotubes (MWCNTs) activate ROS defense response

cascade, which prevents microbial pathogens from completing their life cycle.
As compared to other metals and polymers, a very detailed study is done on the
cerium oxide nanoparticles, which shows promising ROS scavenging enzymes
mimicking activities. This property elevates the defense system in plants.

Table 14.1 Nanoparticles and its mode of action

S. 
no Nanoparticles Mode of action References

1 Chitosan Upregulation of defense-related genes
including that of several antioxidant
enzymes as well as
Elevation of the levels of total phenolics
and NO signaling molecule

Chandra et al.
(2015)

2 TiO2 Increased activity of superoxide dismutase
(SOD), catalase (CAT), and peroxidase
(POD) and decreased accumulation of
reactive oxygen free radicals

Hong et al. (2005)

3 Multi-walled carbon
nanotubes
(MWCNTs)

Activation of ROS defense response
cascade, which is sufficient to prevent
microbial pathogens from completing their
life cycle
Generation of ROS such as super peroxides
and H2O2

Tan et al. (2009) and
Begum and Fugetsu
(2012)

4 Silicon Enhanced fungal resistance in maize Rangaraj et al.
(2014)

5 Copper oxide Increases levels of SOD, CAT, and lipid
peroxidase

Nekrasova et al.
2011

6 Cerium oxide CeO2 concentration-dependent induction of
lipid peroxidation and photosynthetic stress
in rice seedlings (modifications of
antioxidant defense system)

Majumdar et al.
(2014)

7 Zinc oxide Increased GSH levels and CAT activity Zhao et al. (2013)

R. Prasad et al.



257

14.2.1	 �Chitosan Nanoparticles

Chitosan is a linear polymer composed of arbitrarily scattered d-glucosamine
(deacetylated unit) and N-acetyl-d-glucosamine (acetylated unit) by the means of
β-(1-4)-linkage. They are synthesized by treating the chitin shells of shrimp and
other crustaceans with an alkaline solution (i.e., sodium hydroxide). Many naturally
occurring polysaccharides are acidic in nature, but chitosan is the basic polymer
occurring naturally.
Chitosan is widely used in cosmetics and substance-based applications. However,

in current times biomedicine and agriculture have shown a rising interest in chitosan
polymer as a therapeutic agent. It has been reported in the plant system that chitosan
has the ability to induce multifaceted disease resistance (Hadrami et al. 2010). This
naturally occurring biopolymer is widely studied for its significant properties like
biocompatibility, biodegradability, nontoxicity, and antimicrobial activity, thus
accepting its use as an initiator molecule for diverse host-pathogen interaction stud-
ies and analysis (Saharan et al. 2015; Prasad et al. 2017). These specific properties
of chitosan can be further improved by using it in the structure of nanoparticles. In
this structure it possesses quite different biological activities with distorted physico-
chemical features, i.e., size, surface area, cationic nature, etc. Its exclusive biocom-
patibility, biodegradability, and less poisoning nature make chitosan nanoparticles
(CNP) a successful nano-transportationmethod than its close counterparts. However,
the CNP are not only more stable and less poisonous, but also it does not require any
complicated methods; it only needs use of uncomplicated preparative methods
which make them a diverse and user-pleasant drug delivery mediator (Nagpal et al.
2010). Apart from biomedical implementations, CNP are only reported to have anti-
fungal properties in response to different plant pathogens (Saharan et al. 2013). 
Nanoparticles by themselves can deal with cell walls and membranes more effi-
ciently as compared to the foundation molecules from which they are prepared.
Natural defense mechanism of plants relies upon early detection of pathogens.
During evolution, plants have developed diverse mechanism to fight different evolv-
ing pathogens. The induction of natural defense mechanism involves overexpres-
sion of different defensive genes and enzymes, amplified deposition of phenolic
compounds, cell wall synthesis, etc. Plants treated with different biological elicitor
molecules have shown to provoke such innate immune response by mimicking vari-
ety of pathogens (McCann et al. 2012). As an exogenous elicitor, chitosan can stim-
ulate resistance in plant host by increasing some defense-related enzyme activities,
such as PAL, POD, CAT, SOD, and polyphenol oxidase (PPO) activities (Xing et al.
2015). Recently, Chandra et al. (2015) have reported that accumulation of CNP
increases the plant defense by increasing the levels of SOD and CAT. CNP binds
extracellular around the cell wall of the leaves. One of the most important signaling
molecules is NO, which is also coupled with many physiological processes involv-
ing initiation of defense system in plants. Plants treated with CNP showed increased
levels of NO, as compared to plants not treated with CNP (Raho et al. 2011; Malerba
et al. 2012). CNP-treated sets resulted in upregulation of PAL activity leading to the
higher level of phenolic compound accumulation. Phenylalanine ammonia lyase
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(PAL), cinnamic acid 4-hydroxylase (C4H), and flavanone 3-hydroxylase (F3H) are
the set of genes involved in flavonoid biosynthesis. PAL and C4H are important
control points of phenylpropanoid biological synthesis. F3H is involved in flavo-
noid synthesis pathway in biological system yielding diverse family of flavonoid
compounds possessing many types of activities, i.e., disease resistance. Higher
accumulation of flavonoids like gallic acid (GA), epicatechin (EC), epigallocate-
chin (EGC), and caffeine was seen when sets were treated with CNP. These accu-
mulated phytochemicals assist in adaptation to various environmental circumstances
and provide resistance against pathogen by performing as feeding deterrents. In the
presence of NADPH, anthocyanidin reductase (ANR) uses anthocyanidins as sub-
strates to synthesize EC. EC ultimately changed to proanthocyanidins, which is
commonly dispersed as plant defense compounds possessing intense toxicity toward
pathogens. High levels of flavonoid deposition are an indication of improved resis-
tance to plants. In CNP-treated plants higher expression of SOD and CAT was
observed resulting in increased level of these enzymes. SOD and CAT are the essen-
tial antioxidant enzymes implicated in ROS scavenging system (Chandra et al.
2015). Polyphenol oxidase produce lignin from phenolic substances in angiosperm,
it contributes in the thickening of cell wall structure and restricting pathogen entry
(Li and Zhu 2013). ROS, Ca2+, nitric oxide (NO), ethylene (ET), jasmonic acid (JA),
salicylic acid (SA), and abscisic acid (ABA) all involved in chitosan-mediated sig-
naling pathway (Xing et al. 2015). Nano-plant self-defense mechanism of the acti-
vated nano-chitosan through different modes of action such as pathogenesis involved
proteins, defense-associated enzymes, and secondary metabolite deposition, in
addition to the complicated signal transduction network (Fig. 14.1).

