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1 Introduction

Plants are the most vulnerable living entities as they are continually exposed to a
variety of environmental changes and many stress factors, either individually or in
combination, throughout their life cycles. Since the last decade, crop output has
been deteriorated globally due to lack of arable land, water scarcity, ever-changing
climate, and low pesticide usage efficiency. Drought, salt, freezing, flooding, UV
radiation, and other abiotic stresses on plants are becoming more widely recognized
as important agricultural concerns (Wani et al. 2016). All these stresses in combina-
tion cause more than 50% yield loss from important agricultural crops (Hirayama
and Shinozaki 2010) throughout the globe. As the enhancement of food production
in this scenario is becoming a difficult task, and progress in production of abiotic
stress-tolerant crop varieties is slow, more research is needed to understand the neg-
ative impact of these stresses on plant developmental growth, as well as possible
reclaiming strategies using minimal agricultural inputs are required to overcome the
effects of such stresses on plants (Wani et al. 2016; Elsakhawy et al. 2018; Zhao
et al. 2020). Plants can acclimate to such pressures by introducing molecular, cel-
lular, and physiological changes (Yadav et al. 2020). It has been discovered that
numerous enzymatic and non-enzymatic antioxidants that scavenge the damaging
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reactive oxygen species (ROS) are present at a satisfactory amount inside the plant
system. Catalase (CAT), glutathione reductase, superoxide dismutase (SOD), and
ascorbate peroxidase (APX) constitute enzymatic antioxidants while glutathione
and ascorbate are the non-enzymatic antioxidants that work continuously to destroy
harmful ROS through shikimate-phenylpropanoid or ascorbate biosynthesis path-
ways (Khan et al. 2017; Zhao et al. 2020). The ROS molecules such as hydroxyl
radical, superoxides, hydrogen peroxides, etc., are basically produced in mitochon-
dria, chloroplasts, and peroxisomes at the time of photosynthesis and cellular respi-
ration under stressful environment (Khan et al. 2017; Tripathy and Oelmiiller 2012).
Excessive ROS build-up caused by oxidative stress destroys membrane lipids, pro-
teins, and nucleic acids, resulting in abnormal development (Khan et al. 2017). NPs
imitate the activity of antioxidative enzymes in plants, making them effective ROS
scavengers (Wei and Wang 2013; Khan et al. 2017). Engineered NPs with dimen-
sions of 1-100 nm (Khan and Upadhyaya 2019) possess a very high reactivity and
enlarged surface area which have ambiguous devoir in minimizing the harmful and
negative effects of diverse environmental stresses on plant system (Elsakhawy et al.
2018; Mittal et al. 2020).

Eric Drexler has gained huge appreciation for popularizing the term “nanotech-
nology” in the realm of producing tools and technology for precision agriculture
(Khan and Upadhyaya 2019). Nanotechnology is the science of using NPs which
are molecular aggregates, synthesized at the nanoscale through either physical,
chemical, and biological methods (Singh et al. 2016). They interact with plants to
improve their developmental growth, increase productivity, and regulate the expres-
sion of various genes to overcome unpredictable abiotic stresses (Tan et al. 2017;
Khan and Upadhyaya 2019). Due to their tiny size, they have a variety of physico-
chemical features, including increased reactivity rate in plant cells and tissues
(Dubchak et al. 2010). However, plant response to NPs is debatable since it differs
depending on plant type and NPs used (Lin and Xing 2007). Besides the positive
effects, so many studies have shown several toxicological effects of NPs (Husen and
Siddiqi 2014). Excessive use of NPs to plants under stressed condition can alter the
process of ROS production resulting in oxidative damage (Chichiricco and Poma
2015). NPs used in food and agriculture sector may be made up of inorganic,
organic, and combined in nature. Inorganic NPs include metal and metal oxides,
organic NPs include mainly natural products while combined NPs include clay. NPs
can be of different morphological structures like rod shape, pyramid, micro-flower,
etc., depending on the purpose of use like food-packaging, nanomedicine, agricul-
ture biotechnology, preparation of biosensors, etc. Silver NPs are mostly commer-
cially used because of their promising antimicrobial activity; while, gold NPs are
used as sensor or detector. There is an urgent need for understanding the interaction
between plants and NPs for the sake of crop production, nutrient utilization, and
crop-health management. The general applications of NPs in the field of agriculture
science have been shown in Fig. 6.1.
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Fig. 6.1 Applications of NPs in agricultural practices

