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Preface

The emergence of nanotechnology have opened up exciting opportunities for novel
applications in agriculture, food, medicine, and biotechnology industries. Nanotech-
nology has the potential to modernize agricultural research and practice, although it
has gained momentum in the agriculture sector over the last decade. Abiotic stresses
are important constraints that adversely affect the production of agricultural crops.
Nanobiotechnology may be a boon for the mitigation of plant abiotic stress impact.

This book provides up-to-date knowledge of the promising field of nanobiotech-
nology with emphasis on the mitigation approaches to combat plant abiotic stress
factors including drought, salinity, waterlog, temperature extremes, mineral nutri-
ents, and heavy metals. These factors adversely affect the growth as well as yield of
crop plants worldwide especially under the global climate change. The book consists
of 24 chapters discussing the status and prospects of this cutting-edge technology in
relation to the mitigation of the adverse impact of the abovementioned stress factors.
Moreover, it highlights contemporary knowledge of tolerance mechanisms and the
role of signaling molecules and enzyme regulation as well as the applications of
nanobiotechnology in agriculture.

The book is perceived as an important reference source for plant scientists and
breeders interested in understanding the mechanisms of abiotic stress in pursue of
developing stress-tolerant crops to support agricultural sustainability and food secu-
rity. It is valuable for professional researchers as well as advance graduate students
interested in nanotechnology fundamentals and utilization.

The chapters are contributed by 61 internationally reputable scientists from 10
countries and subjected to review process to assure quality presentation and scientific
accuracy.The chapters start with an introduction covering related backgrounds and
provide in-depth discussion of the subject supported with a total 95 of high-quality
color illustrations and relevant 31 data tables. The chapters concludewith recommen-
dations for future research directions and a comprehensive list of up-to-date pertinent
references to facilitate further reading. The editors convey their appreciation to all
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the contributors for their delegacy and to Springer for the opportunity to publish this
work.

Al-Ahsa, Saudi Arabia
Lucknow, India
Motihari, India

Jameel M. Al-Khayri
Mohammad Israil Ansari
Akhilesh Kumar Singh
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Chapter 1
Abiotic Stress in Plants: Socio-Economic
Consequences and Crops Responses

Mohammad Mafakheri, Mojtaba Kordrostami, and Jameel M. Al-Khayri

Abstract Evolution has long enabled plants with an adjusted response and tolerance
mechanisms in the time facing drought, salinity, extreme temperatures, excessive
light, and heavy metals collectively known as abiotic stress, with an accelerated inci-
dence in climate change era owing to a rapid rise in global temperature, which has
triggered a domino effect that recent studies announced its destructive influence on
agricultural products. These circumstances have exposed crops to an unprecedented
level ofmulti stress that involves a plethora of complicatedmorphological, physiolog-
ical and molecular responses as well as survival strategies. The changes assist plants
to improve water relations, regulation over oxidative stress and osmotic adjustment
and induction of genes that are directly or indirectly initiate networks of signaling to
organizational readiness for an arms race in plants against stress-generated harmful
products. Its intertwined nature has been the subject of plenty of biological studies to
reach a reliable realization of these processes, since this is the safe approach to inject
this understanding into selection and breeding programs to create superior cultivars
that make a human capacity to provide food to an ever-increasing population on the
earth.

Keywords Adaptation · Crop productivity · Drought · High temperature ·
Osomolytes · Yield reduction
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2 M. Mafakheri et al.

1.1 Introduction

Plants as sessile organisms began their evolution in a fundamentally hostile terrestrial
environment approximately 700 million ago, and gradually made the land hospitable
to be colonized by other organisms (Hotton et al. 2001; Selden and Edwards 1989).
Since ever, plants have successfully developed a large arrayof adaptationmechanisms
that enable them to response properly to environmental stressors (i.e., water stress:
flood and drought, high salinity, extreme temperatures: cold and heat, heavy metal
toxicity) (Bray 2000; Wani et al. 2016).

Of the most prevalent type of abiotic stresses, drought will severely affect nearly
45%of arable lands in theworld by2100 (Field et al. 2014).Water is themost essential
component that if water would be available, every possible ecological niche regard-
less of how extreme it could be colonized by organisms (Wood 2005). Drought is a
prolonged period with the absence of rainfall or irrigation and mainly expected in
arid and semi-arid regions. The major water consumption is in the agriculture sector
which accounts for over 70% of harvesting underground water resources, chiefly
in underdeveloped nations. Around 90% of arable under cultivation lands world-
wide directly depend on rainfall. By the end of the twenty-first century, drought will
severely affect nearly 45% of arable lands in the world. Salinity is another common
place for important biotic stress known for its notorious multidimensional effects
on plant performance (Burke et al. 2006; Dai 2011; Vibha 2016). Salinization of
arable land has increasingly become a limiting factor in agriculture in particular with
the gradual increase in global temperature by roughly 1 °C over the last century
(Fig. 1.1). This increase has exacerbated the situation through intensifying the evap-
oration rate from soil (Nouman et al. 2018; Zhao et al. 2017), thereby disturbing
the hydrological paradigms that again is a major source of stress for the agriculture
sector. Salinization occurs either naturally or anthropologically through misman-
agement of water resources and soil degradation with intense agricultural practice.
A large portion of arable land (i.e., ~1 million hectares) is experiencing negative
impacts of salinity in addition to the fact that the superiority of irrigated lands over
rain-fed in terms of yield facilitates the situation in the favor of salinization (Colla
et al. 2010; Munns and Gilliham 2015). By the appearance of climate change-driven
impacts, the incident of abiotic stresses is on the rise particularly for high temper-
ature and heat waves, which intensifies the severity of other stresses, in which the
only 1 °C rising in global temperature causes a massive reduction in crop produc-
tivity (Iizumi et al. 2017; Zhao et al. 2017). The occurrence of cold stress as another
extreme weather events similarly affected by climate change. Even though scholars
have mainly zeroed on high-temperature stress, low-temperature stress is threatening
plant productivity in a large scale owing to variability in climatic phenomena in the
recent decades (Budhathoki and Zander 2019; Thakur and Nayyar 2013).

Another dimension of climate change manifested itself in meteorological turmoil
that causes unpredictability in terms of time and intensity with significant local-
ization of rainfalls that have catastrophic floods in agricultural lands as aftermath
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(Bailey-Serres and Voesenek 2010; Onyekachi et al. 2019). Concerning the toxi-
city of heavy metals in the rhizosphere, the accumulation of these elements can be
attributed to various sources namely waterlogging (e.g., manganese, iron), erosion
of bedrocks (e.g., nickel, cobalt, cadmium, lead), soil acidification (e.g., manganese,
zinc) and anthropogenic activity (zinc, nickel, cobalt, copper, cadmium, molyb-
denum, chromium and lead) (Mengel et al. 2001; White et al. 2013; White and
Pongrac 2017), which thanks to climate change, the sources are expanding and can
considerably affect crops yield (Fageria et al. 2010). More severely, the occurrence
of one stress facilitates the circumstances for other stresses, particularly high temper-
ature and drought or salinity and drought, which often occur simultaneously (Sahin
et al. 2018; Shah and Paulsen 2003). Tomake thematter worse, global climate change
as a human-made phenomenon is dangerously jeopardizing the food production by
imposing and increasing the incident of co-occurrence of the abiotic stresses at a
dramatic rate.

This chapter summarizes the impacts of environmental stresses on social and
economic status worldwide and give an updated perspective using most recent
populations. Additionally, the morphological and physiological responses as well
as tolerance mechanisms developed in plants against these stresses are discussed.

1.2 Socio-Economic Consequences of Abiotic Stress
on Crop Production

A dramatic increase in average temperature over the last century has been enor-
mously effective in orchestrating the circumstances for salinizing the arable land
through increasing evaporation rate, instability in soil water content by floods or
drought, and fluctuation in precipitation paradigms, which entirely severely affecting
global food security. Human-caused increase in the global temperature reached 1 °C
in 2017, which given the recent estimation that temperature will continue to rise ~0.2
°C per decade (Allen et al. 2018). So, conclusion that can bemade is the exacerbation
of the abiotic stress effects of crops and jeopardize the food security livelihood of
a significant portion of the people on the earth. However, increasing the yield of
some crops such as maize estimated to benefit from the rising global temperature in
some areas, since a higher CO2 concentration in the atmosphere as well as a higher
temperature accelerates growth and development and biomass production. By 2025,
complete water shortagewill affect over 1.8 billion of theworld population (Fig. 1.1),
additionally, 65% of the population may face water stress (Lal 2018). Extreme fluc-
tuation in climatic events generating socio-economic burdens worldwide specifically
in developing nations, where agricultural products serve as an important source of
financial income for families besides its role in providing food directly (Fig. 1.1).
Among abiotic stresses, drought is probably the most economically disasters one,
in a combination of drought and extreme high temperature stress during a 3-decade
timeframe (1980–2010), a crop loss of worth about US $2 billion projected. Over
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half of rice cultivated farms as substantial food commodity in Asia is estimated to
negatively influenced by water deficit stress (Bouman et al. 2005; Singh et al. 2018),
whereas 95% of the world rice production is consumed in Asia, which indicates
the scale of the threat that two-third world population will be faced (Dey et al.
2018). Lately, Ray et al. (2019) conducted a comprehensive assessment on climate
change impact on the production of top ten crops (i.e., barley, cassava, maize, oil
palm, rapeseed, rice, sorghum, soybean, sugarcane, and wheat: composing 85% of
global consumable calories). Further, with a data collection from 1974 to 2013 at
approximately 20,000 political units, it was discovered that roughly 1% decrease
in crop production in these main crops accounted for abiotic stresses imposed by
climate change worldwide, which means that effects of global warming are already
in place. Of the three major cereal crops, rice, a major production loss was observed
in India and Vietnam with approximately 2.2 million tons (Aggarwal and Mall
2002) and 1 million mt (Peng et al. 2004), respectively, wheat production similarly
affected especially in Turkey with 0.8 million mt. Analogously, in South and North
America changes in climate negatively influenced the production of three top kinds
of cereal, whereas the changes seemed to be in favor of maize, sugarcane, oil palm
and soybean production (Mourtzinis et al. 2015; Tack et al. 2015). During the
abovementioned period, 3% reduction in consumable calories from the top ten crops
of Australian people observed (Hochman et al. 2017). In the case of sub-Saharan
Africa, this decrease was up to 1.8% despite the increase in Cassava production
or some country-specific increases in the crops of interest. European country
suffered the most with the highest production loss in top ten consumable calories
owing to climate change generated negative effects in France 24%, Germany 11%,
Hungary 10%, Romania 7%, Italy 7%, Spain 4% and Ireland 3% (Ray et al. 2019).
The production losses worth billions of dollar, which renders vulnerable financial
capability and food security; thus, putting a large portion of the world population in
a greater risk. Additionally, half of the countries that have ongoing food insecurity
issues, to make the matter worse, experience significant production losses.

Health-associated impacts of climate change on society can be reflected in the
malnourishment in children that is projected to rise from 8.5 to 10.5% in a base case
scenario. Interestingly, climate change-driven effects may be positive in temperate
zones, however reduces the yield in tropical regions. Due to an increase in inputs
required in the production process of agricultural products, the price in the favor of
producers will rise, but affect the net consumers of agricultural products reside in
urban or rural areas (Al et al. 2008; Budhathoki and Zander 2019).

Besides the substantial socio-economic impact of abiotic stress, these stresses
cumulatively impose deleterious impacts on crop productivity through generating
osmotic pressure, ionic toxicity, oxidative damage, and finally inadequacy in nutrient
elements. As mentioned earlier, plants have evolved a countless number of adaptive
tolerance mechanisms that can greatly contribute to stress tolerance (Bohnert et al.
2006;Waqas et al. 2019). Obtaining a profound understanding of how crops respond,
develop, and employ tolerance mechanisms under stress is critical in having a clear
picture to address the increasing impact of abiotic stress in the climate-changing era.
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1.3 Crops Response to Abiotic Stress

Unlike animals, plants are immobile and cannot escape detrimental conditions that
directly aim their overall function, hence crop plant responses to these situations
enable them to cope with new changes. The abiotic stresses imposed are interlinked
andmaymultidimensionally depress growth and yield formation of the crops through
osmotic stress, oxidative stress and disruption of ion distribution, water relations,
and plant cell homeostasis. These conditions can provoke the tolerance mechanisms
that counteract the abiotic stress by a long list of morphological, physiological, and
molecular modifications to exercise damage control (Bray 2000; Wani et al. 2016).

Responses to abiotic stresses involve changes that morphologically includes: leaf
area reduction, increase inwax content and decrease in stem size, damage the produc-
tivity and reproduction processes under water stress and salinity, physiologically:
disrupting water relations, stomatal conductivity, and transpiration, biochemically:
increase in antioxidant and non-enzymes and osmoprotectants and finally molecu-
larly: increase in biosynthesis of phytohormones in particular abscisic acid (ABA),
specific proteins and transcription factors (DREB, ZIP, and WRKY) (Conesa et al.
2016; Ding et al. 2016; Lim et al. 2013; Singh et al. 2015). The abiotic stress trigger
complex processes in crop plants that the precise interpretation and deciphering the
network are rather difficult. Herewe attempted to provide the responses and tolerance
mechanisms in crop plants to cope with abiotic stresses.

1.3.1 Growth and Productivity

Adeterminative factor in the profitability of farming crops is a specific level of density
that affects every agricultural practice up to harvest. Taking into consideration that
intensity of abiotic stress on plant growth has a significant growth stage-dependency,
the responses of crops could be specific. For example, if crops are in germination
stage the consequences of abiotic stress would be detrimental by killing off a large
percentage of seedlings that reduces the profitability of the whole farm (Okçu et al.
2005; Wang et al. 2009).