14.2.2	 �TiO2 Nanoparticles

The activity of TiO2 nanoparticles on the chloroplast aging of spinach in response to
illumination was studied by Hong et al. (2005). Results represented that whenever
chloroplasts were treated for 1, 5, and 10 min with 500 micromol/cm2/min light
intensity, the rate of oxygen liberation was speedily accelerated; when the chloro-
plasts were illuminated for 20, 30, and 40 min with 500 micromol/cm2/min light
intensity, the rate of oxygen liberation was statistically reduced. When spinach was
treated with 0.25% TiO2 nanoparticles, the rate of oxygen liberation of chloroplasts
in various illumination times (1, 5, 10, 20, 30, and 40 min) was more as compared
to control, and when illumination time was exceeded by 10 min, the reduction of the
liberated oxygen rate was less as compared to control. Hong et al. (2005) concluded
that TiO2 nanoparticle treatment might defend chloroplasts aging for extended-time
illumination. This mechanism represents that TiO2 nanoparticle treatment signifi-
cantly increases the defense properties of POD, SOD, and CAT. Decrease deposi-
tion of ROS and the level of malondialdehyde (MDA) maintain steadiness of
membrane structure of chloroplast treated with luminance (Hong et al. 2005).CAT
activity was increased (250–750 mg/kg) but was decreased in ascorbate peroxidase
(APX) (500 mg/kg) when cucumber plants were treated with nano-TiO2 (Servin
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et al. 2013).The effect of nano-TiO2 sprayed on pinto bean (Phaseolus vulgaris) was
significant onactivities ofSOD,CAT,POD,MDA,and8-deoxy-2-hydroxyguanosine
(8-OHDG) content (Ebrahimi et al. 2016).

14.2.3	 �Multi-walled Carbon Nanotubes (MWCNTs) Nanoparticles

Multi-walled carbon nanotubes are diversely used in nanoscience in spite of con-
cerns regarding probable poisonous effects. To conclude whether MWCNTs are
toxic to Oryza sativa were treated with MWCNTs (Tan and Fugetsu 2009). Rice
cells reacted with MWCNTs to develop aggregates that were analyzed using com-
pound and scanning electron microscopy. Cell density gradually decreased with
increased MWCNT concentration, probably representing a self-defense response.
Thus, MWCNTs interact directly with rice cells and might have a damaging effect
on rice growth and development. This property, although, was stronger as compared
to carbon blacks; the rice cells survived the MWCNTs via self-defense mechanism
(Tan and Fugetsu 2007). Tan et al. (2009) showed that when rice seedlings were
exposed with MWCNTs, the ROS levels significantly increased and the cell viabil-
ity decreased. This is because these nanotubes make contact with the cell walls and
undergo ROS defense response cascade, which is ample to avoid microbial patho-
gens from finishing their life cycle (Smirnova et al. 2011). Moreover, Lin and Xing
(2007) also observed apoptosis in cells of lettuce exposed to multiwall carbon
nanotube.