2 Commonly Used NPs and Their Synthesis

NPs are biocompatible, stable, and may be directed to a specific location inside the
plant body. Their ability to boost crops and control various stresses is solely deter-
mined by their shape, size, and chemical behaviors. Copper (Cu), silver (Ag), gold
(Au), and other noble metals having a large absorption range (Marmiroli et al. 2015)
are often used as NPs and work on the basis of localized surface plasmon resonance
(LSPR). They are synthesized by either top-down or bottom-up processes (Omar
et al. 2019; Kumar et al. 2020). In bottom-up approach (also known as sol-gel
approach), atoms and molecules are assembled together to form NPs of desired size
and shape. In top-down approach, atoms and molecules are separated from the bulk
material to get the desired NPs. Nano-sized materials can be prepared by different
physical, chemical, biological methods either singly or in combination. NPs that are
synthesized using the plant extracts possess a functionalized surface having pro-
teins, ligands, polysaccharides, which are otherwise absent when synthesized by
either physical or chemical methods. These components increase the stability of
particles and help in the attachment of functional molecules like antibodies, DNA to
the NPs. Preparation of metallic NPs through the green synthesis method using
plant extract is economic, eco-friendly, and less time-consuming as compared to the
chemical synthesis method. Incorporation of the desired metal NPs in starch films
reduces the problem of biodegradability and food containment. Nano-fertilizers,
nano-sized nutrients, nano-sensors, carbon-based nano-materials, and nano-
pesticides have been reported beneficial to agricultural practices by easy environ-
mental detection, pathogen detection, sensing, degrading persistent chemicals, and
remediation (Iavicoli et al. 2017).
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Magnetic NPs are usually made from iron (Fe), cobalt (Co), magnesium (Mg),
and manganese (Mn) either by microemulsions or co-precipitation thermal decom-
position preparatory methods (Ashfaq et al. 2013). Graphene, carbon nanotubes
(CNTs), carbon nanofibrils (CNFs), fullerenes, and other carbon-based nanostruc-
tures have recently been created for agricultural enhancement, crop protection, and
environmental clean-up (Omar et al. 2019). CNTs and CNFs have the capacity to
translocate from root to shoot inside plants, making them useful in agriculture
(Ashfaq et al. 2017). Hybrid NPs on the other hand are synthesized as the conju-
gates of organic and inorganic nanostructures having lots of utility values in several
biological applications. They are efficient in stress management in plant system
than the other commonly used NPs as they enhance the biocompatibility of NPs (Qi
et al. 2013).

3 Absorption, Translocation, and Accumulation of NPs into
Plant System

Absorption of NPs by plant system and genuine interactions with them prominently
depend on several factors including plant physiology and physiochemical properties
of the used NPs such as their size, charge, shape, functionalization, and stability
(Pérez-de-Luque 2017). Above ground plant parts such as stomata, cuticles, tri-
chome, and hydathodes generally act as the sites through which NPs enter into the
plant tissues; even the wound regions play the same role (Verma et al. 2019).
Enormous scientific reports have mentioned that the uptake of NPs in plant system
occurs through root absorption and transported by specialized plant tissues with
some modifications, like biotransformation, bioaccumulation, and dissolution
through crystal phases (Ali et al. 2021). The size of NPs is considered as the most
important parameter as it enables their entrance either through cell wall pores or
stomatal openings and even their subsequent transport processes intercellularly
inside the plant system. The attachment and absorption of NPs in plant system is
believed to rely directly on the existing negative charges on the cell wall surface. In
addition, the hydrophobicity present on the plant surfaces has been found to play
important role in absorption and translocation of NPs throughout the plant body
(Kaphle et al. 2018).

NPs can enter the plant body via lateral roots with the aid of capillary forces and
osmotic pressure, or they can enter directly through root epidermal cells (Lin and
Xing 2008; Du et al. 2011) and finally translocated to xylem vessels via cortex and
pericycle tissues (Dietz and Herth 2011; Miralles et al. 2012). NPs of sizes below
5 nm, under foliar application, are able to penetrate the leaf cuticle and reach the cell
cytoplasm (Jeyasubramanian et al. 2016), while the NPs larger than the size of
10 nm enter through leaf stomata, with apoplastic and symplastic pathways for cel-
lular transport (Ali et al. 2021). Through plasmodesmata, NPs can travel from one
cell to another cell and are later on internalized in the cytoplasm (Wang et al. 2012).
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NPs of size 50-100 nm are translocated via apoplastic routes between the cells.
Internalized NPs are conveyed through the vascular transport system via phloem
sieve, allowing them to flow bidirectionally and accumulate in varying concentra-
tions in leaves, stems, roots, fruits, and/or other tissues (Ruttkay-Nedecky
et al. 2017).

In cytoplasm, the NPs are thought to bind with different cellular organelles and
take part in various cellular metabolisms (Zhang and Monteiro-Riviere 2009). The
overall mechanism of NP interaction with plant system is based mostly on chemical
reactions involving generation of ROS, ionic movement through cell membrane,
oxidative damage, and lipid peroxidation. When NPs penetrate plant cells, they
react with sulthydryl and carboxyl groups, causing change in protein function (Das
and Das 2019). In order to find out the movement and localization of NPs to various
organelles within the plant cell, we need to monitor and track NPs very precisely.