1.3.2 Germination and Early Seedling Stages

The occurrence of drought at early phases of germination can be harmful to the
germination percentage owing to a deficiency in water uptake (Jain et al. 2019),
reduction in water potential then improper enzymatic functions (Ahmad et al. 2009).
Analogously high salinity in this stage prevents seed germination and emergence,
since not only increases the necessity of water uptake due to high osmotic pressure
but also limits the cell expansion and emergence of primary roots by a decline in
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water availability round the seed and in-between (Panuccio et al. 2014; Rauf et al.
2007). The crops responses to drought as well as salinity at early stages have been
studied extensively, where recent observation on soybean showed the transferability
of the drought stress effects from parents who experienced stress to progenies, which
in this case manifested low germination rate and vigor (Wijewardana et al. 2019).
The study conducted by Jovović et al. (2018) indicated a considerable variation in
responses of various wheat cultivars to salinity during germination, which beside
decline in germination rate and related features, delay in germination was observed.
Asmentioned earlier the accumulation of salt and decrease in osmotic potential could
be responsible in deceleration or inhibition of water absorption vital for mobilizing
nutrient components in the course of germination and/or sodicity damaged to the
embryo. Similar results on crop plant responses to drought and salinity such asmaize,
soybean, barley, and sorghum have been reported. Germination of seeds additionally
highly depended on optimum soil temperature and is vary from one crop to another.
Whereas proper germination can start in wheat, as for temperate crops, around 4 °C
with optimal temperature from 12 to 37 °C, the threshold in chilling sensitive crops
such as rice is 20–35 °C, which similarly maize and rice have the same minimum
critical temperature, 10 °C (Hasanuzzaman et al. 2013). Cold stress often defined
under two terms: chilling (less than 20 °C) and freezing (less than 0 °C). Considering
fluctuation in temperature pattern due to climate change, extreme temperatures also
can be significantly destructive in particular in tropical and temperate regions, where
the main part of grain crops (e.g., maize, wheat, rice and soybean) are produced
(Beck et al. 2004; Savitch et al. 2011; Srinivasan et al. 1999; Yan et al. 2019). Cold
stress can hamper the germination and root development mainly through simulating
physiological effect similar to drought, for instance, in Brassica napus L. seeds
exposed to chilling stress of 2 °C, only 50% germination was observed after almost
two weeks, while in 3 days period under 8 °C the same germination rate recorded. In
a recent study so as to monitor the responses of rice cultivars as germination index,
coleoptile length, and radicle length to two weeks chilling stress (13 °C), Cong Dien
and Yamakawa (2019) reported germination index of zero or no germination in 55
of 181 cultivars and germination index of 50% in solely 13 cultivars. The length of
coleoptile under chilling stress downed by averagely 97.72% (2.7 mm), in the same
manner, radicle length declined by 96.73% with 12.7 mm as the longest. Mainly, the
reduction in water conductivity under chilling stress observed to be responsible for
postponing the germination and emergence. Imbibition is considered to be the most
sensitive phase of seed germination to abiotic stress, which cold stress specifically
has the highest negative impact on germination rate in this phase. Mostly, because
cold stress damages plasmamembrane, which facilitates the situation of solutes (e.g.,
amino acids and carbohydrates) to leave the seeds, the condition is so-called ‘chilling
imbibition’ (Lyons 1973). In a study where tomato seeds exposed to 4 °C symptoms
of electrolyte leakage was observed (Bae et al. 2016). Further, undesirable effects of
extremely high temperatures on the germination rate of crops have been investigated
extensively, the germination rate of wheat seeds dramatically decreased in 45 °C,
obviously owing to eventual drying up the water content of embryo and cell death in
the course of early stages of germination. The combined effect of high (30 °C) and
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low (10 °C) temperatures, and salt-induced osmotic stress (−0.3 MPa) on Triticum
aestivum seeds led to delay and inhibition of germination (Hampson and Simpson
1990).

Another major source of soil abiotic stress is the toxic level of heavy metals,
which affects germination potential through reducing generating plenty of anoma-
lies in seeds through toxicity and oxidative damage to vital biological membranes
that disrupt the biosynthesis of carbohydrate and proteins. Among them, the toxic
influence of Cd on seed germination has been investigated frequently, where effects
are dose-dependent. However delayed germination, membrane leakage (Bae et al.
2016; Smiri et al. 2011), impediment of the process to mobilize the stored resources
in seed by dysfunctioning the essential enzymes such as alpha-amylase and invertases
(Sfaxi-Bousbih et al. 2010), hampering the production of amino acids and ultimately
uncontrollable peroxidation of lipids have been frequently reported (Ahsan et al.
2007), analogously, Cu aims alpha-amylase and invertases, which inhibits the mobi-
lization and finally production of energy to start the germination (Pena et al. 2011;
Sfaxi-Bousbih et al. 2010). Similar responses in crop seeds during germination to
some extend apply to other known heavymetal ions, for example, Ni in addition to the
above-described reaction also impairs the activity of amylase, protease, and ribonu-
clease which again leads to arresting the digestion of reserved food in albedo (Ahmad
and Ashraf 2012; Ashraf et al. 2011). Also, Pb majorly targets the energy produc-
tion process in the cell by disrupting the absorption of nutrient elements (Fe and
Mg) required for the function of enzymes participate in Calvin cycle, consequently
inhibiting the germination process or root elongation (Mohamed 2011; Sethy and
Ghosh 2013), (for review see Sethy and Ghosh (2013); Bae et al. (2016)).

1.3.3 Vegetative and Reproductive Stages

Overall, abiotic stress affect crops from early stages of growth up to the maturation,
however germination and its quality is the key pillar of crop production with high
vulnerability to abiotic stress. Abiotic stress aim at disrupting the energy production
through imposing low turgor pressure, inhibiting enzymatic activity, which means
even if the incidence of stress is after early stages of establishment, is will arrest
the growth and development to production phases. The negative effects of drought
stress with respect to growth and productivity can be properly observed in the study
conducted by Colla et al. (2010) in which responses of hybrid lines of maize under
drought resulted in a tremendous reduction in dry matter produced in shoot and
root. Consequently, the yield reduced by 2–3-fold in comparison with control under
normal condition. Reduction in growth vary within the plant organs, increasing the
root:shoot ratio has been reported in maize lines responses to water deficit stress
(Rahul et al. 2019), which is possibly due to lower sensitivity in roots toward low
water potential (Wu and Cosgrove 2000). A ubiquitous response to drought stress is
decreasing the leaf surface by folding, which is adaptation mechanisms leads to a
reduction in light absorption and lessening the necessary component to maintain the
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ongoing biological processes, of course, such changes decreases the photosynthetic
pigments as well that reflects in reducing the yield (Flagella et al. 2002; Hajibabaee
et al. 2012). The important part is the involvement of the additive effects of other
biotic stress in particular high temperature. Water shortage in soil and plants leads
to rising temperature in the plant that triggers decreasing the leaf area in response
or structural and functional modification in leaves such as minimizing the stomatal
conductivity to improve water use efficiency (WUE), which ends up with a reduc-
tion in net photosynthesis. The concomitant of drought, heat, and salinity has been
observed more often than not, however, owing to the difficulty in its assessments
scholars tend to individual evaluation. Salinity responses of crops often compose of
diminishing in shoot development and stunting by preventing the formation of intern-
odes, as well as acceleration leaf shedding (Kozlowski and Pallardy 2002; Lacerda
et al. 2003). Arresting growth and development can be attributed to aggregation of
toxic ions leads to the removal of leaves (Hatfield and Prueger 2015; Lacerda et al.
2003). In pistachio rootstocks subjected to salinity necrosis symptoms in leaf were
exhibited that had a high correlation with Na+ and Cl− accumulation (Rahneshan
et al. 2018). In general, either low carbon fixation rate owing to the reduction in stom-
atal function as a result of decreased water potential (Hajiboland et al. 2014) and
damage to photosynthetic pigments (Ashraf 2003), or direct preventative influence
of accumulation of toxic ions (and unbalancing uptake of an essential ion such as K+)
(Munns 2002; Rahneshan et al. 2018) on cell division and elongation can be account-
able for a decline in growth and biomass production under salinity. The incidence of
chilling stress during growth may cause, as often have been reported, in damaging
photosynthetic activity. Of course, mainly chilling is transient, and the intensity of
its damage depends on the moment of occurrence whether the stomata are open or
close. In watermelon plants subjected to 2 °C reduction in the activity of photosyn-
thesis apparatus (Korkmaz and Dufault 2001) possibly owing to damage to oxidation
production chain bridging two photosystems (I and II) in opened stomata that could
not have a successful recovery after the course of stress was reported (Markhart III
1986). The arid and semi-arid region is prone to stimulate the combined effect of
abiotic stress such as high light intensity and high temperature, or the latter one vs.
salinity. In some case, combined effects of strictly regional with a superb instance is
water deficit accompanied by low temperature stress in vineyards of north of China
that happened to negatively influence the productivity considerably (Su et al. 2015).
In another example, Mediterranean areas that environmental conditions facilitates
the occurrence of combined effect of low temperature vs. high light stress (Loreto
and Bongi 1989). Seasonal variation in atmospheric gases also sometimes contribute
in make crops more sensitive to abiotic stress (Xu et al. 2007), in case of the point
elevated O3 concentration in winter increases the damage of low temperature stress
in winter wheat (Barnes and Davison 1988) and/or O3 vs. salinity exacerbated the
reduction in productivity of Oryza sativa and Cicer arietinum (Welfare et al. 2002).

Productive phases of crops are susceptible to abiotic stress the most, the level of
economic damage that stresses can cause is even much higher, since maintaining a
farm in a region capable of severing abiotic stress requires a great deal of capital.
Thus damages in critical stages of flowering, fertilization or filling in grain crops
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can be financially catastrophic. The responses of grain crops to abiotic stress during
reproduction phases have been well-documented. Pollen formation and development
as Achilles’ heel of crop productivity in wheat is highly vulnerable to water deficit
stress (Ashtox 1948; Ji et al. 2010), encourages out-crossing as often found linked
to low grain set rate (Bingham 1966). Likewise, between the pollen mother cell and
leptonema in sorghum showed the highest vulnerability to low-temperature stress
(Brooking 1976). Extreme temperatures singly or in combination with drought and
salinity can be terminal in pollen germination as heat stress in cereals overall led to a
dramatic reduction in grain-filling time (Jagadish et al. 2007; Wardlaw and Wrigley
1994). This unfavorable conditions affecting the functionality of starch production
enzymes subsequently incomplete grain-filling and low yield in cereals (Zahedi et al.
2003). However, themain vulnerability accountable for the reduction in grain number
is before the appearance of ear and panicle out of leaf sheath. Even after meiosis as
the most sensitive stage toward stress in rice and wheat, water deficiency and low-
temperature stress caused a significant degree of infertility (Ji et al. 2010; Oliver et al.
2005). Male sterility additionally enhanced under drought stress (Saini 1997). The
influence of temperature could be sometimes very specific, as the low temperature
in rice enhances the number of grains but notably reduces the fertility of pollens
(Dolferus et al. 2011; Okada et al. 2018). From an evolutionary perspective, the size
of grain in undomesticated plants ismore important since the fecundity of larger seeds
is higher, while in grain crops this is actually number of grain that is determining the
yield, a component of productivity which affects by biotic stress the most (Bingham
1966). Interestingly, while ovary is relatively stress-tolerant and reported to still be
fertile, stress-simulated pollen sterility can be occurred in early stages of microspore
(Hayashi et al. 2000).

Of the physiological responses linked to an increase in sterility is induction and
concentration of ABA under stress conditions. The evidence such as a decrease in
ABA content of anther of transgenic rice lines and their higher tolerance to low-
temperature stress indicates the key role of ABA in the sterility of crops under
stress. Similarly, a high level of male sterility in tomato under high-temperature
stress and increased ABA is providing proof of its effects. The flowering and milk
grain stages are observed to be the most vulnerable to drought in Chenopodium
quinoa Willd (Blum 2011) which is coincidence with increasing the concentration
of ABA in plant organs (Jacobsen et al. 2009; Razzaghi et al. 2011; Yang et al.
2016). Even the transient cold stress depressed the pollen germination in chickpea
(Srinivasan et al. 1999). That is possibly owing to low energy that’s frequently linked
to inhibition influence of ABA on sugar and amino acid synthesis and supply through
lessening the turgor pressure as an essential part of energy production that ultimately
leads to hindering the growth of pollen tube, fertilization, and formation of seed
(Clarke and Siddique 2004; Shivanna 1985; Thakur et al. 2010). Involvement of
ABA in regulating anther sink strength recently attracted the attention of scholars
as an important marker in screening germplasms for potential lines (Dolferus et al.
2011). Also using distinguishing phenotypic features such as fertility or sterility of
pollen can provide remarkable breakthroughs that end up in exploring underlying
molecular mechanisms.
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1.4 Crop Water Relations

Understanding how crop plants behave regarding water relationships in critical
periods of dealing with continuous or transient abiotic stress requires having reli-
able indices that truly convey the ongoing responses of the plant to the conditions
(Passioura 2010). Abiotic stress often targets disturbing water relations in the above-
ground and underground organs of the plant since growth and development to a large
degree linked to a stable water relation. The most cited useful indicators of water
relation in plants under stress are relative water contents (RWC), leaf water potential,
osmotic potential, pressure potential, and transpiration rate (Kirkham 2005; Lazar
et al. 2003; Okçu et al. 2005). Additionally, canopy temperature reported that can
appropriately reflect the plant water potential status under heat, salinity, and drought
stress because increasing in water potential means enhancement of photosynthetic
activity which automatically lessens the canopy temperature (Ehrler et al. 1978;
Siddique et al. 2000). Water relations is a delicate matter that defines the faith of
plants dealing with long-term or short-term consequences of transient or permanent
abiotic stress numerous processes involved in responses of plants to the stress-driven
impacts on water status, nonetheless, they are mainly similar among various abiotic
stresses. Owing to its predominant effect on productivity, tolerant genotypes and the
application of comprehensive programs for their screening in germplasms can boost
breeding programs (Chavarria and dos Santos 2012; Kirkham 2005).

1.4.1 Water Stress

Although each abiotic stress follows a specific damage mechanism their effects on
water relation related-characteristics are similar to a large extend. Similar to extreme
temperature stress responses of plant, imposing water deficit stress on soybean geno-
types changed water relation through decreasing water potential in leaves, RWC,
intensified exudation and expectedly enhanced temperature in the canopy, reduc-
tion in such features was delayed or not occurred in tolerance genotypes (Ouvrard
et al. 1996). Likewise, sunflower manifested reduction in water relation associated
features as RWC, leaf water potential when exposed to drought (Tezara et al. 2002).
Stomatal closure, reduction in transpiration rate, and osmotic stress can be respon-
sible for changing water relations in roots and shoots of crops under drought stress.
A hydraulic gradient created by transpiration in plants that enables a constant flow of
water from roots to leaves (Chavarria and dos Santos 2012). This connection depends
on the availability of water in rhizosphere which by the increasing resistance in plant-
soil relation transpiration leads to depletion of water content if stomata don’t close
down consequently reduction in water leaf potential and dehydration. The latter
one is vary based on numerous factors such growth stage, atmosphere condition, the
microclimate of aerial parts andwater regime (Acosta-Motos et al. 2017).Commonly,
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response to the duration of drought stress is various, however, RWC, water poten-
tial, and osmotic pressure rise as the intensity of drought continues (de Campos
et al. 2011). To save water content plants often tend to close the stomata which
improved WUE while the rate of net photosynthesis decreased. WUE of genotypes
and crops varies under drought (Abebe et al. 2003; Subramanian et al. 2006). Growth
stage-dependency in WUE also has been reported in sunflower under water deficit
stress, which is during reproduction phases, WUE markedly reduced in comparison
to vegetative stages (Hussain et al. 2009). The absence of transpiration is accompa-
nied by increase in respiration which means wasting stored resources that eventually
recovery would be highly difficult or unlikely after irrigation (Franco et al. 2011;
Sánchez-Blanco et al. 2004).