Fig. 14.1 Six plant
defense responses to
chitosan nanostructures
including: reactive oxygen
species (ROS),
hypersensitive response
(HR), pathogenesis-related
proteins (PRP), defense-
related enzymes (DRE),
secondary metabolites
accumulation (SMA), and
complex signal
transduction (CSR)

14  Nanomaterials Act as Plant Defense Mechanism



260

14.2.4	 �Silicon Nanoparticles

Silicon is regarded as one of the most beneficial elements for the growth and devel-
opment of plants which is available as second most abundant element of the Earth’s
crust (Epstein 1999; Tripathi et al. 2012a, b). It is accumulated by plant roots in the
form of monosilicic acid and deposited in and between the plant cells which is
called as phytoliths (Tripathi et al. 2012c, d, 2013, 2014, 2016b). In the form of
phytolith deposition in plant cells, silicon provides the mechanical strength to plants
from various biotic and abiotic stresses (Ma 2004; Tripathi et al. 2014, 2015b,
2016c, d, 2017d). Thus it will be more interesting and matter of great curiosity for
the agricultural scientists to observe the behavior of silicon in the form of nanopar-
ticles for the plants. In this connection in a study by Suriyaprabha et al. (2014),
nanosilica treatment is screened for resistance in maize in response to plant patho-
gens such as Fusarium oxysporum and Aspergillus niger and comparative analysis
done with bulk silica activity. The resistance is measured for pathogenicity index
and expression of plant reactive compounds such as total phenolics, phenylalanine
ammonia lyase, peroxidase, and polyphenol oxidase. The results represented higher
expression level of phenolic compounds (2056 and 743 mg/ml) and a lower expres-
sion level of stress-responsive enzymes in response to both the fungi in nanosilica-
treated plants. Maize expresses high resistance to Aspergillus spp., as compared to
Fusarium spp. These results represent significantly elevated resistance in maize
when treated with nanosilica as compared with bulk, especially at 10 and 15 kg/ha.
However, hydrophobic potential and silica deposition quantity of nanosilica-treated
maize (86.18° and 19.14%) are higher than bulk silica treatment. Hence, silica
nanoparticles might be used as another potent antifungal agent against plant patho-
gens (Suriyaprabha et al. 2014). In addition Tripathi et al. (2017e) have reported the
significant alleviative nature of silicon nanoparticles against the UV-B stress in
wheat seedlings. Similarly, silicon nanoparticles have been also found to detoxify
the arsenic and chromium stress in wheat and Pisum sativum seedlings, respectively
(Tripathi et al. 2015a, b, 2016a, b, c, d, e).

14.2.5	 �Copper Oxide Nanoparticles

Copper oxide nanoparticles have brownish-black powder appearance. They are
reduced to metal copper when treated with hydrogen or carbon monoxide in the
presence of high temperature. They are harmful to humans and hazardous to ecosys-
tem with detrimental consequence on aquatic life. CuO NPs are one of the most
important and regularly used engineered oxide NPs with major industrial, medical,
and environmental applications (Adhikari et al. 2012; Yadav et al. 2017). 
Nanoparticles are more vigorously deposited by plants. Nekrasova et al. (2011) 
reported that CAT and SOD activity are increased by the factor of 1.5–2.0 and lipid
peroxidation activated when Elodea densa are exposed to copper oxide nanoparti-
cles. In rice plantlets, nano-CuO treatment led to an amplified activity of antioxidant
enzymes and increased MDA concentration (Shaw and Hossain 2013). Treatment
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with nCuO nanoparticles results in considerable oxidative stress i.e. higher ROS
andMDA content with elevated actions of some anto-oxidative enzymes in rice (Da
Costa and Sharma 2016; Shaw and Hossain 2013;Wang et al. 2015), wheat (Dimkpa
et al. 2012), soybean (Nair and Chung 2014a), Elodea densa (Nekrasova et al.
2011), and Arabidopsis thaliana (Nair and Chung 2014b). It lead reduced CAT
activity in alfalfa (Hong et al. 2015) and inhibited APX in Indian mustard (Nair
and Chung 2015). A related assay on nano-CuO-mediated photosynthetic activity
and antioxidative defense system in Hordeum vulgare revealed obstruction in
root and shoot development with reduced photosynthetic performance index (Shaw
et al. 2014).