4 Mode of Action of NPs to Counter Harmful Effects
of Environmental Stresses

Plants can show minimum effort to withstand acute adverse environment conditions
(drought, salinity, chilling, radiation, and metallic stress), but they need a precise
perception and transduction of stress stimulus for immediate activation of appropri-
ate defense units against that stress factor before it becomes severe and damage
plant’s cellular machinery. Activation of defense regiment in plant system primarily
involves a temporary elevation of cytoplasmic Ca?*, production of intracellular sec-
ondary metabolites such as inositol and polyphosphate, generation of ROS, raise in
cellular plant hormones concentration especially of abscisic acid (ABA), and higher
increase in mitogen-activated protein kinase (MAPK)-dependent pathways which
ultimately trigger the molecular machinery against the particular stress (Baxter
et al. 2014; Jalil and Ansari 2019). Calcium ions (Ca?*) act as secondary messengers
and play important role in signaling responses under various stresses. Ca**-binding
proteins (CaBPs) are activated by cytosolic Ca?* and stimulate downstream path-
ways that result in gene expression modifications and results in plants’ adaptation to
stresses (Khan et al. 2014; Khan et al. 2017).

When plant cells are exposed to various stresses, nitric oxide (NO) has been
shown to cause an increase in calcium levels (Khan et al. 2014), implying that cal-
cium stimulates NO generation. NPs act as an efficient Ca?* substitution in CaBPs,
resulting in the development of a stress-responsive gene cascade (Khan et al. 2017).
NPs show duality in plant system under abiotic stress by enhancing production of
ROS and scavenging of ROS simultaneously (Simon et al. 2013; Wei and Wang
2013). If any disturbance occurs between these two processes, it might result in
oxidative stress and failure in the signal transduction process. The equilibrium of
ROS inside the plant cells is managed by continuous synthesis and scavenging of
ROS (Khan et al. 2017). To understand critically the mechanism of stress-signaling
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and significant response by NPs, in-depth investigations are needed with proteomic
and genomic approaches. Furthermore, the application of NPs influences gene
expression, cell division, cell elongation, and overall plant growth.

5 Biotic Stress: A Major Problem in Agricultural Crops

Diminution of agricultural productivity mainly depends on the exposure of biotic
and abiotic factors. The growth of agricultural crops and plants, seed quality, and
crop yield are affected by various biotic stresses. Biotic stresses involve damages
primarily caused by living micro-organisms such as viruses, bacteria, fungi, insects,
nematodes, etc. Wang et al. (2011) studied a proteomic-based technology in rice
crop under biotic stress and found several biomarkers. Potential biomarkers like
proteins that are common and unique to each stress can be used for generating the
next generation crop plants using molecular breeding and genetic engineering to
enhance crop yield and seed quality. Dresselhaus and Hiickelhoven (2018) studied
the role of metabolites during biotic and abiotic stresses in plants and how these two
stresses are inter-related to each other for causing huge losses in the productivity of
crops. Several agricultural crops like rice, wheat, maize, cotton, barley, chickpea,
and other pulses are damaged every year due to biotic stresses and cause huge
losses. Winter crop like wheat is affected by several diseases like powdery mildew,
leaf blight, loose smut, rusts, etc.

Among these, a disease known as fusarium head blight caused by the fungi
Fusarium graminearum and Fusarium poae causes huge losses to the wheat crop.
Fungal diseases in wheat crop results in a reduction in kernel weight, vigor of seeds,
and overall plant yield (Martinez et al. 2020; Dandve et al. 2019). Fusarium oxys-
porum damage different parts of wheat like leaves of seedlings, roots, etc., and
results in qualitative and quantitative losses (Banerjee and Mittra 2018). Bocquet
et al. (2018) conducted a study on Septoria tritici blotch disease of wheat, which is
caused by fungus Zymoseptoria tritici and concluded that this fungus can cause
extensive damage to the wheat crop. Ceresini et al. (2018) reviewed the past and
present status of wheat blast disease caused by Pyricularia graminis tritici and also
studied about its physiology, genetics, and its remedial measures.