1.4.2 Extreme Temperatures

The influence of temperature on the water status of crop plants can be at multiple
levels. That means changes in temperature beyond the optimal affects the enzymatic
function directly through increased temperature or indirectly by imposing oxidative
stresses that damage the activity of vital enzymes or causing osmotic stress which all
lead to disruption the water relations (Bloom et al. 2004; Chavarria and dos Santos
2012; Ehrler et al. 1978; Kirkham 2005). Aerial parts of tomato (Lycopersicon escu-
lentum L. cv. T5) that the roots exposed to low-temperature stress (5 °C) indicated the
signs of low water potential and wilting. While another species of Lycopersicon (L.
hirsutum LA 1778) known for its cold stress tolerance showed a higher level of water
potential under the similar condition. Assessing the hydraulic conductance in either
species proven to be similar, whereas stomatal behavior was a distinguishable differ-
ence. Further, stomatal closure in cold-tolerant species occurred in contrary to the
sensitive one which stomata kept open until the temperature in root system dropped
to 5 °C that resulted in sever wilt and injury. Interestingly, using grafting technique,
the aerial part of one grafted to the roots of another, the response of stomata changed
(Bloom et al. 2004). The stomatal behavior is a significant cold tolerance strategy in
crops, which similar to the above-detailed study maize as tropical species vulnerable
to cold failed to maintain water pressure that caused excessive transpiration under
the cold condition of the soil. However, not due to reduction in root water hydraulic
movement (de Juan Javier et al. 1997; Enders et al. 2019). Mainly, cold stress effects
on crops are either individually through changing turgor or by formation ice that
intracellularly stimulates a drought stress-like condition and drains water from cell
to reach balance (Beck et al. 2004; Hansen and Beck 1988). Heat stress responses of
crops are species-specific and duration of high-temperature stress is important, for
instance, affecting water status in crops has extensively been reported, but heatwave
in olive trees mainly lowered the CO2 assimilation by damaging the photosystems
and stomatal closure (Fahad et al. 2017; Haworth et al. 2018). The coincidence of
high temperature and drought stress under field condition is common (Machado and
Paulsen 2001; Velikova et al. 2009), water shortage in aerial part, leaves in particular
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during heat stress majorly attributed to intensification of transpiration rate (i.e., in
the day time) and absence of equal response form roots. That all lead to depletion of
water in leaves and drought stress while water is available in the soil. The unbalanced
water potential in crops under high-temperature stress has been recorded in tomato
(Morales et al. 2003), sugarcane (Wahid and Close 2007), and potato (Naz et al.
2018).

1.4.3 Salinity

Plant–water relations explain the behavior is a true reflection of plant responses to
dehydration and ion toxicity caused by salinity (Passioura 2010). The salinity of soil
and water resources, especially in arid and semi-arid regions can drastically reduce
crop growth and yield. The level of intensity in effect on plant vary depending on
species, season, tolerance threshold, duration of exposure to salinity stress, rainfall
pattern during the growing season, intensity and type of salinity and soil physical and
chemical properties. The salinity caused by sodium chloride is significantly higher
than other salts and affects plant tissues in a higher rate, salts have a negative onwater
potential, water uptake, transpiration rate, stemwater potential, osmotic potential and
stomatal conductivity (Kirkham 2005; Munns and Gilliham 2015; Razzaghi et al.
2011). Salinity disturbs a plant’s water relations owing to reduced availability of
water from the soil solution as a result of negative water potential initiated by the
toxic effects of the sodium and chloride ions (Munns 2005). This response has been
observed in several species such as Euonymus japonica L., Phlomis purpurea L., and
Rosmarinus officinalis L. (Alarcón et al. 2006; Álvarez et al. 2012; Gómez-Bellot
et al. 2013).

The short-term responses of crops to salinity are highly analogs to water deficit
specifically concerning osmotic stress (Navarro et al. 2008). Significant reduction
in RWC, turgor pressure, and stomatal conductance of wheat genotypes subjected
to a 4-week salinity (150 mM) during vegetative stages observed. However, while
RWC affected by salt stress with no further modification during the experiment,
the stomatal function considerably changed (Rivelli et al. 2002) which indicates
the influence of hormonal regulation emerging from root system (Kaur et al. 2016;
Passioura 1988). In general, crops (wheat and maize) responses related to water
relations to high salt concentration in soil is either osmotic or aggregation of toxic ions
in aerial parts (AzevedoNeto et al. 2004;Azizian and Sepaskhah 2014; Fortmeier and
Schubert 1995). As mentioned earlier, responses often are highly situation-specific
and depend on growth stage reactionmight be different (Alarcón et al. 1999; Sánchez-
Blanco et al. 2004). Fall in the number of water channels (or aquaporins) is probably
responsible for the reduction of turgor and water conductivity (Kaldenhoff et al.
2008). Salt-treated E. angustifolia as a salt intolerance and L. barbarum with a
higher ability to tolerate salinity showed a distinct difference in WUE as the former
WUE decreased dramatically, whereas in latter one the water status was more stable
(Acosta-Motos et al. 2017).
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1.4.4 Heavy Metal

The negative effects of heavy metal stress on water relation frequently found to be
linked with a change in aquaporins as the primary pass for water flow from roots
that caused a reduction in hydraulic conductivity of water. This diminishment of
aquaporins by heavymetal has been supported by experimental studies onAlium cepa
L. and Lupinus luteus L. subjected to Pb (Przedpelska-Wasowicz and Wierzbicka
2011). The literature suggests that heavy metal stress mainly aim at the flow of
water internally, which in this case notable reduction in transfer of water by xylem
in Ace saccharinum L. under Cd stress was reported. A possible explanation can
be justified with the decrease in xylem tissues capable of transferring water as well
as shrinking in the size of vessels and clogging of xylem by fractions of gums
or cell remnants (Lamoreaux and Chaney 1977). Disruption of water relations in
heavy metal-treated plants sometimes caused by the accumulation of metal ions to a
lethal level in root cells that led to cell death and limiting functional cells to uptake
water, which simulating drought in aerial parts was the aftermath. Further, RWC
is a sensitive indicator of changing in the water status of crops, however, its value
under heavy metal stress reported to be stable, that is possibly due to the specific
phenomenon known as vacuolization in various growth points in the plant (Gzyl et al.
1997; Przymusiński and Woźny 1985). This as a normal tolerance response in root
cells helps to maintain RWC under heavy metal stress and mitigate water fluctuation
in root cells subjected toxic ions. This development has beenobserved inmeristematic
cells ofFestuca rubra (Davies and Zhang 1991) andmaize (Doncheva 1998) exposed
to a high level of Zn andCu, respectively in addition to root epidermis and cortex cells
of Ni-stressed Psidium guajava (Bazihizina et al. 2015). Induction of vacuolization
in L. luteus received concentrations of Pb was similarly observed (Przedpelska-
Wasowicz andWierzbicka 2011). Increase in the number of stomata and reduction in
their size clearly due to turgor pressure decrease in the heavy metal-treated plant also
have been reported including H. annuus exposed to various levels of Pb, Cd, Cu and
Zn (Kastori et al. 1992) and Cd-treated Beta vulgaris (Greger and Johansson 1992).
However, contrary results on S. bicolor and B. vulgaris subjected to concentrations
of Cd and Cu (Kasim 2006), and Zn (Sagardoy et al. 2010), respectively, indicated
reduction in the number of stomata. Seemingly, responses have dose-and-species-
dependency may to some extend explain the variation in results (Bazihizina et al.
2015; Doncheva 1998).

1.5 The Effect of Abiotic Stressors on Photosynthesis
Pigments and Apparatus

An incredible ability of plants is to transform light energy into chemical energy
through a delicate complicated chain of chemical reaction with H2O2 and CO2. The
process initiated by light breaking down water molecules into O2 and hydrogen, the
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former one discharge out of the leaf, while the latter is rich in energy, runs respi-
ration process to generate adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide phosphate (NADPH). These two energy-carrier molecules used in the
biosynthesis of carbohydrates as food for the plant. The assimilation of CO2 in an
efficient way is pivotal for plant growth and development. This elaborate apparatus
as an energy generator of the plant affected severely by environmental stresses and
respond differently to the exposure of various abiotic stresses (Colla et al. 2010;
Maricle and Maricle 2012; Rahbarian et al. 2011; Sagardoy et al. 2010; Xu et al.
2007).

1.5.1 Water Stress

Fluctuation in the water content of cells affects photosynthetic machinery since the
operation of mechanisms involved in CO2 fixation largely influenced by the water
potential of cells, by the reduction in turgor the stomatal closure occurs, which limits
the accessibility of cells to CO2. Decreased water potential generates unfavorable
consequences in particular for photosynthetic and protective pigments (i.e. chloro-
phyll a/b and carotenoid), their enzymatic reactions, and thylakoid membranes, thus
diminishing the growth and productivity (Haworth et al. 2018; Wahid and Close
2007). Water deficit-induced decrease in chlorophyll content has been previously
reported in wheat (Xu et al. 2007), canola (Din et al. 2011) and chickpea (Talebi
et al. 2013), whereas contradictory results also exist, the quantity of chlorophyll
reduced in black gram (Vigna mungo L.) subjected to water stress (Ashraf and Karim
1991). The intensity of drought effects depends on growth stage and concentrations
of chlorophylls may vary. For instance, Rahbarian et al. (2011) observed seedling and
flowering stages where the highest reduction in chlorophyll and carotenoid content
were recorded, interestingly the decrease in chlorophyllawashigher than chlorophyll
b similar to Jain et al. (2010) results. This uneven pattern of changing in chlorophylls
content may have been the result of a difference in enzymatic functions linked to the
production of chlorophyll in each species (Fahad et al. 2017). While the photosyn-
thesis process under water deficit may reduce or completely shut down, but in case
of respiration, the fluctuation is possible however never fully disabled, which costs
the plant consuming the assimilated materials. Therefore, the impedance of CO2

entrance owing to stomatal closure leads the plant to switch to complete respiration
to produce energy if even infinitesimal to continue, which gets more problematic as
water shortage persisted (Franco et al. 2011; Lawlor and Tezara 2009). Another side
of water stress is an excessive level of water that crop plants submerged as a result of
flood, which has most of its response shared with drought. Stomatal behavior similar
to drought under waterlogging attempt to close that leads to limitation in CO2 and
consequently reduction in carbon assimilation. As earlier discussed in influence of
flood on nutrient uptake, flood-tolerant crops such as rice produce new adventitious
root or develop aerenchyma. Reduction in the capacity of Rubisco observed to be
responsible in lessening the assimilation of CO2. The aerial parts, leaves in particular,
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are quick in sensing waterlogging that diminishing in chlorophyll content and CO2

fixation, and altering respiration have been witnessed (Caudle and Maricle 2012;
Maricle and Maricle 2012; Zhang et al. 2018).

1.5.2 Extreme Temperatures

Heat stress affects many cellular processes as photosynthesis is one of themost sensi-
tive ones, that has a substantial decreasing effect on photosynthesis that eventually
leads to a decline in growth and yield (Bahar et al. 2008; Fahad et al. 2017). The
photochemical reaction in thylakoid membranes and carbon metabolism in chloro-
plast stroma are the first sites of high-temperature damage (Lamaoui et al. 2018). PS
II has been recognized as themost vulnerable component of the photosynthesis appa-
ratus to high-temperature stress and quiet numerous reasons in supporting this claim.
In some experiments, the decrease in photosynthesis under heat stress was attributed
to an increase in photorespiration. At high temperatures, due to the ability of Rubisco
to act as oxygenase and decreased solubility of CO2 compared with photorespiration
increases and photosynthesis decreases (Fahad et al. 2017; Rahbarian et al. 2011).
However, a decreased carbon fixation at high temperatures has been observed in both
conditions of the presence and absence of photorespiration (Perdomo et al. 2017).
This indicates that the reduction of photosynthesis can only partially be justified by
photorespiration and reduction in Rubisco in enzymatic activity has a major role
in photosynthesis decline when exposed to heat stress (Shah and Paulsen 2003). A
decreased Rubisco activity under moderate heat stress is associated with a reduction
in net photosynthesis that had an increase of ribulose 1,5-bisphosphate and a decrease
of 3-phosphoglycerate (Demirevska-Kepova et al. 2005). Excessive high tempera-
ture can indirectly through reducing photosynthesis and increasing respiration and
consequently, enhancing the concentration of carbon dioxide in the lower side of leaf
facilitate stomatal closure. With the occurrence of water limitations stomatal closure
can happen active or inactive as well as water-dependently (Chavarria and dos Santos
2012; Ehrler et al. 1978). However, under heat stress stomatal conductivity reduc-
tion is proportionately lower, in terms of time, than other photosynthetic processes,
by comparison (Pirasteh-Anosheh et al. 2016). Research has shown that moderate
heat stress conditions of (37–30 °C), inhibiting Rubisco activity, indirectly leading
to a severe reduction in carbon assimilation. And under extreme heat stress (above
37 °C), decreased oxygen-evolving complex (OEC) activity, inhibition the electron
transfer from QA to QB and overall damage to photosynthetic reaction centers were
discovered twomain factors in impairing photosynthesis apparatus (Heckathorn et al.
1998; Lu and Zhang 2000). Chlorophyll fluorescence value reflects the stability of
thylakoid membranes and the relative efficiency of electron transfer from PSII to
PS1 (Heckathorn et al. 1998).

Through altering the membrane properties, cold stress leads to an unbalance
metabolismbalance and by generating toxicmetabolites that cause secondary injuries
in the plant (Cai et al. 2019; Oliver et al. 2005). At low temperatures, the efficiency
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of the energy transferring rate to the center of PSII is reduced (Su et al. 2015). These
all leads to the formation of ROS. Since photosynthetic processes are slow under low
temperature, the existence of light and absence of balance between the absorbed light
and photosynthesis pave the way to (van Buer et al. 2019). In this case, the induction
of seedlings has been reported (Savitch et al. 2011). In cold-tolerant plants, the ROS
formation is controlled and modified by enzymatic or non-enzymatic anti-radicals
that eradicate and detoxify ROS, without regulation a variety of ROS can negatively
change lipids, pigments, proteins, and nucleic acids and thylakoid membrane, which
ends up in causing serious cellular damages (Korkmaz and Dufault 2001; Nakashima
and Yamaguchi Shinozaki 2006; Srinivasan et al. 1999; van Buer et al. 2019). The
decline in growth rate in plants exposed to low temperatures has been observed in
maize with chlorosis symptoms on leaves (Dolstra et al. 1988) which manifested
disruption in the biosynthesis of chlorophyll and also limited activity of enzymes,
including particularlyRubisco (Rr and vanHuystee 2011). The content of chlorophyll
ab and total in sold-stressed rapeseed, which is most likely due to damage caused by
free radicals (Yan et al. 2019). Also with decreasing temperature various phenotypic
symptoms such as growth and leaf area decline, wilt, chlorosis, and necrosis have
been observed (Yan et al. 2019). Also, often at low temperatures, water stress-like
symptoms such as and leaf turgor are found in cold-sensitive plants, which are known
as cold stress-induced signs (Miura and Tada 2014).