14.2.6	 �Cerium Oxide Nanoparticles

Cerium has gained much attention of researchers from the field of physics, chemis-
try, metal science, and biology because it belongs to lanthanide group with 4f elec-
trons. Formation of cerium oxide nanoparticles involves reaction between cerium
and oxygen. This nanoparticle structure exhibits the fluorite crystalline structure that
comes forward as charming material (Conesa 1995) variety of applications in engi-
neering and biological arena involves effective incorporation of cerium oxide
nanoparticles (Stambouli and Traversa 2002), high-temperature oxidation defense
materials (Patil et al. 2002), catalytic materials (Trovarelli 1996; Kaspar et al. 1999),
solar cells (Corma et al. 2004), and potential pharmacological agents (Celardo et al.
2011). CeONPs exhibit unique structure and atomic properties which result in its
incorporation in the field of catalysis and stem cell research. In current years, CeONP
has come under extreme study as a catalyst, as electronic, and as structural promoters
of various catalytic reactions (Trovarelli 1996). In industries, it is applied as an active
component more extensively in courses, i.e., three-way catalyst (Kaspar et al. 1999) 
for vehicle exhaust-gas treatments, oxidative union of methane, and water-gas shift
reaction. Lately, CeONP reported to contain multienzyme including superoxide oxi-
dase, catalase, and oxidase, mimicking properties. It has come into view as an attrac-
tive and profitable material in biological sciences such as in bioanalysis (Asati et al.
2009, 2011; Li et al. 2011; Ornatska et al. 2011; Kaittanis et al. 2012; Lin et al.
2012), biomedicine (Celardo et al. 2011), drug delivery (Xu et al. 2013; Li et al.
2013a), and bioscaffolding (Karakoti et al. 2010; Mandoli et al. 2010). Peroxide
offers a source of hydroxyl radicals, which play a key role in oxidative damage. Das
et al. (2007) concluded that the defensive effect of CeONP on the spinal cord impli-
cates its free radical scavenging property (Fig. 14.2). In other reports, nano-CeO2 
increased H2O2 generation in corn (Zhao et al. 2012) and Brassica rapa (Ma et al.
2015b) but led to lower H2O2 in rice (Rico et al. 2013b, c). Exposure of sprouting rice
seedlings to extremely concentrated CeONPs has disturbed free thiol levels, ascor-
bate, and enzyme activities leading to greater photosynthetic pressure and membrane
injury in shoots (Rico et al. 2013a). Analysis of ROS scavenger activity indicated
that behavior of SOD, CAT, APX, and POD was significantly elevated upon expo-
sure to CeO2 NPs, while these elevations were only evident for SOD and POD
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activities in the In2O3 NP treatments. Furthermore, the behavior of glutathione
S-transferase (GST) and glutathione reductase (GR) was increased by approximately
15% and 51% by 1000 mg L−1 CeO2 and In2O3 reaction. Moreover, activities of phe-
nylalanine ammonia lyase (PAL) and polyphenol oxidase (PPO) were significantly
induced in response to both types of NP (Ma et al. 2016).
The transportation mechanism of CeO2 nanoparticles in plants and their effect on

cellular homeostasis depending upon their exposure duration are not well under-
stood. In a recent study, Majumdar et al.(2014) reported that kidney-shaped bean
plants when treated with suspensions of ∼ 8 ± 1 nm nCeO2 (62.5–500 mg/L) for
fortnight in hydroponic environment, the principal indicators of stress, i.e., lipid
peroxidation, antioxidant enzyme activities, total soluble protein, and chlorophyll
contents, showed certain. Cerium in tissues was localized and studied using scan-
ning electron microscopy and synchrotron μ-XRF mapping. The chemical struc-
tures were identified using μ-XANES. In the root epidermis, cerium was shown to
stay as nCeO2; however, a small fraction (12%) was biotransformed to Ce(III) com-
pound. Cerium reaches the root vascular tissues and translocates to upper parts of
plant with time. Upon extended exposure to 500 mg nCeO2/L, the root’s antioxidant
activity was extensively reduced, side by side elevating the solubilization of root
protein by 204%. Guaiacol peroxidase is one of the most important ROS scavenging
enzymes found in plants (antioxidants response to salinity and ameliorating its
effect by Nigella sativa). The leaf’s guaiacol peroxidase activity was improved with
nCeO2 introduction in order to sustain cellular homeostasis.
CeO2 possesses various activities that make it most reliable metal nanoparticle to

enhance the plant defense system. Few of the activities were documented: superox-
ide dismutase mimetic activity, catalase mimetic activity, nitric oxide radical scav-
enging, hydroxyl radical scavenging, peroxidase mimetic activity, oxidase mimetic
activity, and phosphatase mimetic activity (Das et al. 2013; Nelson et al. 2016).