5.1 Role of NPs to Deal with Biotic Stress in Crops

Plant pathologists and researchers are looking forward to safeguard food and agri-
cultural products against biotic stress caused by bacteria, fungi, and viruses.
Pathogen can be detected using this new technology which is nanoscale in size, have
biological sensors with nano-based miniature detection devices. The use of various
NPs in the crop plants during biotic stresses has been shown in Table 6.1. Abd-
Elsalam (2013) has made efforts to develop a harmless method to manage fungal
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Table 6.1 Use of NPs to mitigate biotic stresses in various crop plants
Sr.
No. | Nanoparticle(s) | Concentration | Crop species Causal organism | Reference
1 Chitosan and 0.1-5.0 mg/ | Lycopersicon Fusarium Chun and
chitosan-based ml esculentum andiyazi Chandrasekaran
NPs (tomato) (2019)
2 Cu-chitosan NPs | 0.08-0.12% Alternaria Saharan et al.
solani and (2015)
Fusarium
oxysporum
3 Cerium oxide 250 mg/L Fusarium Adisa et al.
NPs oxysporum f. sp. | (2020)
lycopersici
4 |MgO NPs 0.05-0.1% Ralstonia Imada et al.
solanacearum (2016)
5 | Titanium dioxide | 500-800 ppm Xanthomonas Paret et al.
NPs perforans (2013)
6 | Silver NPs 100 ppm Xanthomonas | Ocsoy et al.
perforans (2013)
7 Silver NPs 100-200 ppm | Solanum Meloidogyne El-Ashry et al.
melongena incognita 2021
(eggplant)
8 Cu;(PO,),-:3H,0 | 1000 ml/L Citrullus lanatus | Fusarium Borgatta et al.
NPs (watermelon) oxysporum f. sp. | (2018)
Niveum
9 | Silica NPs 500 mg/L Fusarium Buchman et al.
oxysporum f. sp. | (2019)
Niveum
10 | Silver NPs 2-10 pg/ml Triticum aestivum | Bipolaris Mishra et al.
(wheat) sorokiniana (2014)
11 | Silver NPs 50 ppm Trachyspermum | Meloidogyne Danish et al.
ammi (Ajwain) incognita (2021)
12 | Copper NPs 0.02-0.2 g/LL | Invitro (1:1 beet | Meloidogyne Mohamed et al.
moss and sand) incognita (2019)
13 | ZnO NPs 0-500 mg/L. | In vitro (mung Fusarium Dimkpa et al.
bean broth agar graminearum (2013)

and in sand)

pathogens using nanoplatforms and nanomaterials. Rajeshkumar (2019) studied the
antifungal impact of NPs against various fungal plant pathogens. According to him,
various nanomaterials can be used to serve the purpose of fighting against fungal
pathogens like Rhizoctonia crocorum and Cercospora canescens. Green methods
are used to synthesize nanoparticles, which have antimicrobial activity. For exam-
ple, gold NPs are synthesized using marine brown seaweed Turbinaria conoides
and are used as an antibacterial agent against Bacillus subtilis, Klebsiella pneu-
moniae, and Streptococcus sp., while titanium oxide (TiO)-NPs are synthesized
using a bacterial strain of Planomicrobium sp. and are used as antibacterial and
antifungal agents against gram-positive bacteria like B. subtilis, gram-negative
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bacteria Klebsiella planticola, and against fungal cultures such as Aspergillus niger.
Engineered NPs also had several impacts like plant growth, cell structure, physio-
logical and biochemical functions on plants along with applications (Siddiqui et al.
2015). These engineered NPs also had an effect on photosystems, mechanisms of
reactive oxygen species, and several enzymes in crops, which ultimately help in
fighting against the biotic stresses.

Another example of nanoparticle used in agriculture is the use of nano-ZnO to
inhibit the activity of Fusarium head blight pathogen in wheat crop. Therefore, it is
used as a novel seed treatment method as it prevents seed disease, increases seedling
growth, and increases activities of antioxidant enzymes such as SOD and CAT (Liu
et al. 2020). Rice is often damaged by one of the severe biotic factors, like
Xanthomonas oryzae, which causes bacterial leaf blight (BLB) disease in rice.
Specific use of biogenic silver NPs (AgNPs) has proved beneficial rather than the
use of chemical methods to control this disease. These AgNPs were prepared using
a naturally isolated Bacillus cereus strain SZT1 of bacteria. Aside from combating
pathogens, these NPs aim to boost plant biomass, reduce cellular concentrations of
ROS, and enhance antioxidant enzyme activity (Ahmed et al. 2020). Alvarez-
Carvajal et al. (2020) showed that AgNPs coated with chitosan function effectively
in restricting the mycelial growth of Fusarium oxysporum, which is responsible for
causing wilt by up to more than 70% and also reduce the severity of disease in
tomato. Silver NPs can also be synthesized by biological method using endophytic
Pseudomonas poae strain CO of bacteria. This NP works as an excellent fungicide
against Fusarium graminearum pathogen. Application of biosynthesized AgNPs
also showed inhibition in spore germination, hyphal proliferation, germ tube elon-
gation, and mycotoxin production of various pathogens. Ibrahim et al. (2020) also
approved that AgNPs have great potential in defending wheat from fungal attack.