1.5.3 Salinity

In crops, besides negatively affecting yield and yield components, salinity also affects
myriad processes involved in the growth and development of plants (Hajiboland et al.
2014; Hasana and Miyake 2017). Crops differ in their response to salinity, resources
indicate that rapeseed, barley, cane, and cotton are classified as saline resistant crops,
whereas canola is more resistant then wheat, therefore, may perform better in saline
soils. Although based a worldwide field survey canola considered as a moderately
salt resistant plant (Hasana and Miyake 2017; Rivelli et al. 2002; Shah et al. 2017;
Welfare et al. 2002). In canola, salinity decreases root growth, leaf emergence, and
early formation of nodes, also, to decrease plant height, pod number, and seed pod
number in late growth stages (Ashraf and Ali 2008). Photosynthesis and cellular
growth are processes that are rapidly affected by salinity stress, which associated
with the reduction of CO2 assimilation as an aftermath of limited stomatal conduc-
tance and chlorophyll degradation (Aziz and Khan 2001; Azizian and Sepaskhah
2014). Salinity-induced damages to chloroplasts structure and instability of pigment-
protein compounds similarly have been reported. Carotenoids as protectors of the
photosynthetic system against photooxidation experienced an induction in inhibition
capability under salinity stress (Zhang et al. 2012). Lu andVonshak (2002) stated that
the quantum yield parameter of PS II as a reliable characteristic affected by salinity.
When plants were exposed to environmental stresses, with increased salinity, non-
photochemical fluorescence quenching was no longer able to remove excess electron
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energy. Absence of excitation resulting in the oxygen molecule acting as an alter-
native acceptor for the electron (Stepien and Johnson 2009). Sheng et al. (2008)
reported that under salinity stress maximum photoconductive quantum efficiency,
electron transfer rate, gas exchange and carbon assimilation reduced whereas non-
photochemical fluorescence quenching increased by 40%, indicating an induction
in the thermal loss of PS II. Zhao et al. (2007) noted that salinity stress reduced
leaf area, dry matter content, photosynthesis rate, and stomatal conductance of the
leaves. Salinity increases the amount of energy needed to maintain the cell’s natural
conditions, resulting in less energy left for plant growth (Fricke 2020). The salinity-
induced decrease in photosynthesis is not owing to carbon fixation inefficiency per
unite area but rather due to the decrease in the photosynthetic area (Acosta-Motos
et al. 2017).

1.5.4 Heavy Metals

Among the processes affected by heavy metal stress, photosynthesis and photosyn-
thetic pigments are the most common (Przedpelska-Wasowicz andWierzbicka 2011;
Schat et al. 1997). Photosynthesis is one of the most sensitive metabolic processes
related to lead toxicity and further studies of photosynthetic inhibition in various
plant species have been reported (Schat et al. 1997; Schutzendubel and Polle 2002;Yu
et al. 2019). Pbmay reduce photosynthesis by preventing stomatal closure facilitating
damage to chloroplast ultrastructural, induce changes in photosynthetic metabolites,
the substitution of ions such as Mg and Mn with Pb in chloroplasts and prevent the
synthesis or degradation of photosynthetic pigments (Kopittke et al. 2007; Salt et al.
1995). Pb toxicity has also been implicated in oxidative stress through the genera-
tion of excessive concentration of ROS including superoxide radicals (O¯2), hydroxyl
radicals (OH), and hydrogen peroxide (H2O2) (Hossain et al. 2012; Yu et al. 2019). In
a comparative study on the effects of Ni, Pb, Cu, Cd, and Zn in maize (Lu et al. 2015)
and wheat (Hough et al. 2003) reduced net photosynthesis in Pb-treated seedlings
was the highest. Total chlorophyll content in Ni-treated P. vulgaris experienced a
significant decrease (Campanharo et al. 2010), a similar result reported in Ni-treated
cabbage (Molas 2002). A reduced chlorophyll content Riccia sp. plants affected by
cadmiumalso reported byPrasad et al. (2005).Accumulation and allocation ofCd in a
plant vary according to species, cultivar, growth stage, and presence of other elements
(Hossain et al. 2012). The toxicity of Cd in the plant is due to the reaction of this
element with the sulfhydryl group present in the structure of enzymes and proteins.
Cd negatively affects plant physiological and metabolic processes such as respira-
tion, photosynthesis, plant water relationships, and gas exchange in the stomata. It
also disrupts the pathway of chlorophyll biosynthesis, Calvin cycle, and photosyn-
thetic (Greger and Johansson 1992; Kasim 2006; Khan et al. 2009; Mediouni et al.
2006). Toxic level of Cu directly inhibits photosynthetic electron transport as well as
enzymatic activities during the Calvin cycle or net CO2 assimilation. Additionally,
by reducing the content of photosynthetic pigments, damaging the photosynthetic
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apparatus and chloroplast structure, altering the protein and lipid composition of
the thylakoid membrane can affect plant growth (Doncheva 1998; Georgiadou et al.
2018; Kastori et al. 1992).

1.6 Conclusion and Future Prospects

Having a large array of approaches to mitigate abiotic stresses made plants thriving
habitats on land. Their universal defense mechanisms confer the capability to endure
environments imposemulti stress, the systems that understanding them is still in great
demand.Mainly tomake applicable advancement in insuring food security,which has
been notably jeopardized by an increase in global temperature (e.g., 3–5 °C increase
over the next 100 years) in the era of climate change. An ongoing phenomenon
that has triggered increment the occurrence of abiotic stresses. Markedly increase
in the incidence of combinations of salinity, drought, and extreme temperatures are
alarming and require urgent attention of breeders to develop crop cultivars to cope
with unfavorable circumstances. The socio-economic consequences of the negative
influence of abiotic stresses on crop productivity could be disastrous, albeit they
are not the only culprit in threatening food security but of course the major one.
Taking into consideration the various worldwide challenges and crises the world
have experienced over the course of last decades especially the current one, Coron-
avirus (Covid-19) outbreak, once again reminded us how countries with agricultural
system prone to abiotic stresses are fragile against other crisis as well and can have a
significantly higher death rate owing to food shortage and malnutrition (Schellekens
and Sourrouille 2020). Therefore, comprehensive scientific attempts to gain a reli-
able insight into tolerance mechanisms and developing stress tolerance crops are in
prime importance.
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Chapter 2
Plant Abiotic Stress Tolerance
Mechanisms

Mohammad Mafakheri, Mojtaba Kordrostami, and Jameel M. Al-Khayri

Abstract In their life cycle, plants face a range of environmental stresses such
as heat, cold, drought, salinity, etc., which greatly affects the performance of the
plant and is one of the key factors in the distribution of plant species. Plants use
special mechanisms to withstand these stresses. When plants are exposed to stress,
the information is transmitted by the signal transduction pathway, and eventually,
the response to these signals leads to physiological and biochemical changes in the
plants. Usually, one type of stress is accompanied or followed by other stresses. For
example, heat stress is followed by drought stress due to physical loss of water, and
cold stress is followed by drought stress due to the physiological inaccessibility of
water. Due to the large number of environmental hazards that the plant faces at a
particular time, abiotic stress signaling is a very complex phenomenon. Plants have
tools to avoid and deal with these stressors. On the one hand, they can produce
inductive and appropriate responses that lead to a specific desired change for which
special stress conditions are specialized. On the other hand, there is a significant
overlap between the components of abiotic stress signaling and the starting points in
which the pathways for stress signaling are coordinated. In this chapter summarized,
how abiotic stresses in plants can be tolerated.

Keywords Adaptation · Antioxidant · Crop productivity · Drought · High
temperature · Osomolytes · Transcriptome analysis
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2.1 Introduction

Growth and productive capacity of plants are adversely affected by abiotic stress
worldwide. If environmental stresses did not occur, the actual yields would have
to be equal to the potential yields of the plants. While in many crops the average
yield of plants is 20–30% of their actual potential. Given their sessile nature and
prevalence of abiotic stress, plants have evolved a plethora of tolerancemechanisms at
macro and micro levels. They are often diverse from morphological to physiological
and molecular changes that subjection to each abiotic stress initiates a cascade of
resistance mechanisms across various levels (Grift et al. 2011; Sinclair and Muchow
2001).

This chapter deals with major abiotic stresses in plants, explores ways in which
plants can cope with these stressors, and summarized how abiotic stresses in plants
can be tolerated.

2.1.1 Morphological Flexibility Conferring Abiotic Stress
Tolerance

2.1.1.1 Water Stress

Ample of survival strategies enable the plant to complete their life cycle by escape
or avoid the harsh environment, which the former strategy encourages the plant to
shorten the vegetative growth and enter the reproduction stage to yield seeds to take
advantage of the current water resources that would not available by the onset of
the drought period. Therefore, by producing progenies as primary goals before the
arrival of fatal drought several plant species mostly early maturing inhibited in desert
environment opt to escape while having complete reproduction (Fahad et al. 2017;
Farooqet al. 2012).Whereas someother species choose to developmore sophisticated
techniques to avoid dehydration with structural modification in favor of drought
tolerability. These changes either minimize the rate of water loss from aerial parts or
maximize the capability of the root system to uptake water that in both scenarios the
main motive is to maintain a high water status so the growth and development can
continue (Blum 2005). Reduction in biomass production under drought stress has
been observed in various species with significant variation between aboveground
and underground parts; also, decrease in the biomass of vegetative parts does not
necessarily mean the absence of change or increase in root system biomass. As Xu
et al. (2015) observed in rice that increases in root/shoot ratio was because of higher
reduction rate in shoots not increasing the biomass of roots. The correlation between
the root and shoot biomass was positive in drought-tolerant chickpea cultivars as
higher biomass in aboveground was accompanied by high biomass production in
root system which is a successful adaptation strategy to absorb water and nutrient
through an extensive root system (Rahbarian et al. 2011). Changes in root architecture



2 Plant Abiotic Stress Tolerance Mechanisms 31

are essential to tackle the crisis caused by drought, which is normally involved in
increasing the number of main roots and fine roots, the rapid expansion of root
system to the upper layer of soil and enhancing root diameter and tissue density.
Most importantly, deep roots greatly contribute to improving the water relation on
drought-affected plants as their positive contribution in various crop plants exposed to
drought have been observed such as rice (Manschadi et al. 2010;Wasson et al. 2012),
maize (Hussain et al. 2019), and wheat (Krishnamurthy et al. 1999). Improvement in
root length density up to 30 cm in the function area of root resulted in increased water
and mineral nutrient absorption in chickpea subjected to drought stress (Sadok and
Sinclair 2011). One the other hand, an extensive root system should not be considered
advantageous constantly because a larger a root is the greater portion of allocated
assimilated material for its maintenance will be, which can partially responsible for
a decrease in aboveground biomass (Bramley et al. 2009; Li et al. 2010). Significant
structural modification in leaves to avoid water deficit takes place in drought-stressed
crop plants including reduction in volume of leaf as a prominent source of losing
water. This modification has been known as an effective approach to resist water
deficit by minimalizing water loss through transpiration; however, it penalize the
productivity with low carbon assimilation efficiency (Lei et al. 2006; Sinclair and
Muchow 2001). Additionally, enhancement in cuticle thickness, stomatal resistance,
stomatal size and the last but not the least inclination of leaves toward vertical angles
or rolling are other ways to lower the light interception and water consumption under
drought stress (Sinclair and Muchow 2001).

A range of morpho-anatomical adaptation in plants to survive under flood stress
have been developed to mitigate limitations caused by flood in particular reduction in
CO2 and exchange of gases overall. Several effective strategies exist that among them
formation of novel roots with gas-filled spaces (aerenchyma) as result of cell separa-
tion or programmed cell death, is a characteristic common in numerous plant species
provide oxygen for organs in plants submerged underwater as rice that creation of
aerenchyma is by the termination of specific cells. Such adaptation enhanced the
oxygen transport in rice effectively where submerging underwater prevents oxygen
transfer (Cardoso et al. 2013; Colmer 2002; Drew et al. 1979). The capability of
the root system to leakage oxygen to the anaerobic soil oxidizing the rhizosphere,
therefore, reducing possible damages from reduced toxins like Fe2+ (Colmer 2002).
In some crops such asmaize, creation of aerenchyma can be induced with a reduction
in oxygen and increase of ethylene which leads to initiating programmed cell death
for cells in root cortex (Drew et al. 1979). Additionally, root architecture that confers
adaptability to flooded plants exhibits less-branched main roots, large root diameter
and deep roots (Aguilar et al. 2003, 2008; Visser et al. 1997).While in woody species
the adaptations are to some extent different and it seems there is a positive corre-
lation between drought tolerant with flood-tolerant as Sena Gomes and Kozlowski
(1980) observed in Eucalyptus spp. In maize, if the shoot base submerged in water,
the formation of aerenchyma in outer leaves may occur (Matsukura et al. 2000). The
number of aerenchyma formed in flood stressed wheat affected by the level of toler-
ance in genotypes in which resistance genotypes had a higher number of aerenchyma
(Johnson and Huang 1996). Obviously, owing to the organizational interconnection
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between the root system and aerial parts, the flood also affects the photosynthesis
apparatus through depleting root area from oxygen and limiting the function of roots
to uptake water, thus creates a drought-like condition, wilting leaves and conse-
quently damages carbon assimilation. Further, N deficiency is common under flood
stress but to tackle this problem, at least for a short-term, plants attempt to relocate
N from older leaves to young leaves in order to continue growth (Drew and Sisworo
1977). Sometimes changes in leaves to resist water loss in crops under flood involve
downward movement of leaves (epinasty) to lower the interception with light, this
behaviour has been observed in tomato (Ellsworth and Freebairn 1969).

2.1.1.2 Extreme Temperature

A simple definition of thermos-tolerability of crops plant is the potential to endure
heat stress, grow, develop and provide an economically reasonable yield, which
candidate crop plants possibly morphologically enabled to stabilize its internal
temperature just below the irreversible point where damages are terminal under heat
stress. Such mechanism is achievable through changes similar to adaptation detailed
earlier for drought stress as leaf rolling, change in leaf orientation to reduce the
light absorption, reflecting solar radiation and regulating stomatal behavior as well
as a promoted cuticle and wax layer on the surface of leaves to enhance stomatal
resistance (Grift et al. 2011). Additionally, the capability to maintain photosynthesis
activity, distribution of the fixed carbon and absorption of necessaryminerals are also
characteristics of tolerant crop cultivars (Cui et al. 2006; Grift et al. 2011). In wheat
crops, rolling of flag leaf is to lower the temperature and consequently transpiration
to improve the yield of photosynthetic activity (Perkons et al. 2014). The implica-
tion of escape-like strategies in plants inhabited areas with extreme fluctuation in
temperature has been observed, these species commonly tend to early maturation
and seed production before the arrival of heat stress period which is unavoidably has
a drought in the company as well (Trachsel et al. 2009). To enhance the radiation
use efficiency as well as saving the limited water resource some plants incline to
form thinner blade leaves with reduced weight and prostrate growth habit (Richards
1996). A usual procedure in the plant to reduce the temperature and prevent heat
stress damage is to promote transpiration. Employ this strategy requires deep root
system to support the water use lowering the temperature in the canopy by transpi-
ration proven to be effective as Chauhan et al. (2009) stated that tolerance of heat
stress in wheat genotypes observed in those with lower temperature canopies when
compared to genotypes with higher temperature canopies. Likewise, the positive
features reported in tetraploid wheat had a higher yield (Bahar et al. 2008). A potent
root systemwith branched yet deep main roots can uptake water and mineral nutrient
that are highly in demand when the plant is challenged by heat or drought stress.
On the adaptation strategy in crop plants against cold stress, we did not find any
relevant information or published research indicating specific morphological adap-
tation in crop plant under low temperature possibly because cold stress resistance
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mechanisms in crops chiefly rely on physiological and molecular approaches as a
quick relief to survive the suboptimal temperature.