Fig. 14.2 Schematic detailing the proposed mechanism of the CeONP free radical scavenging
property and autocatalytic behavior (Das et al. (2007) Copyright, Elsevier)
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Recently Kuchma et al. (2010) concluded that molecules biologically related
with phosphate ester (i.e., not DNA) can be hydrolyzed by CeONPs. Fascinatingly,
they discovered dephosphorylation activity of CeONP depending on the presence of
Ce3+ sites and restricted when Ce3+ is changed into Ce4+. This opposes the thinning
of Ce4+-mediated hydrolysis by Qian and colleagues (Tan et al. 2008). To under-
stand the pathway, further research is required.

14.2.7	 �Zinc Oxide Nanoparticles

Nano-Zn increased GSH levels and CAT activity in buckwheat leaves (Lee et al.
2013) (1-1000mg/ml) but showed no effect on APX activity (100–800 mg/kg) and
reduced CAT activity (at 400 mg/kg) in corn leaves grown in soil amended with
alginate (Zhao et al. 2013). Kim et al. (2012) noticed high activity for SOD, POD,
and CAT when treated by nano-CuO and nano-ZnO in cucumber plants. ZnO NP
exposure to the plants significantly promoted the growth rate, biomass, photosyn-
thetic pigment levels, and protein content, while MDA production declined com-
pared to the control. Interestingly, the ZnO NPs increased the action of antioxidant
defense enzymes and upregulated the production level of SOD and POX isoen-
zymes in Gossypium hirsutum plants (Priyanka and Venkatachalam 2016). 
Production of ROS, RNS (reactive nitrogen species), and peroxide upon treatment
with ZnO and Ag engineered NPs on the Spirodela punctuta shows the potential
toxicity of Ag and ZnO nanoparticles principally grounded by the particulates and
ionic forms (Thwala et al. 2013). SOD enzyme activity was increased after ZnO NP
exposure, showing an amplification of the ROS scavenging process in Spirodela 
polyrhiza (Hu et al. 2013). The CAT and POX are notable antioxidant defense
enzymes implicated in the detoxification of peroxide by changing free radicals to
water and oxygen (Ma et al. 2015a, b).

14.2.8	 �Plant Induced Resistance

ROS not only restrict pathogen entrance but also play an important role in activating
local and systemic defense systems such as the stimulation of pathogenesis-
associated protein genes (Henry et al. 2013). The plant hormones salicylic acid,
jasmonic acid, and ethylene participate significant roles in defense reactions as sig-
naling molecules (Robert-Seilaniantz et al. 2011). The speedy production of O2 or
phenoxyl radicals in tomato roots treated with MgO NPs may play a related role in
the resistance response of tomatoes against Ralstonia solanacearum (Imada et al.
2016). Chitosan extensively elevates polyphenol oxidase activity in rice plantlets
followed by inoculation of two rice pathogens (Xanthomonas oryzae pv. oryzae and
X. oryzae pv. oryzicola) (Li et al. 2013b). Silver and ZnO NP treatment lead to
increase in contents of free radicals, together with ROS, reactive nitrogen species,
and hydrogen peroxide in duckweed (Thwala et al. 2013). NPs discovered to induce
oxidative stress and altered gene expression in plants (Wang et al. 2013).

14  Nanomaterials Act as Plant Defense Mechanism



264

14.3	 �Conclusion

The consequence of nanoparticles on gene expression with plant response to main
supplies of environmental pressure leads the way to remediate the result of these
possible harmful compounds through hormonal priming. Numerous studies are
done dealing with plant response to the precise NP stress presenting differential
mechanism involved in ROS detoxification, oxidation reduction, hormonal path-
ways and stress signaling. The mode of action of how NPs act on plant immunity
maintenance has not been clarified. It is assumed that the mechanisms of NPs are
possibly more complex than explained above, linking to a long way of actions,
which need to further research and studies.
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