Another example of engineered nanoparticles used during biotic stress is tita-
nium dioxide nanoparticles (TIO,-NPs), which plays significant role in inactivating
various pathogenic bacteria’s. TIO,-NPs are synthesized by hydrothermal treatment
using different temperatures ranging from 250 °C or 310 °C. It has photocatalytic
activity and inactivates various plant pathogens like Xanthomonas arboricola,
Pseudomonas syringae, and Erwinia amylovora (Korosi et al. 2020). Therefore, this
engineered nanoparticle is very promising with its antimicrobial activity. The inno-
vative use of silicon as nanoparticle in agriculture can not only meet the rising
demand of food and agriculture but also help in developing sustainable environment
by using agricultural wastes for the production of silicon NPs (Si-NPs) leading to
waste management through recycling. Since Si-NPs are mesoporous in nature, it
acts as a specific carrier for pesticides and fertilizers also known as nano-pesticides
and nano-fertilizers respectively. It also involves in site-targeted delivery of nucleic
acid, nutrients and increases crop protection, as well as plant growth and develop-
ment. It reduces the damages caused by biotic and abiotic stresses in plants
(Roychoudhury 2020). Since commercial fungicides are harmful to use due to the
rise of microbial resistance nowadays, biological NPs are an alternative manage-
ment tool used more preferably. Zinc NPs have an antimycotic activity against dark
spore-forming pathogens like Bipolaris sorokiniana, Alternaria brassicicola, etc.
(Kriti et al. 2020). It inhibits the spore formation, mycelial growth of fungus.
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The interaction between NPs and protein (present in microbe) results in the
inflammatory signal because microorganisms consider NPs as foreign material and
results in microbial inhibition and reduced mycelial growth, when zinc-based NPs
were used (Kriti et al. 2020). Luksiene et al. (2020) reported the importance of
ZnO-NP as it has antifungal activity against pathogen Botrytis cinerea, infecting
strawberry. However, ZnO-NP worked more efficiently in the presence of sunlight
as it gets activated by ultraviolet (UV) and visible light, resulting in increased har-
vest. It therefore can replace conventional fungicide fenhexamid. Chitosan copper
NPs (Ch-CuNPs) are known to possess antifungal properties (Rhizoctonia solani
and Pythium aphanidermatum) against several fungal pathogens and can also be
synthesized. In addition, NPs promote development in chili seeds by overcoming
the low germination rate of sensitive seeds (Vanti et al. 2020). An endophytic fungus
isolated from Solanum nigrum is used to make myco-NPs. Several plant pathogenic
fungi, including Fusarium graminearum, Fusarium udum, Rhizoctonia solani, and
Aspergillus niger, displayed antifungal activity and reduced pathogenic pressure by
limiting their radial growth when treated with mycosilver NPs (Akther and
Hemalatha 2019).

To combat dangerous phytopathogens, green production of AgNPs utilizing
Azadirachta indica leaf extract is a preferable option to chemical agents (Haroon
et al. 2019). The use of this NP is eco-friendly, safe, and inexpensive.

6 Advances in Abiotic Stress Mitigation by NPs

Fluctuation in the environmental conditions due to irregular rainfall, forest fire,
melting of glaciers, faulty agricultural practices, and adverse effects of global warm-
ing due to industrial revolution constantly disturbs the metabolic equilibrium and
developmental growth of plants (Jalil and Ansari 2019). Consequently, farmers as
well as researchers become clueless to maintain sustainability in agriculture by
mitigating all those stress factors. Advances in nanotechnology prestigiously offer
huge scopes to check the detrimental impacts of various abiotic stress factors includ-
ing drought, salinity, chilling, heat, metallic, and to some extent radiation on plant
system. The use of NPs to mitigate the abiotic stresses in diverse crop plants has
been put on view in Table 6.2.

6.1 Drought Stress

Drought is one of the serious abiotic stress factors that occurs regularly in dry loca-
tions and reduces agricultural productivity (Tripathi et al. 2017). A number of stud-
ies have recently demonstrated that applying silica NPs (SiNPs) at various
concentrations increases drought tolerance in sorghums (Sorghum bicolor L.) by
reducing their shoot to root ratio (Hattori et al. 2005). Varied concentrations of
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Table 6.2 NPs for abiotic stresses management in various plant species