2.1.1.3 Salinity

Salinity exerts multiple negative impacts on plants fitness. Plants have evolved with
numerous morpho-anatomical adaptation strategies in their root system and aerial
parts. The changes regarding morphological features in this section mainly concerns
salt tolerance plant species that are not considered crop plants since these adapta-
tions at this level mostly but not always have been seen in plant species inhabited in
saline waters or areas with high salt content and dry soils. Halophytes (salt-tolerant
plants) and glycophyte (e.g., are halophytes that only tolerate a low level of salinity)
are mainly monocotyledon families and in some cases belong to dicotyledonous
(Rozema 1991; Sharma et al. 2016). Since salinity is accompanied by extreme water
deficit in soil root system architecture is more similar to the species adapted to
drought stress and are deep, extensive, high length density and diameter as well
as higher root weight. Enhanced root weight was recorded in grasses subjected to
salinity (Seregin and Ivanov 2001). Maintaining biomass biosynthesis rate is asso-
ciated with salt resistance, comparing salt-tolerant plant species Leptochloa fusca
L. and Puccinellia distans with Pennisetum divisum L. as salt intolerant indicated
a significant reduction in biomass of the latter species (Ashraf and Yasmin 1997).
More, increasing, or maintaining the mesophyll area per leaf area in the tolerant
species such asAtriplex patulaL. provide the possible capability to protect photosyn-
thesis apparatus against salt-induced terminal effects, unlike two glycophyte species
P. vulgaris and Gossypium hirsutum that the ratio of mesophyll area significantly
reduced. Longstreth and Nobel (1979) developing salt glands to secrete salt ions is
probably the most common approach in halophytes which as an adaptive mechanism
their density intensified in Zoysia spp. that improved salt tolerance and continued
with the removal of those glands (Marcum et al. 1998). Another approach that some
plant species enabled themselves to tolerate salinity under drought conditions is to
collect water from the scarce resources into thick halo-succulent leaves to sustain
the water status. Densely covered leaves with pubescence are specific to xerophytes
and can help halophytes to lower the water loss and sustain growth and development
in drylands with high salinity (Marcum et al. 1998).

2.1.1.4 Heavy Metal

The extensive array of adaptation mechanisms either avoidance or tolerant heavy
metals have evolved, the studied survival mechanisms implemented by plants to
protect the leaves or roots from lethal effects of heavy metals are mainly biochemical
and molecular, and to this day a little attention has been paid to morpho-anatomical
adaptations in plants against heavy metals (Shahid et al. 2017). However, the impor-
tance of some modification and organs in plants explored that found to be associated
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with heavy metal tolerance, for instance, leaf cuticular structure where heavy metal
ion can penetrate and accumulate (Vu et al. 2013). Or symbiosis relationship with
mycorrhizal fungi which as frequently has been observed serves the roots of hosts
with limiting the mobility of metal ions while assisting the host with the uptake
of essential nutrients to form soil matrix (Jentschke and Godbold 2000), in inocu-
lated maize roots with a strain of Glomus sp. The concentration of heavy metal ions
was significantly reduced by comparison to non-inoculated seedlings (Kaldorf et al.
1999). The preventative effect of fungi strains reported to vary from one species to
another and several mechanisms have been suggested on the influence of symbi-
otic relationship with mycorrhiza with a reduction in transportation of heavy metal
ions to aerial parts (Hall 2002), perhaps a combination of different mechanisms are
involved.

2.2 Positive Physiological Modification to Tackle Abiotic
Stress

Continuum of growth and development to reach productive stage is the prime inten-
tion of plans experiencing abiotic stresses. In addition tomorphological changes, they
resort to physiological modification enable them to maintain the vital water status by
implicating osmotic regulation besides controlling and detoxifying the consequences
of ROS-generated oxidative damage (Fig. 2.1) (Hasanuzzaman et al. 2013).

2.2.1 Antioxidants

The imbalanced water status leads to a reduction in photosynthesis activity owing
to stomatal closure. An approach to prevent water loss through transpiration which
by limiting carbon influx carbon reduction is in Calvin cycle declines that as result
the electron acceptor in the photosynthesis process, oxidized NADP+ is decreased
(Blokhina et al. 2003; Wilson et al. 2014b). By excessive decline in iron-sulfur
proteins in the course of electron transfer through a reaction process known as
Water-Water Cycle or Mehler reaction harmful ROS are created such as O2•− and
H2O2 in the chloroplast, peroxisome, and mitochondria. This process starts a detri-
mental knock-on-effect leads to oxidative stress and peroxidation of lipids in the
membrane, structural damage to proteins and large molecules, also more potent
ROS like single oxygen (1O2) and •OH. Despite the detrimentally of ROS and their
overproduction under stress condition, plant armed with effective enzymatic and
non-enzymatic antioxidants to quench these lethal ROS, antioxidant defense system
suggested as the main mechanism in plant tolerance to abiotic stress (Blokhina
et al. 2003; Sairam et al. 2009; Wilson et al. 2014b; Xie et al. 2019; Zhang et al.
2007). Commonly, antioxidants experience an elevation in plant cells not only for
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Fig. 2.1 Imposed oxidative stress as a result of abiotic stress (ROS, single oxygens; O−
2 , superoxide

anion;H2O2, hydrogenperoxide; •OH, hydroxyl radical).Oxidative damage leads to either cell death
eventually or with involvement of antioxidant defense system (enzymatic or non-enzymatic) the
ROS detoxified. GSH, glutathione; AA, ascorbic acid; SOD, superoxide dismutases; CAT, cata-
lase; GPX, glutathione peroxidase; APX, ascorbate peroxidase; MDHAR, monodehydroascorbate
reductase; GR, glutathione reductase; GST, glutathione S-transferase

drought stress but in most stresses are superoxide dismutase (SOD), catalase (CAT),
peroxidase (POX), glutathione reductase (GR), and ascorbate peroxidase (APX) and
glutathione peroxidase (GPX) as enzymatic and, ascorbic acid (ASC), a-tocopherol,
reduced glutathione (GSH), b-carotene, compatible solutes such as proline as non-
enzymatic show increased concentration in crop plants in general (Polidoros et al.
2005; Xie et al. 2019).

The ability of antioxidants to alleviate the ROS and range of activity in terms of
an organ is well-documented. Of the antioxidants that almost has no organizational
limitations, SOD that is known to be the forefront of defense against radicals and can
be found in all subcellular sections majorly catalyzing O2•− reduction to H2O2 and
finally to water possibly by GR and APX (Almeselmani et al. 2006; Lu et al. 2010).
Moreover, ROS signaling-mediated by POD in various cellular organs leads to the
accumulation of SOD, CAT, and APX (Mittler and Blumwald 2010; Mittler et al.
2011). Probably the highest efficiency to convert oxygen species into thewater and/or
oxygen isCATwith an estimated transformation rate of 6,000,000H2O2 permolecule
of CAT per min particularly in peroxisome where photorespiration takes place owing
to the existence of tetra-ham in its chemical structure (Garg and Manchanda 2009).
An essential combination of antioxidants with a high detoxification rate is the GR-
AsA cycle that is greatly influenced by GR which is mainly chloroplast-located.
Another H2O2 potent scavenger is APX with various isoforms each one specific to
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a cellular organ or GPX that converts H2O2 into the water using glutathione (Noctor
et al. 2002; Xie et al. 2019).

In the case of non-enzymatic antioxidant AsA with high water solubility and
potency against ROS, is an important participant of the cyclic pathway of enzy-
matic detoxification of ROS that can be found in high concentration in photosyn-
thetically active cells and leaves with high chlorophyll content (Almeselmani et al.
2006; Foyer and Noctor 2011). This molecule, along with other components of the
antioxidant system, protects plant cells against oxidative damage caused by aerobic
respiratory metabolism, respiration, and even pollutions also are essential for alpha-
tocopherol reproduction. It also acts as a secondary antioxidant in the recycling of
alpha-tocopherol and other lipophilic antioxidants, similarly, alpha-tocopherol is a
capable antioxidant owing to possessing methyl which makes it superior in compar-
ison to its other three isoforms (Blokhina et al. 2003; Hasanuzzaman et al. 2013).
Among photosynthetic pigments carotenoids play a key role as they are preserving
photosynthetic apparatus, PS I in particular, against damaging surplus light radia-
tion, scavenging ROS affecting thylakoid membranes and photoreceptors (Niyogi
et al. 2001). Effect of essential versatile metabolites such as GSH is also important
due to its role in detoxifying ROS and participate in various pivotal processes like
signal transmission throughout the plant (Foyer and Noctor 2011; Wojciechowska
et al. 2013). As an expected osmolyte in most of the abiotic stresses, proline also
is capable of providing ROS scavenging to lessen the damage imposed by oxygen
species (de Campos et al. 2011). Plant secondary metabolites especially phenolic
compounds and flavonoids can be detected inclusively in cellular organs with amajor
concentration in vacuoles, possess a high antioxidant activity that their increment in
plants under abiotic stress is common (Blokhina et al. 2003).

2.2.1.1 Water Stress

Water deficit with inhibiting the stomatal conductance and consequently photosyn-
thesis activity prepares the ground for oxidative damage as a result accumulation
of ROS which in turn cellular mechanisms provoke the production of an array of
anti-radicals (Fig. 2.1). Ample of factors can influence the quality and quantity of
antioxidants in water-stressed affected plants, Lin et al. (2006) in a comparative
study subjected three cultivars of Ipomoea batatas L. plants to waterlogging and
drought stress. The outcome indicated a high variation in SOD, phenol, flavonoid,
and carotenoid content, but in general, reduction in these biochemical compounds
were higher in flooded plants except for carotenoids that remained unaffected by both
stressors. The content of nutrients in drought-stressed and growth stage observed to
influence the concentration of antioxidants aim to improve the tolerance of crops.
Case in point, canola seedlings at early stages subjected to water shortage and N
deficiency had the highest CAT content while an increase in N application increased
polyphenol oxidase and PO. However, the latter reduced in the following stage, or
proline content that enhanced the most in the moderately water-stressed seedlings
and incremented indiscriminately across at stages (Ahmadi et al. 2015). Reduction in
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antioxidants as a substantial contributor to plant adaptation by ontological advance-
ment has been observed in maize (Zhang et al. 2007) which is possibly owing to their
replacement with other mechanisms such as morphological adaptations to prevent
the generation of ROS in the first place. Acquiring a reliable level of tolerance to
water deficit is possible by having a proper level of antioxidant induction (Wang et al.
2009). Recent studies on detecting responsible genes for antioxidants yielded several
important breakthroughs such as OsLG3 in rice which its overexpression associated
with induction of numerousROS scavenger-linked genes confer tolerance to drought-
stressed rice (Lu et al. 2010). Similarly, rice plants expressing MnSOD (originally
transferred from Pisum sativum L.) exhibited a lower level of peroxidation of lipids
when compared with wild type, which implies the enhancement in antioxidants
controlling ROS. Induced expression of APX and Cu/ZnSOD in I. batatas led to
an improvement in drought adaptation with incremented photosynthetic activity (Lu
et al. 2010). Accumulation of antioxidant in oxygen-deprived plant exposed to flood
stress in the studied species is highly inconsistent which partially can be explained by
the effect of species and experimental conditions (Blokhina et al. 2003). However,
is one of the comprehensive assessments on eleven species composed of anoxia-
sensitive and tolerance, the evaluation of the functionality of monodehydroascorbate
(MDHAR) dehydroascorbate (DHAR) and quantity of AsA and GSH unveiled a
notable increase in MDHAR and DHAR whereas the sensitive species the indices
did not change or decreased. The content of AsA after GSH after anoxia treatments
were incremented and decremented, respectively (Wollenweber-Ratzer and Craw-
ford 1994). Studies also suggested a lower aggregation of ROS (O2•− and H2O2)
in flood stressed plants, for instance, stressed V. radiata L. the content of O2•− and
H2O2 reduced in sensitive genotypes while the ROS status did not change in the
tolerant genotypes but APX and GR experienced an increase (Sairam et al. 2011).
The exact similar pattern reported inCajanus cajan L. treated with the flood (Sairam
et al. 2009). The fluctuation in content and activity of antioxidants in hypoxia or
anoxia treated plants as mentioned earlier is extremely circumstantial with signifi-
cant dependency on duration possibly due to exacerbation of oxidative stress and the
change in need for specific antioxidants.

2.2.1.2 Extreme Temperature

Plant responses and adaptation to abiotic stress mainly share a great deal of simi-
larity specifically in respect of physiological and biochemical approaches to miti-
gate the terminal effects of oxidative stress caused by limiting CO2 conductance and
assimilation and photorespiration. Analogs to other abiotic stress, extreme tempera-
tures (heat or cold) impose the generation of ROS in which antioxidants have been
reported to have a key role in their regulation in plants under high/low tempera-
tures. The best-case scenario to understand the behavioral paradigm in the effect of
high/low temperature on specific antioxidants is to subject a given plant species to
high/low temperature and evaluate the quality and quantity of antioxidants of interest.
Soengas et al. (2018) conducted the similar study on two cold-season vegetable crop,
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Kale (Brassica oleracea acephala group) and Cabbage (B. oleracea capitate group)
which a general enhancement in CAT, SOD, GR and glutathione in crops of both
groups exposed to high/low observed with no significant species effect. Contrasting
reaction to high/low-temperature stress was observed in canola seedlings, under
chilling stress, the activity of SOD reduced while CAT was unaffected but in heat-
stressed seedlings, CAT indicated an increment and SOD decremented (Alscher
et al. 1997; Blokhina et al. 2003; de Campos et al. 2011; Soengas et al. 2018).
It’s well-documented that accumulation of ROS generates damage to all cellular
organs chloroplasts in particular. In a study screening the induction of antioxidants
in five heat-stressed wheat genotypes, the stressed late-planted seedlings across the
entire vegetative and reproductive stages experienced elevated content of SOD, CAT,
and APX plus reduction in GR and POX. However, two genotypes showed propor-
tionately higher values for all the evaluated antioxidants and also degradation in
photosynthetic pigments and membrane was the least which is a vivid manifesta-
tion of essentiality of antioxidants in conferring heat stress tolerance (Almeselmani
et al. 2006). Similarly, the heat-tolerance Kentucky bluegrass cultivar ‘Eagleton’
under high temperature exhibited an increase in chlorophyll content and enhanced
level of antioxidants CAT, SOD and APX (He and Huang 2010). Moreover, in heat
tolerance citrus cultivar, Carrizo, a significant elevation in antioxidants (GR, CAT,
APX, and SOD) discovered to be responsible for its tolerability to high temperature
while in the heat-sensitive cultivar, Cleopatra the reduction of antioxidant or lack of
response observed, but proline content remained statistically unaffected in both culti-
vars (Zandalinas et al. 2017). The overexpression of AtGRXS17 in tomato seedlings
enabled the genetically modified tomato to resist low-temperature stress with experi-
encing no growth-related negative effects most likely due to the reduced ion leakage
and efficient photosynthetic activity under low temperature when compared with
wild-type (Foyer and Noctor 2011). The accumulation of phenols, flavonoids, and
glutathione in cold/heat-stressed have been reported as well (Raseetha et al. 2013;
Wilson et al. 2014b; Wojciechowska et al. 2013).

2.2.1.3 Salinity

The main source of adverse impacts in salinity-stressed plants is oxidative stress
induced by limitation in stomatal conductance, uptake and accumulation of toxic
ions and deficiency in mineral nutrients (Shah et al. 2017). Plants evolved a potent
capability to turn the cellular milieu into a battlefront to scavenge ROS and alleviate
the resulting damage by enhancing the quantity of enzymatic and non-enzymatic
antioxidants efficiently collaborate to tackle thematter (Aziz andKhan 2001;Azizian
and Sepaskhah 2014; Parida and Das 2005). In date, palm seedlings resistance to
salinity (‘Umsila’) the uptake of Na+ reduced and notable increment in SOD, CAT,
and APX in addition to proline, glutathione and polyphenolic substances in leaves
was observed as compared to sensitive one ‘Zabad’ (AlKharusi et al. 2019). Similarly
in two soybean cultivarswith contrasting tolerance to salinity exposed to various level
of salt, the biomass production and healthiness in the tolerant cultivar was affected
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non-significantly with a dramatic induction in SOD, CAT, APX, and GR, whereas
the otherwise observed in the sensitive one (Khan et al. 2009). More, in osmotic
stress tolerance wheat genotypes treated with salt, an accumulation in CAT, PO,
and APX recorded while its absence observed in the sensitive genotype (Siddiqui
et al. 2017). Sometimes antioxidants exhibit organ-specificity, for instance CAT and
DHAR showed increase universally in the plant under salt stress while SOD, APX,
GST, and GR enhanced particularly in the root system (AbdElgawad et al. 2016).
Given the presence of physiological evidence as a difficult to reject data supporting
the essentiality of an antioxidant system for salt tolerance, several genes associated
with induction of antioxidants aiming tolerance to oxidative stress have been reported
(Guan et al. 2015). For example, a putative gene (PutAPX) inPuccinellia tenuifloraL.
detected and its induction under oxidative stress conferred tolerance to salinity stress,
following its transformation toArabidopsis exhibited decrement in lipid peroxidation
and terminal effect of salinity in general (Blokhina et al. 2003).

2.2.1.4 Heavy Metals

Impairing the photosynthetic apparatus, automation, and Fenton reaction and ion
disequilibrium resulting in the formation of ROS beyond a controllable level
(Schutzendubel andPolle 2002).We should keep that inmind that not all heavymetals
are toxic for plants since elements as Fe, Mn, Cu, Zn, and Ni are essential for the
very fundamental processes, required in small amounts and increasing their concen-
tration after a certain point lead them to be juxtaposed with non-essential highly
detrimental ions such as Cd, Cr, Pb, Co, Hg and Ar (Salt et al. 1995). Heavy metal
ion classified into two groups with and without redox ability, the former composed
of essential heavy metal ions except for Ni, also Cr considered in the first group that
by participation in cycling reactions generate an excessive level of •OH with high
damaging potential to biological cellular organs, while the latter group includes the
non-essential elements plus Ni (Emamverdian et al. 2015; Pandey 2018). An impor-
tant dimension in heavy metal stress is the exhibition of antagonistic and/or syner-
gistic behavior in the absorption of essential elements that tremendously contribute
to the negative effects of heavy metal stress. Accelerated antioxidant defense system
has been referred to as a viable mechanism against heavy metal-induced oxidative
stress (Mousavi et al. 2013), which its diversity and concentration vary considerably
depending on growth stage, type of metal ion, species, cultivar and even organs of the
plant (Mediouni et al. 2006). Significant enhancement inCAT, SOD, POD,GR,GSH,
PO, APX, phenolic compounds, osmolytes have been reported in plants subjected to
heavy metal ions. Also, the intensity of oxidative stress vary between heavy metals.
For instance, the seedlings of Ocimum basilicum L. received treatments of Ni, Cu,
and Zn, which the order of the oxidative damage the seedlings experienced from high
to low was in this order Cu > Zn > Ni, which indicated the difference in toxicity of
heavy metals (Georgiadou et al. 2018). In some cases, the absence of responsiveness
from antioxidants in heavy metal-treated plants as Milone et al. (2003) reported that
SODwas ineffective in the root system of two contrasting Cd-treated wheat cultivars
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while APX and CAT exhibited a reduction in the sensitive one. In another study
on maize seedlings affected by Cr, increase in SOD, CAT, and POD in early stages
and followed by a dramatic reduction in the content of SOD and POD in leaves
(Zou et al. 2009). The results projected in literature are overwhelmingly diverse and
contradictory which reflects the complexness of antioxidant defense machinery and
underlying mechanisms in plants against heavy metal stress.

2.2.2 Osmotic Adjustment

Of course, the adaptation of various strategies in plants to mitigate the negative
changes caused by abiotic stress is in many cases are specific but if there is one
biologically universal reaction exists against abiotic stress that could be osmotic
adjustment which is a simple term is the accumulation of osmolytes. This mechanism
aims to further reduce or tranquilize the water potentially affected by the interference
of abiotic stress simulate water deficit, on water relations. Under abiotic stress-prone
environments, water deficit, in particular, plants with the physiological potential to
accumulate osmolytes to adjust the water relations have tremendous survival supe-
riority. Since there is a misuse of terms in this area, some clarification would help to
convey scientifically correct information; the term ‘osmotic adjustment’ is correctly
applied to the aggregation of novel solutes occurred not when the reduction in water
potential caused by the current solutes owing towater loss (Babu et al. 1999). Another
one is the misapplication of ‘osmoregulatory’ and ‘osmoprotectants,’ it’s safe to say
that all osmolytes contribute in improving cell turgor pressure, which is imperative
for efficient carbon fixation. While not all these osmolytes possess the antioxida-
tive capability and lightweight molecules such as proline, glycine betaine (GB) and
polyamines are both osmoregulators and osmoprotectants. Whereas sugars, polyols
and mineral ions including K+, Na+, and Cl− are solely osmoregulators, also these
compounds collectively known as compatible solutesmainly accumulate in vacuoles.
Additionally, a difference might appear between the osmotic adjustment of leaves
vs. roots, where most believe that osmotic adjustment is higher in roots OA could
be greater in roots than in leaves. Plenty of studies have revealed the critical role
of osmolytes involves in osmotic adjustment in plants exposed to abiotic stress, a
summary on each abiotic stress given as follows (Sharp and Davies 1979; Westgate
and Boyer 1985; Hsiao and Xu 2000).

2.2.2.1 Water Stress

The first deadly impact of water deficit is unbalancing the water status of the plant
which initiate a series of damaging changes specifically in cellular water potential
that threatens the carbon assimilation. Therefore crop plants mainly aim to increase
the accumulation of new compounds to lessen the water potential without a reduction
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in existing water content which often found to be an effective remedy as osmoregu-
lation. It’s a wonderful achievement for plant and unlike many other adaptations, the
accumulation of osmolytes is not a bitter pill to swallow since the energy consump-
tion is significantly low and has no tangible negative consequences (Cechin et al.
2006; Kiani et al. 2007). When it comes to crop plants survival does not properly
apply and owing to the economic importance of crops, survival for crop plants means
the production of an economically reasonable yield for which scientific discussion
of scholars in this case majorly considered the osmotic adjustment as a mecha-
nism that only serves the survival purposes rather than productivity, an issue that
addressed by Blum (2017) using the current data on the effect of osmotic adjust-
ment on yield in twelve main crops from cereals, legumes and oil crops who found
that high yield of the crops under water deficit condition significantly associated
with greater osmotic adjustment (for review see Turner [2018]). Osmotic adjustment
assist plant in two main approaches, I. enhancing the cell turgor, makes a proper
carbon fixation possible, II. enables the root system for correctly operate and absorb
water from soil matrix which otherwise would be impossible or at least difficult, a
third (III) approach can be provided by the antioxidant function of osmoprotectants
(Kiani et al. 2007). Similar to other adaptation mechanisms, the concentration and
type osmolytes changed in different growth stages of drought-stressed Bentgrass
cultivars, is that an improved water relation was observed. Mainly due to the accu-
mulation of sugars by the beginning of drought stress which replaced by proline
as the stress continued, moreover, the non-organic ions remained almost unaffected
(DaCosta and Huang 2006). As earlier explained, possible improvement in water
uptake and stomatal behavior contributed to osmotic stress tolerance. Likewise, an
enhanced yield in drought-stressed wheat found in association with the accumulation
of compatible solutes through improving CO2 conductance and consequently higher
carbon fixation (Živcák et al. 2009). Irrespective of contrary reports, vacuole local-
ized K+ accumulation is a prerequisite to have an electrochemical gradient required
for stomatal movements (Zhu 2001). The positive impact of increased accumula-
tion of polyamines, putrescine, spermidine, and spermine in plants under drought
stress has been reported (Singh et al. 2015; Yamaguchi et al. 2007). The protective
role of GB on components of the photosynthetic system also has been suggested
(Xing and Rajashekar 1999). Considering the damage to the root system in flooded
plants, therefore the collapse of transpiration and carbon fixation, flood simulates a
water deficit which similar to drought in flooded plants. Accumulation of osmolytes
in an attempt to prevent or restore the situation has been studied in several plants
species. In two wheat genotypes exposed to hypoxia during waterlogging, tolerance
and recovery from the stress observed to be strongly associated with accumulation
carbohydrates in root in the virtue of balancing water relations (Huang and Johnson
1995), while in another study on alfalfa, absence of a positive relationship between
accumulation of osmolytes and flood stress was discovered (Barta 1988). In water-
logged young seedlings of Caisin (Brassica rapa subsp. parachinensis) a higher
RWC and thus CO2 conductance was accompanied by an improved osmotic adjust-
ment (Issarakraisila et al. 2007). The versatility of osmolytes in dealing with two
main stress-generated effects, osmotic- and oxidative-stress through reducing water
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potential and antioxidative function is a unique capability which so far a little atten-
tion has been paid from breeders possibly owing to the difficulty in using osmotic
adjustment as a biochemical marker.

2.2.2.2 Extreme Temperatures

In plants subjected to high/cold temperature stress depress of photosynthetic appa-
ratus by stimulate water deficit and lowering the transpiration rate leading to a reduc-
tion in the assimilation of carbon. Therefore, unleashing ROS as well as osmotic
stress, for which, similar towater stress plants resort to adjustment of osmose through
the accumulation of solutes (Argentel-Martínez et al. 2019). The behavior sometimes
may be contradictory, however similarity in accumulation of compatible solutes have
been observed. The prime example is high/cold stressed ecotypes of Iranian tall
fescue ecotypes (Festuca arundinacea L.) exhibited that intensity of high/cold stress
tolerance linked to the accumulation of carbohydrate and proline and the order to the
tolerance of ecotypes was to some extent the same. Nevertheless, except for FA 1 and
FA 2, the content of compatible cytosolutes dramatically reduced after 24 days, in
those two ecotypes the osmolytes remained constantly high (Sheikh-Mohamadi et al.
2018). Acclimation of strawberry seedlings to overwintering indicated the impor-
tance of osmolytes in an immediate reduction in water potential, and prioritized
reallocation of the solutes to younger leaves in which only young leaves survived.
Also, the conversion of stored starch into soluble sugars is pivotal for reducing water
potential in particular under cold stress (O’Neill 1983). The major contribution of a
balanced water status is regular transpiration which accumulation of GB and decre-
menting water potential in the root system, as well as aerial parts. This reaction
enabled heat-stressed plants of Triticum durum L. to have high transpiration and an
efficient carbon fixation throughout the growth and reproduction stages, however, it
was not with no cost as delaying in phenophases observed (Argentel-Martínez et al.
2019). Enhancement of GB content in crop plants under high-temperature stress has
been observed by other scholars such as Rienth et al. (2014) who found a strong
correlation between GB and proline accumulation (66 and 58%, respectively) with
heat tolerance in vines. An increase in compatible solutes in heat-stressed crops also
have been reported (Tian et al. 2017; Wilson et al. 2014a). Commonly proline has
been known to greatly contribute to stress tolerance through osmotic adjustment
(Zandalinas et al. 2017), on the other hand, plant secondary metabolites particularly
flavonoids reported to confer tolerance to heat stress in citrus plants (Zandalinas et al.
2016). For a review see Lamaoui et al. (2018).



2 Plant Abiotic Stress Tolerance Mechanisms 43

2.2.2.3 Salinity

Salinity stress in short leads to imbalanced water relation and osmotic stress through
reduce the availability of water in the soil for the root system and ion toxicity which
all result in awilting and radical decrease in the amount of assimilated carbon (Ashraf
2003; Azizian and Sepaskhah 2014; Rahneshan et al. 2018; Sahin et al. 2018). Anal-
ogous to other abiotic stresses plants forced to seek adaptation by accumulating
osmolytes in roots and leaves to lessen the water potential in the virtue of avoiding
disrupt of cellular membranes and detoxify ROS with the aim of antioxidant activity
in some of the compatible solutes. Despite the effectiveness of this approach the
required energy is rather high and suggested as possible causes of growth reduction
(Greenway and Gibbs 2003). The excessive uptake of Na+ and Cl− is the major
source of nutritional deficiency in particular crucial mineral nutrients such as K+

which affected by the antagonistic effect of Na+ absorption and lack of discrim-
inability from transporter channels against Na+ that uses K+ channels (Hmidi et al.
2018; Lacerda et al. 2003). Given the multidimensionality of salt effect, a combina-
tion of different mechanisms may trigger to address the situation but surely osmotic
regulation is the main one. The linear increase in amino acids, proline, and GB have
been frequently reported in salinity stressed plants (Bohnert et al. 1995). Accumula-
tion of solutes in salt-treatedCakile maritima L. plants was varied in respect to either
type and organ, is that osmotic adjustment in the stem was mainly (60%) attributed
to Na+ accumulation while this feature for proline was 36% in roots. Interestingly,
the activity of ornithine-δ-aminotransferase which involved in N distribution under
non-stress condition found to be highly correlated with proline synthesis which it can
be implied that ornithine pathway significantly engaged in the production of proline
(Hmidi et al. 2018), previous studies confirmed the involvement of ornithine pathway
in proline biosynthesis which have accompanied symptoms of nitrogen deficiency
(Öztürk et al. 2006; Roosens et al. 2002).