SL. Application
No. | Nanoparticle | Concentration | Plant species | Stress method Reference
1 | TiO, 0-500 mg/L | Linum Drought Foliar Aghdam et al.
usitatissimum spray (2016)
2 | TiO, 500- Triticum Soil Faraji and
2000 mg/kg | aestivum amendment | Sepehri (2020)
3 |ZnO 0-1¢g/L Glycine max Petri dish | Sedghi et al.
exposure (2013)
4 | y-Fe,04 100400 mg/ | Brassica Fertigation | Palmgqvist et al.
plant napus (2017)
5 | CuNPs 3.333- Zea mays Seed Van
5.556 mg/L priming Nyugen et al.
(2021)
6 |CNTsand |50-200 pg/ml | Gossypium Seed Pandey et al.
graphene hirsutum priming (2019)
7 | Chitosan 0-90 ppm Hordeum Foliar Behboudi et al.
NPs vulgare spray (2018)
8 |ZnO 1-5 mg/kg Sorghum Soil Dimkpa et al.
bicolor amendment | (2019)
9 |SiO, 0-100 mg/L. | Crataegus sp. Soil Ashkavand
amendment | et al. (2015)
10 |SiO, 50-100 mg/L | Strawberry Salinity Nutrient Avestan et al.
(Fragaria x solution (2019)
anansa)
11 |FeSO, 2 g/L Helianthus Foliar Torabian et al.
annuus spray (2017)
12 | Ag NPs 0-10 mM Triticum Seed Mohamed
aestivum priming et al. (2017)
13 | CeO NPs 500 mg/L Gossypium Seed An et al.
hirsutum priming (2020)
14 | SiO, 25 mM Lycopersicum Seed Haghighi et al.
esculentum priming (2012)
15 | AgNPs 25-100 mg/L | Triticum Temperature | Soil Igbal et al.
aestivum amendment | (2019)
16 | Se 10 mg/L Sorghum Foliar Djanaguiraman
bicolor spray et al. (2018)
17 | TiO, 5 mg/L Cicer Foliar Mohammadi
arietinum spray et al. (2014)
18 | ALOs 50 ppm Glycine max | Flooding Nutrient Mustafa and
solution Komatsu
(2016)
19 |SiO, 10 pM Triticum U V-irradiation | Nutrient Tripathi et al.
aestivum solution (2017)
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SiNPs cause physiological and biochemical reactions in hawthorns (Crataegus sp.)
at different levels of drought stress (Ashkavand et al. 2015). Under water stress,
SiNPs have also been shown to boost the activities of catalase (CAT) and peroxidase
(POD) in the leaves of faba bean (Kalteh et al. 2018) and tomato (Siddiqui and
Al-Whaibi 2014). Furthermore, SiNPs have been shown to have an influence on
xylem humidity, water translocation, and turgor pressure, resulting in an increase in
leaf relative water content and water usage efficiency in plants. Application of
sodium silicate at low concentration (1.0 mM) has been found in mitigation of the
harmful ramifications of moisture stress as well as membrane lipid peroxidation in
wheat (Pei et al. 2010). In addition, foliar application (0.02%) of TiO,-NPs have
been reported to give promising results on certain agronomic traits like plant height,
seed number, ear weight, ear number, thousand-seed weight, starch and gluten con-
tent in grains, yield, biomass, and harvest index of various existing wheat cultivars
under limited water condition (Jaberzadeh et al. 2013).

Similarly, applications of TiO,-NPs were studied in spinach (Lei et al. 2007) and
Canola (Mahmoodzadeh et al. 2013) plants to mitigate the effect of drought stress
by activating the antioxidant enzymes (SOD, CAT) machinery. Exogenous applica-
tion of TiO,-NPs at lower dose has been observed to increase photosynthetic rate
and nitrogen metabolism in spinach (Yang et al. 2006), linseed (Aghdam et al.
2016), and sugar beet (BoriSev et al. 2016). Shallan et al. (2016) looked into the
impacts of nano-TiO, and nano-SiO, on cotton production in drought-stricken con-
ditions. They discovered that pre-treating cotton plants with nano-TiO, and nano-
Si0, increased the content of plant pigments, total soluble sugars, proline content,
total soluble proteins, total antioxidant capacity, and antioxidant enzyme activities
under prolonged drought stress. Sedghi et al. (2013) showed that ZnONPs, which
have the ability to boost seed germination percentage and rate, successfully lowered
the fresh and dry weight of seeds, promoting drought tolerance in soybeans
(Glycine max).

Taran et al. (2017) reported enhancement of ability to withstand drought by
increasing enzymatic activities of SOD and CAT due to nano-zinc application in
wheat (Triticum aestivum). Davar et al. (2014) exhibited how foliar application of
iron NPs (FeNPs) promoted tolerance against drought stress in safflower cultivars.
Advances in the application of AgNPs to decrease the deleterious effects of drought
stress on lentils were also praised (Lens culinaris Medic). Hojjat and Ganjali (2016)
found that judicious application of AgNPs can help lentil seeds germination, root
length, and dry weight by alleviating drought stress, moderating loss of plant
growth, and enhancing germination rate, root length, and dry weight.

6.2 Salinity Stress

Around 20% of arable land throughout the world has perished of salinity. Salinity or
salt stress is the most critical environmental issue for the plant species belonging to
the lycophyte category (Negrdo et al. 2017; Khan and Upadhyaya 2019). In the arid,
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semiarid, and coastal environments, salinity stress may be triggered by the build-up
of chloride (CI7), sulfate (SO,*), sodium (Na*), calcium (Ca®), and magnesium
(Mg*) ions (Singh and Husen 2020). It reduces agricultural output by interfering
with a variety of physiological and biochemical processes involved in plant growth.
The salinity stress caused by improper use of agrochemicals like pesticides, insecti-
cides, etc., affects the soil’s fertility, leading to imbalance of osmotic potential and
nutritional components of soil, which become toxic to plants growth and develop-
ment (Khan and Upadhyaya 2019). Furthermore, synthetic chemicals used in agri-
cultural practices badly impact photosynthesis, protein synthesis, lipid metabolism,
and other vital processes (Parida and Das 2005). In this context, the use of nano-
fertilizers may be a viable option for mitigating these challenges and reclaiming
environmental sustainability.