2.2.2.4 Heavy Metals

The exposure of plants to heavy metals stress have known to generate intense ROS
accumulation that interferes with vital biological processes at the cellular level. The
toxicity of heavymetals in soil targets root systemby causing necrosiswhich depends
on the level of tolerance and dose leads to reduction in water uptake from soil in
addition to disables the photosynthesis apparatus thus carbon fixation through decre-
menting cell turgor. That leads the reduction in accumulation of cytosolutes to decline
the cell turgor and preventing furtherwater loss aswell as imbalanced ionic condition.
Moreover, the antioxidant capability of solutes such proline, GB, and glutathione can
serve as dual-purpose compounds (Emamverdian et al. 2015; Georgiadou et al. 2018;
Schat et al. 1997; Schutzendubel and Polle 2002). Therefore, the increased content
of solutes is a significant mechanism to detoxify heavy metals and improve heavy
metal stress tolerance. In heavymetal stressed Salvinia natans seedlings with Cd, Cu,
Ni, Zn, Pb, Fe, Mn, and Cr treatments an increased level of GB, carbohydrates, and
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polyols observed (Schutzendubel and Polle 2002). Exogenous enhancement in the
concentration of GB likewise has been reported in wheat subjected to heavy metal
stress to provide a decrease in oxidative stress and improving osmotic adjustment
(Alscher et al. 1997). Despite some paradoxical behavior in proline accumulation
under heavy metal stress, often increase in proline content has been reported for
example in Lactuca sativa (Costa and Morel 1994) and soybean (Balestrasse et al.
2005). However, proline accumulation and its association with osmotic adjustment
have been questioned by Saradhi (1991) who observed enhanced water potential in
Pb-treatedwheat seedlings regardless of proline accumulation to a high level whereas
in control seedlings the osmotic potential was significantly lower. The increase in
accumulation of proline as key element in osmotic adjustment and oxidative stress
is rather controversial, observed increased proline tied to water deficit since proline
increased in transpiration suppressed discs of leaf as mu as or even higher in heavy
metal stressed plants (Schat et al. 1997), following (Kastori et al. 1992) challenged
their result by arguing that leaf discs exposed to heavy metal ions under full turgor
experienced a dramatic increase in proline, however, therewas a possibility of disrup-
tion in cellular membranes owing to a high level of toxic metal used (Ric de Vos
et al. 1993). Observationmade onCu-stressed segments of rice leave raised the possi-
bility ofABA involvement (Chen et al. 2001). Soluble sugars in plants underCo stress
conferred adaptation by reducing cell turgor (Yu et al. 2019). Ultimately, Sharma and
Dietz (2006) suggested that accumulation of amino acids and soluble sugars in heavy
metal-stressed plants are not owing to disruption of biosynthetic process but rather
tolerance mechanisms provide protection against heavy metal stress.

2.2.3 Molecular Strategies

Alongside various adaptation strategies that provide the plant with survival capability
or more precisely enable the crop plant to have an economically reasonable yield
under abiotic stress, the molecular level that plant as a response to abiotic stress
many genes are triggered and make the occurrence of tolerance at the higher level
possible, therefore the quantity of the expressed genes initiates a series of processes
that acquiring an in-depth understanding is a necessity to reliably go forward on
developing stress-tolerant crop cultivars which thanks to genomics and proteomics
technologies an appreciable body of knowledge on model plants in particular and in
many cases on crop plants exist that can be exploited for this purpose (Hossain et al.
2012; Shi et al. 2018; Yang et al. 2005).
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2.2.3.1 Water Stress

Investigations regarding the identification of underlying genes responsible for confer-
ring tolerance to high/low temperatures mainly in model plants and some crops
using transcriptome and proteome analysis have enlightened our perspective toward
the evolution of adaptive mechanisms. Notable experiments majorly those studied
contrasting genotypes have yielded critical findings. In general, the flood- and
drought-induced responsive genes by causing aggregation of specific proteins or
hormones play their roles (Kavar et al. 2007). Inmost cases, the interplay of hormones
and gene expression determines the tolerance to water stress as ABA a key hormone
that it is enhanced biosynthesis in drought-stressed plants leads to tolerance-related
regulation specifically the expression of associated genes (Yamaguchi-Shinozaki
and Shinozaki 2006) which transferring of ABA-related GhCBF3 from cotton to
Arabidopsis conferred tolerance to water deficit through improving water relations
and osmotic adjustment, and carbon assimilation (Ma et al. 2016). The expression
of some genes can occur under different stresses, case in point SUB1A gene respon-
sible for waterlogging tolerance in rice observed to bestow water-deficit resistance
by enhancing antioxidants and improving the responsivity of ABA (Fukao et al.
2011). Considering the importance of circadian clock that induces the expression
of a larger number of genes to obtain a level of tranquility in energy consumption
and production in plants subjected to drought or flood stress. Two related genes,
PRR7 (water deficit) and TOC1 (flood stress), which the latter provoked an increase
in ABA content and linked with fluctuation in sugars during the day which mani-
fests the dominant regulatory role of ABA in determining the energy homeostasis in
drought and flood stressed-soybean plants (Syed et al. 2015). Water channels (aqua-
porins) are integral member proteins that are essential in the transformation of water
across the membrane passively. That can amplify the water transfer by 10 to 20
times across membranes (Tyerman et al. 2002). Further, several transcription factors
controlling the expression of drought-related genes have been identified including
myeloblastosis protein (MYB), myelocytomatosis (MYC), DREB/CBF (drought-
responsive cis-element binding protein/C-repeat-binding factor), ABF/AREB, NAC
(NAM, ATAF, and CUC), and WRKY (Ishida et al. 2012; Nakashima et al. 2009;
Sakuma et al. 2006; Tran et al. 2007). In TaWRKY2-transgenic wheat seedlings
with limited water loss, enhanced content compatible solutes and higher survival
rate proven to be drought resistance (Gao et al. 2018). Expression of AtMYB60
and AtMYB61 in rice localized in guard cells and found to be critical in control-
ling stomatal behavior under water deficit (Liou et al. 2005). Expression of genes
involved in the induction of GB and proline biosynthesis evoked in under drought
stress in several species including a number dicotyledons (Weretilnyk et al. 1989),
Amaranthus hypochondriacus L. (Vojtěchová et al. 1997), barely (Jagendorf and
Takabe 2001), cotton (Parida et al. 2008) and maize (Zenda et al. 2019). The signifi-
cant up-regulation of xyloglucan endotransglycosylase (XET) gene family encoding
enzymes involved in cell elongation observed inwaterlogging-resistancemaize geno-
type, HKI 1105, whereas it down-regulation occurred in flood-intolerant line, V 372
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(vanVeen et al. 2013).More, the resistant rice line indicated ahigher induction level of
IAA3, IAA14, and IAA16 genes (Wang et al. 2017). The interplay between ethylene
and IAA in flood-tolerant maize is possibly linked to development of adventitious
roots. Two of the regulatory energy-sensing protein kinases in carbon use under
oxygen deprivation in Arabidopsis, KIN10 and KIN11, the former one encoding
genes actively engage in carbohydrate and protein breakdown (Baena-González et al.
2007; Cho et al. 2012), additionally one of the two protein, KIN10/11, is responsible
for EXORDIUM-LIKE1, an HUP critical for managing carbon in hypoxia circum-
stances (Schröder et al. 2011). The flood-stressed soybean seedlings the protomics
analysis revealed an enhanced activity of ADH and delta-1-pyrroline-5-carboxylate
synthase as well as presentation of seventeen various proteins such as β-glucosidase
31 and β-amylase 5 in both roots and leaves, which probably β-amylase 5 expression
may have been linked to reallocation of carbohydrates to aerial part specially leaves
(Wang et al. 2017).

2.2.3.2 Extreme Temperature

The main determinate of plant growth and productivity is temperature due to the
substantial influence of temperature on biological processes which evidenced that
high/low-temperature stress can severely affect crop plants. Plants are capable of trig-
gering organizational tolerance response to extreme temperatures. These responses
often leads to the expression of numerous genes initiating osmotic adjustment, antiox-
idants or regulating water status of under stress plants by modifying in the transcrip-
tome, proteome, and metabolome or even in some cases by evoking programmed
cell death to detach a specific organ or eliminating the whole plant (Lamaoui et al.
2018; Qi et al. 2011; Shi et al. 2018). Of the critical commonplace proteins such
as heat shock proteins (HSPs) and heat stress transcription factors (HSfs) reported
that their expression genotypes are associated with thermos-tolerance (Cheng et al.
2016; Sanghera et al. 2011), of course, a large array of metabolites as osmolytes
and antioxidants involved in tolerance mechanisms which primarily influenced by
the nature of genotype (Challinor et al. 2007; Kaya et al. 2001). Studies covering
the molecular mechanisms conferring heat tolerance are often conducted on model
plant species and a small portion have dedicated to crop plants which we try to
mainly focus on the latter. The effects of HSPs majorly concern their role as molec-
ular chaperones prevent misfolding and enhancing and stabilizing the structure of
the protein so they function properly under heat stress, however knocking out this
protein had amarginal negative influence of thermos-tolerance (Schrammet al. 2008;
Yoshida et al. 2011). The association of heat stress tolerance with the superfamily
of HSP70 has been discovered in several crop plants including, rice (Sarkar et al.
2013), maize (Rochester et al. 1986), and wheat (Duan et al. 2011). Isolated HSP
proteins (HSP70 and HPS90) from Sitodiplosis mosellana as a harmful pest insect
of wheat has obligatory diapause to avoid extreme temperatures in larval stages, and
their transformation to wheat plants indicated contrasting capability in these two
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genes in which HSP70 and HPS90 conferred thermo-tolerance and cold-stress resis-
tance, respectively (Cheng et al. 2016). 32 HSP70 has been identified rice and the
involvement of HSP70 also have been proven (Sarkar et al. 2013). A high level of
accumulation ofHSP70 in heat-stress tolerance grape genotypes also reported (Zhang
et al. 2005).Whereas HSP101 observed to not be inducible by heat stress but is essen-
tial for growth in root in maize, nevertheless, the heat-stressed maize experienced
amount in the transcript of HSP101 in developing tassel, ear, silks, endosperm, and
embryo but it was without an increment in HSP101 protein (Nieto-Sotelo et al. 2002;
Young et al. 2001). The otherwise was identified for HSP101 in Arabidopsis which
was critical in expression of antioxidants to lessen the damage caused by heat stress
(Queitsch et al. 2000). More, HSP100 aim at the chloroplast intermembrane space
and stroma to facilitate protein import of nuclear-encoded proteins (Nielsen et al.
1997). Comparing contrasting genotypes in rice using proteomic analysis revealed
that high-temperature tolerance genotype had a significantly higher accumulation
of HSPs a direct correlation between thermos-tolerability in rice genotypes and
level of HSPs observed (Jagadish et al. 2009). Of the important most studied tran-
scription factors responsive to cold stress, dehydration-responsive element-binding
(DREB) protein/C-repeat binding factors (CBFs) or DREBs/CBFs bind to promotor
cis-element CRT/DRE to regulate the expression of these cold-responsive genes. The
overexpressed CBF1/DREB1b and CBF3/DREB1a observed to induce cold regu-
lated genes (Gilmour et al. 2000; Kasuga et al. 1999), additionally, overexpression
of DREB1A conferred tolerance to low temperature and water deficit in wheat and
peanut (Kasuga et al. 2004; Pellegrineschi et al. 2004). Using comparative transcrip-
tome Cai et al. (2019) discovered low-temperature sensitive genes, CBF4, ICE2, and
several other ABA-associated ones. Successive gene silencing indicated the effec-
tive role of CBF4, ICE2 in the reduction of lipid oxidation in membranes as well
as increasing SOD and proline to assist the adaptation to cold stress in Gossypium
thurberi L. CBFs similarly identified and isolated in several crop plants such as
rice, tomato, wheat, barley and maize (Shi et al. 2018). The expression of CBFs
negatively affected by MYB15 by direct binding to conserved MYB motif in their
promoters (Agarwal et al. 2006), moreover, Su et al. (2010) observed the inhibition
of the expression of cold-sensitive OsDREB1B by OsMYBS3 in rice.

2.2.3.3 Salinity

Similar to other abiotic stresses addressed above, plants molecular mechanism to
tackle the negative influence of salinity which majorly is osmotic- and oxidative-
stress includes a vast range salinity-specific gene families and general stress-sensitive
genes that express upon the occurrence of abiotic stress. In both cases transcriptomic
analysis provided a comprehensive image of underlying genes conferring tolerance
to plants by triggering the biosynthesis of antioxidants or ABA production that each
one initiates sets of modification (Fujita et al. 2013; Johnson et al. 2002). Wu et al.
(2019) in salt-stressed flax plants identified several TFs namely bZIP, HD-ZIP, NAC,
MYB, GATA, CAMTA, and B3 which are renowned as stress-responsive TFs for
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expression of compatible solutes, hormones and signal transduction, in particular
bZIPs that regulates effective tolerance mechanisms in plants under salinity. More-
over, salt specific molecular mechanisms are expressed in salinity-affected plants.
Salt Overly Sensitive (SOS) signaling pathway is a classical signal pathway involved
in salinity stress resistance, SOScomposedof three proteins regulatingvital processes
such as Na+/H+ antiporter in the plasma membrane, transport of Na+ from the root
system to aerial organs, activating Ca+ signals under salinity and signaling stress
(Liu et al. 2000; Ma et al. 2019; Shi et al. 2000). Similar to SOS especially SOS3,
the function of SNF1-related protein kinases (SnRKs) is long-distance signaling
and regulation of ion translocation from roots to shoots. By its engagement with
SnRK2.4 and SnRK2.10 in regulating numerous antioxidants to balance the ROS
production in salt-stressed Arabidopsis has been reported (Szymańska et al. 2019).
Limited ion toxicity and ROS aggregation in salt-treated Arabidopsis seedlings asso-
ciated with Ca2+-dependent protein kinases (CDPKs), since its silencing led to a
significant salt-stress vulnerability (Zhang et al. 2018). In respect of ionic stress and
related tolerance mechanisms, high-affinity potassium-type transporter 1 (HKT1)
is crucial to maintain cytoplasmic K+/Na+ homeostasis under salinity stress which
is outmost essential for salinity tolerance (Ali et al. 2019). Regarding transcription
factors, the inner ability of cultivars can sometimes affect their level of expression,
as an example, upregulation of bZIP in salt-intolerant wheat genotypes occurred
while in salt-tolerant genotype down-regulated (Johnson et al. 2002). Overexpressed
OsNAC6, amember ofNACTFs, in rice, regulatedmultiple stress tolerance including
drought, salinity, and blast disease. Additionally, using microarray analysis it was
discovered that OsNAC6 induced two other genes associated with stress tolerance
(Nakashima et al. 2007). From other TFs, regulation of salt-tolerance in rice found
be strongly controlled byDREB1/CBF, DREB2, and AREB/ABF (Fujita et al. 2013;
RoyChoudhury et al. 2008). One of the latest discovered salt-stress related TFs in
rice was SALT-RESPONSIVE ERF1 (SERF1) with root-localized induction under
salinity stress which its silencing defected the upregulation of salt-induced mitogen-
activated protein kinase (MAPK) related genes, following studies indicated theH2O2
responsiveness of SERF1-dependent genes with specific promoters (Schmidt et al.
2013).