Kalteh et al. (2014) found that applying SiNPs to basil (Ocimum basilicum)
increased its chlorophyll content and proline levels significantly. Many studies also
revealed that application of SiO, NPs had the potential to increase the amount of
chlorophyll, proline accumulation, and the activities of antioxidant enzyme in plant
system under salt stress (Gao et al. 2006; Haghighi et al. 2012; Kalteh et al. 2018).
SiO, NPs encourage seed germination and improve yield-related features in lentil
when salinity stress is prevalent. Furthermore, SiNPs are thought to promote
osmotic potential and plant development by reducing Na* toxicity under severe salt
stress (Khan and Upadhyaya 2019). By altering the characteristics of the salt-
stressed root plasma membrane, multi-walled carbon nanotubes exposure on broc-
coli under salinity stress has been shown to boost net CO, assimilation and aquaporin
transduction (Martinez-Ballesta et al. 2016).

Rossi et al. (2016) have shown that the application of CeO, NPs significantly
mitigated detrimental impacts on biomass production and activities of chloroplast in
Brassica napus L. when subjected to grow under saline water. The limited solubility
of CuO-NPs in alkaline soil may explain why CuO and ZnO-NPs boosted wheat
growth and yield (Fathi et al. 2017). Hussein and Abou-Baker (2018) carried out a
pot experiment to understand the effects of nano-zinc fertilizer on cotton growth,
yield, and mineral status under salt stress. They revealed that irrigation with seawa-
ter reduced leaf dry weight and boll production, but foliar application of nano-zinc
fertilizer at the optimal dose alleviated the negative effects of salinity and enhanced
the yield parameters. To investigate the expression rate of salt stress genes, Almutairi
(2016) implemented semiquantitative RT-PCR. He discovered that Ag-NPs caused
up-regulation of four genes, including AREB, MAPK2, P5CS, and CRK1, as well as
down-regulation of three other genes, including TAS74, DDF2, and ZFHDI. Such a
pattern of expression revealed the involvement of Ag-NPs and their response to
stress conditions, suggesting that they have the ability to improve plant tolerance to
salt stress.
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6.3 Heavy Metal Stress

Heavy metal (HM) pollution is becoming so crucial for retarded plant growth and
severe yield loss throughout the globe (Chibuike and Obiora 2014; Khan et al.
2017). Under HM stress, plants lose their potential to withstand in a challenging
environment. Severe metallic stress influences rapid ROS production, eventually
promotes oxidative damage by disturbing cellular structure as well as membrane
integrity along with degradation of cellular proteins (Sharma et al. 2012). Plants try
to fight back the negative effects of heavy metal shock by developing their defense
system at the cellular level. Plants undergo shock when heavy metals breach the cell
wall and enter the cell. Infected plant parts respond quickly to HMs by accumulat-
ing biomolecules and nutrients, which activate the antioxidant enzyme machinery.
Nanotechnology in this scenario has been recognized as one of the promising
approaches for decreasing phytotoxicity caused by heavy metals (Tripathi et al.
2015; Gunjan and Zaidi 2014). Exposure to TiO, NPs limited cadmium toxicity and
increases photosynthetic rate in soybean (Singh and Lee 2016). Foliar treatment of
ZnO-NPs to Leucaena leucocephala has been reported to enhance total soluble pro-
tein and photosynthetic pigment while decreasing membrane lipid peroxidation
(Venkatachalam et al. 2017). NPs are becoming more important in the cost-effective
rehabilitation of heavy metal-contaminated soils. NPs alleviated metal-induced tox-
icities during phytoremediation, according to Martinez-Ferndndez et al. (2017).
Many studies have shown, however, that using NPs for crop improvement and phy-
toremediation has both good and negative effects on the agri-ecosystem.

6.4 UV-Irradiation

Plants exposed to radiation such as UV-B (frequency range: 280-315 nm) acquire
an elevated amount of ROS in their cells, which directly or indirectly affects cell
functions such as DNA damage, damage to chloroplast structure, disturbs cell func-
tions, etc. (Chen et al. 2011; Wang et al. 2012; Hideg et al. 2013). Plants have
evolved to accumulate phenolic chemicals, such as flavonoids and flavones, which
absorb harmful UV rays, as well as enzymatic and non-enzymatic antioxidant
defense mechanisms (Shen et al. 2010). Inclusion of NPs in the growth medium, on
the other hand, may exacerbate detrimental effects of UV exposure.

For example, Regier et al. (2015) found that while CuO-NPs applied alone had
no detrimental impacts when combined with UV light, they had a substantial nega-
tive influence on many physiological and morphological characteristics of Elodea
nuttallii. Similarly, in wheat, subjected to a combination of cadmium telluride quan-
tum dots (CdTe-QDs) and UV radiation, Chen et al. (2014) found reduced chloro-
phyll content, antioxidant enzyme activity, and enhanced DNA damage. When
exposed to UV light, Lei et al. (2008) found that nano-anatase TiO,-treated spinach
increased photosynthesis, electron transfer, photoreduction activity of photosystem
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II, oxygen evolution, and photophosphorylation (PSP) in chloroplast. Under UV-B
exposure, nano-anatase exposure resulted in a large drop in superoxide radicals
(0y7), H,0,, and MDA build-up, as well as a significant rise in antioxidant enzymes
levels, indicating a prominent reduction in oxidative stress in plant cells (Lei
et al. 2008).

6.5 Chilling Stress

Chilling or low-temperature stress is generally characterized by the occurrence of
frost injuries in plant cells due to the accumulation of ice crystals within the tissues
(Hasanuzzaman et al. 2013) under the exposure of very low temperature (0—15 °C).
It negatively impacts on plant health by triggering loss of fluid and electrolyte leak-
age from the cellular membranes and consequently poor seed germination, stunted
growth as well as reduced productivity (Singh and Husen 2020). Although vulner-
ability to cold stress depends on the degree of tolerance in various species
(Heidarvand et al. 2011), plants suffering from low-temperature condition show
disrupted photosynthesis by lowering down the chlorophyll content, transpiration
rate, and degradation of Rubisco enzyme and its activity (Liu et al. 2012). In this
context, many research studies showed that the use of NPs significantly increased
production of Rubisco (Khan and Upadhyaya 2019), light immersion by chloroplast
organelle (Ze et al. 2011), and inhibition in the generation of ROS (Giraldo et al.
2014). After application of TiO, NPs, the activities of antioxidant enzymes have
increased in plants (Mohammadi et al. 2016). The use of nano-TiO, as a viable
technique to reducing the detrimental effects of chilling stress has been recognized
significantly. Application of NPs thus, causing suppression of lipid peroxidation,
chlorophyll degradation, and synthesis of H,O, under chilling stress, has been well-
popularized in managing plant growth and health under various stresses (Kohan-
Baghkheirati and Geisler-Lee 2015; Khan and Upadhyaya 2019; Singh and
Husen 2020).

6.6 Heat Stress

Tending to temperature rise above the threshold limit for a long period of time often
results in irreclaimable damage to growth and biological yield of crop plants (Wahid
2007). High-temperature stress increases production of ROS which leads to oxida-
tive stress, and ultimately membrane lipid degradation as well as membrane ion
leakage (Savicka and Skute 2010; Karuppanapandian et al. 2011; Aref et al. 2016).
It also influences the reduction in photosynthetic rate as well as chlorophyll content
(Khan and Upadhyaya 2019). In this regard, heat shock proteins (HSPs) have been
identified as the key molecular chaperons to function in thermo-tolerance by plants
(Singh and Husen 2020). Khodakovskaya et al. (2011) reported a significant
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contribution of multiwall carbon nanotubes (MWCNTSs) in the upregulation of
stress-responsive genes like HSP90 in both leaves and roots of tomato. Additionally,
when NPs such as CeO,NP were exposed to maize, it resulted in the generation of
hydrogen peroxide and also upregulated HSP70 gene (Zhao et al. 2012). Treatment
with TiO,NPs also found to improve the mechanism of stomatal opening in tomato
leaves under heat stress (Qi et al. 2013). Application of SeNPs at the nanoscale has
been observed to mitigate the detrimental effect of heat stress in tomato (Haghighi
et al. 2014) as well as sorghum (Djanaguiraman et al. 2018) by increasing the level
of hydration ability, chlorophyll content, and various antioxidative features.

7 Conclusion

Nanotechnology is undoubtedly an essential element of several fields of agriculture.
NPs reveal extremely low levels and have a kind and dose-dependent effect on
plants. The scientific community is concerned about how to combat the loss of agri-
cultural output caused by biotic and abiotic stresses. Several NPs are being investi-
gated to determine their involvement in protecting plants from various environmental
challenges, as well as their roles in promoting plant growth, crop production, and
modifying plant processes. NPs have been demonstrated to be a more efficient and
effective option for the production of nano-fertilizers than conventional fertilizers.
Smaller NPs provide for easier penetration and control of water channels, which aid
seed germination and plant growth; moreover, increased surface area allows for
greater adsorption and controlled delivery of chemicals.

In contrast, the production of ROS is also described for NPs. The increased ROS
level by NPs could be related to a stress signal amplification that can activate the
defensive mechanism of the plant more efficiently. The uses of NPs approach have
high potential to minimize the use of toxic chemicals as well as pesticides, fungi-
cides, and insecticides on plants to combat environmental stresses and thus can
lower the level of pollution of contaminants in air, groundwater, and in soil. Further
research at multiple levels, including plant molecular and cellular levels, is needed
for the function of nanomaterial to alleviate the damage caused by various environ-
mental stresses.
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