2.2.3.4 Heavy Metals

Avast range ofmolecularmechanisms involves heavymetal tolerancewhich possibly
indicates the evolution of tolerance to the edaphic limitation in these heavy metals
before other abiotic stressors. Similar to the previously discussed general TFs
expressed under abiotic stresses, in heavy metal stressed plants the expression of
TFs has been reported frequently. For instance, HSPs, molecular chaperones respon-
sible for repairmen of damaged proteins and protecting the proteins from denat-
uration. The inducibility of HSPs have been shown in plants stressed with heavy
metal ions (Zn, Cu, Cd, Hg, Al and Cr) (Gupta 2010; Sarry et al. 2006; Zhen et al.
2007), from which HSP70 a potent protein and known for conferring significant
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tolerance to plants under high temperature, it’s the accumulation in Cd-treated plants
was reported (Neumann et al. 1994; Sarry et al. 2006). Similarly, the aggregation
of HSP70 in seaweed and several other freshwater plants under Cd-stress have been
observed (Ireland et al. 2004). The sea thrift (Armeria maritima L.) grown in Cu-
contaminated soils experienced the induction of small HSP (sHSP) in the root system
(Neumann et al. 1995). Likewise, HSP25 accumulated in soybean as a reaction to
Al toxicity (Zhen et al. 2007). Interestingly, a transit heat-stress exposure in the
plant caused Cd-tolerance which can be suggested the heat-responsive HSPs such as
HSP70/90 induced by the heat stress that led to tolerance against Cd. Considering the
destructive effect of heavy metal toxicity, HSPs’ preservation of proteins could be
a viable reason for the induction of HPS under heavy metal stress, nonetheless, the
actual influence of HPSs in heavy metal stressed plants yet to be clarified (Hossain
et al. 2012). The metal responsive TFs known as MTF-1 has a significant effect on
heavy metal tolerance through initiating the expression of genes account for absorp-
tion, transport, and detoxification (Fusco et al. 2005; van de Mortel et al. 2008).
Several MTF-1 have been reported for instance WRKY, bZIP, ethylene-responsive
factor (ERF), and MYB, which regulate the induction of Cd-tolerance genes (Yang
et al. 2005). For the bZIP TFs family, an important OsbZIP39was identifiedwhich its
induction led to the endoplasmic reticulum responds to the aggregation of unfolded
proteins (Takahashi et al. 2012). The very specific metal stress proteins are metal-
lothioneins (MTs), a family of small, conserved metal-binding proteins critical for
the toxicity of heavy metals, which induced by phytohormones, cytotoxic agents,
and heavy metals such as Cd, Zn, Hg, Cu, Au, Ag, Co, Ni, and bismuth (Bi) (Kägi
1991; Yang et al. 2005). The tissue specificity in MT genes regarding the growth
stage and the effect of different heavy metal ions (Castiglione et al. 2007). (Ahn
et al. 2012)reported the dependent-expression of 3 MT genes (BrMT1, BrMT2, and
BrMT3) to heavy metal ions Mn, Zn, Fe, and Cu. Upregulation of related genes to
MTs byTFs such as heat shock transcription factorA4a (HsfA4a), have been reported
to improve the Cu-resistance in rice (Shim et al. 2009). Al tolerance incremented in
rice seedlingswith the induction ofASR5 that suggested acting as a TFwhich express
genes protect cells against Al toxicity. Similarly, another TF, C2H2, induce ART1
protein localized in root that expresses genes associated with Al-tolerance (Arenhart
et al. 2013). Nakashima and Yamaguchi-Shinozaki (2006) detected the DREB TFs
down-regulated in heavy metal-stressed rice seedlings, which they introduced the
possibility of DREB assistance in osmotic adjustment to decrement the uptake of
heavy metals.

2.3 Conclusion and Future Perspective

Along with the pace of change in edaphic and atmospheric properties on earth the
evolution enabled the primary forms of plants to survive and propagate. In themodern
era, the definition of surviving in domesticated plants changed to the capability of the
plants of interest to yield agricultural products under various conditions, a potential
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that is now jeopardized more than ever by a dramatic increase in the incidence of
abiotic stresses. This resulted from the accelerated rhythmof negative changes caused
by climate changemajorly driven from exacerbating anthropological activity. During
the last half-century, statistically speaking, the probability of severe water deficit,
salinization of soil and water resources, and extreme temperatures has dramatically
incremented in addition to the risk of simultaneous occurrence of these stressors.
This all comes down to the fact that from the few limited choices to improve the
food security of a world that population is increasing, improving the knowledge and
understanding of crop plants response and tolerance mechanisms as a critical input
for breeding programs can be perhaps the most viable approach if not only. Using
phenotypic screening of germplasms responses to abiotic stresses under open-field
conditions since lab trials may not be realistic. Probing for a pattern in response
to abiotic stresses could be significantly helpful, of course, abiotic stress tolerance
in crops controlled by multiple genes. However, commonality of dehydration due
to damage to root system or unavailability of water as well as failure in proper
stomatal reaction to the stress needs be considered together with the physiological
level, where the general response is the disruption of water relations and/or reduction
in carbon assimilation. Generating osmotic stress and oxidative stress is the lethal
approach of abiotic stresses that force the plant to compulsorily initiate universal
and sometimes small scale costly (i.e., from both the percentage of energy budget
and the prospective reduction in ultimate yield) approaches as decreasing the carbon
fixation. This often happens by the obligatory morphological changes in leaves to
lower the light interception and biosynthesis of compatible solutes (i.e., GB, proline,
and glutathione) and antioxidants (i.e., SOD, POD, CAT, APX, GR, GSH, and PO,
etc.,) by expression of stress-inducible TFs (DREB, bZIP, CBFs, NAC and BrMT1,
etc.). A body of knowledge that’s a compilation of traditional andmodern approaches
is a valuable possession that can broaden our perspective to develop crop plants
resilient for the climate-changing era.
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Chapter 3
Biotechnology Strategies to Combat
Plant Abiotic Stress

Syed Uzma Jalil and Mohammad Israil Ansari

Abstract Adverse environmental conditions cause major challenge to crop produc-
tion and have significant decreases in crop yields worldwide. Developing stress toler-
ance varieties against wide range of abiotic stresses is a widely supported approach
that allows the environment to adapt to these methods. The reactive oxygen species
(ROS) in plants are generated due to abiotic stresses that causes lipid peroxidation,
inactivation of enzymes, DNA damage in plant cells. Biotechnological approaches
propose numerous applications in crop improvement including stress resistance and
quality enhancement. Identification and functional characterization of various target
genes involves in signaling, transcription, antioxidant defense system for under-
standing the molecular mechanism of abiotic stress tolerance has been employed to
developed stress resistant plants by biotechnological techniques. Employing genetic
engineering approaches, tissue culture techniques, functional validation of genes and
transcription factors and genome editing approaches for example Zinc Finger Nucle-
ases (ZFNs), transcription activator-like effector nucleases (TALENs) as well as
advancedmolecular toolCRISPR-Cas9 systemswhich provides simplicity and preci-
sion of targeted gene editing methods. These biotechnological approaches engage
in different processes to enhance abiotic stress resistant in different plants. Present
chapter provide inclusive outline to draw the consideration of investigators with
advances in biotechnological techniques to improve the tolerance of abiotic stresses
in various plants to increase plant productivity.
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3.1 Introduction

In the current era, plant biotechnology faces an integral challenge to develop toler-
ance in plants for combating hostile environmental conditions particularly under the
continuously changing climatic conditions. Abiotic stresses negatively influence the
growth and development of plants causing severe reduction in crop yield as shown
in Fig. 3.1 (Jalil and Ansari 2020a). Different techniques have been discovered to
elevate plant stress resistance to ensure plant survival and enhance crop produc-
tivity (Chikkaputtaiah and Marwein 2019). Conventional breeding strategies utilize
existing hereditary variations that occur in different germplasms or induced through
intergeneric and interspecific hybridization, induced mutation and somaclonal varia-
tion.Despite their success, these strategies have numerous limitations as they resulted
in developing limited number of new stress resistant varieties capable of field survival
(Lin et al. 2013). In addition, conventional techniques are constrained with limited
genetic variation of plants that can thrive in adverse environmental conditions, the
intricacy of stress resistance characters and in proficient selection approaches (Lin
et al. 2010).

Recent strategies to enhance resistance against abiotic stresses in plants have
received momentous accomplishments. Genetic engineering methods for tolerating
abiotic stress on plants depend on genetic expression that influences stress manage-
ment as well as signaling mechanism (Ohama et al. 2017), stress responsive genes
(Ansari et al. 2011; Ma et al. 2018), and enzymes involved in metabolites production
(Li et al. 2018; Liu et al. 2018). The plant genetic engineering strategies to improve
stress tolerance comprises of stimulating endogenous systems via interceding at
various responses, degrees of reactions, regulatory components, transcription factors
and antioxidants Fig. 3.2 (Jacob et al. 2017). Moreover, the significant achievements

Fig. 3.1 Schematic representation of abiotic stress responses in plant cell. High accumulation of
ROS in plants are the result of abiotic stress that causes lipid peroxidation, inactivation of enzymes,
DNA damage in plant cells that leads to cell death
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Fig. 3.2 Biotechnological approaches for mitigating abiotic stresses in plants

in the utilization of molecular techniques, which possibly improve the abiotic stress
resistance in plants.

Recently, gene editing technologies pave a new way to manipulate primary and
specific metabolisms. It engaged in the modification of the identified sequences in
a genomic data, targeting only limited nucleotide bases, which make possible the
functional study of phenotypic traits responsive genes (Mahfouz et al. 2014). Gene
editing tools has been generally used for improving the crop quality and production,
as well as improved plant resistance against abiotic stresses Fig. 3.2 (Abdallah et al.
2016). These are also considered as non-genetically modified strategies while it does
not involve in manipulation of huge sequences and transformation of plants with
foreign genes (Abdallah et al. 2016). These biotechnological approaches regulated
the transcriptional and post-transcriptional factors as well as improved the resistance
of plants through prompting to the fabrication of different metabolites as well as
bio molecules and these techniques provides further perceptive of the mechanism of
signaling compounds involved in stress tolerance.

Advancement in biotechnological approaches have transformed our proficiency
for gene detection, studies of tissue-specific promoters, characterization of genes,
and the development of proficient methods for genetic engineering and gene editing
in plants (Chikkaputtaiah and Marwein 2019).This biotechnological tool offers the
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prospect to attain stress resistance, enhanced crop production, and improved nutri-
tional qualities. the study of plant molecular mechanisms involved in resistance to
abiotic pressure, the formation of signaling pathways for hormones, cell interactions,
and crosstalk between pathways can improved the strategies to develop stress tolerant
plant varieties that will be beneficial for increasing crop production. This chapter
presents advancement in biotechnological techniques to study the plant molecular
mechanisms involved in abiotic stress resistance for development of stress resistant
plants or for improving abiotic stress tolerance in plants by molecular regulation of
genes, genetic engineering and very recently the genome editing tools for increasing
productivity of crops.

3.2 Genetic Engineering Strategies for Resistance
to Abiotic Stresses

As per the current situation, the population around the world increases drastically
therefore the demand of increase crop productivity is very high in limited arable
land and under continuous changes in the environmental conditions. To conquer this
issue, various endeavors have been applied to improve breeding and biotechnological
approaches for developing stress resistant crops with high yield and enhanced nutri-
tional value. Conversely, it is still the biggest challenge in agricultural sector (Joshi
et al. 2020). The traditional breeding strategies have very limited success because
of the intricacy of abiotic stress resistance traits, whereas advanced biotechnological
approaches such as genetic engineering strategies has been in the spotlight for the
researchers as these modern approaches includes introduction of new foreign genes
or modification of endogenous stress related gene expressions to transform plants to
improving stress resistance ability of plants. Development of stress resistance trans-
genic plants required crucial knowledge on the molecular mechanisms that involved
in the transduction of stress signals to cellular compartment to activate versatile
responses which required for the identification of important stress related genes and
pathways (Sanchez et al. 2011). Several studies have been done to illuminate the
molecular mechanism of stresses responsive genes using advanced sequencing and
functional genomics approaches (Chikkaputtaiah et al. 2017).

3.2.1 Metabolite Engineering for Improving Abiotic Stress
Tolerance

Osmoprotectant are the ammonium compounds include betaine, polyols as well as
sugars, and few amino acids (glycine, proline) which accumulated in plants under
adverse environmental conditions (Ashraf and Harris 2004). These osmoprotectants
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involves in stabilizing proteins and membranes for managing the osmotic adjust-
ment of the cells during stress conditions (Zandalinas et al. 2018). Various crops
have synthesizing very limited amount of osmoprotectants and deficiency of these
osmoprotactant is the rationale in using metabolic engineering approaches to accu-
mulate the synthesis of osmoprotectants in such plants for enhancing their toler-
ance in response to different abiotic stress conditions (McNeil et al. 1999). Proline
are accumulated in several plants under abiotic stresses, in a study it has been
revealed that the activities of proline biosynthesis enzyme, 1-pyrroline-5-carboxylate
synthetase increased in Ailanthus altissima (Miller) during salinity and dehydration
stress (Filippou et al. 2014). Moreover, high accumulation of proline observed in Zea
mays plant under stress conditions to combat with abiotic stress responses (Huang
et al. 2018).

The accumulation of osmoprotactants occurs during osmotic adjustment under
adverse environmental condition have been used to develop stress-resistant genet-
ically modified crops (Per et al. 2018). Furthermore, salinity stress resistance was
shown in Triticum aestivum by transferring betA gene for glycine betaine biosyn-
thesis (He et al. 2010). Zea mays as well as Glycine max plants shows increased
glycine betaine 1 content in transgenic plants as compared to control plants due
to the expression level of GB1 gene (Castiglioni et al. 2018). Bacterial choline
dehydrogenase gene introduced genetically modified Oryza sativa plants showed
high level of glycine betaine accumulation for improving resistance in response
to drought and cold stresses (Quan et al. 2004). Moreover, the Triticum aestivum
introduced with pyrroline T carboxylate synthetase (P5CS) gene of Vignaa coniti-
folia reveal resistance against drought conditions. Furthermore, O. sativa seedlings
expressing P5CS gene illustrate enhance level of proline (Sawahel andHassan 2002).
The overexpression of Ornithine delta-aminotransferase gene (OsOAT) of O. sativa
showed enhanced level of δ-OAT and proline content in genetically modified rice
plants for combating different stress conditions (You et al. 2012). Improving trehalose
biosynthesis enhanced yield potential in transgenic O. sativa under drought and salt
stress (Joshi et al. 2020). GABA shunt pathway regulating the GABA metabolism
during hostile conditions, GABA play important role as osmolyte that reduced the
negative effect in plants during adverse environmental conditions (Jalil et al. 2019;
Jalil and Ansari 2020b). Isoprenoids are the terpenes that involved in defence mech-
anism of plants against abiotic stresses and oxidizing conditions of the environ-
ment. Isoprenoids synthesized in plants via two different biosynthetic pathways.
Genetic modification of these pathway genes helps in isoprenoids overexpression
that responses against abiotic stress by modification of ROS generation with direct
reactions, indirect reactions with ROS, which developed stress tolerance ability in
plants for combating abiotic stresses (Jalil and Ansari 2020c).
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3.2.2 Genetic Engineering of Stress Responsive Genes
and Transcription Factors

Introduction of diversify stress regulatory genes includes molecular chaperons,
heat shock proteins (HSPs) encoded genes, regulation of histones, modification of
helicases and micro RNA and various transcription factors (TFs) are utilized for
enhancing stress resistance in plants using genetic engineering approach. Molec-
ular chaperones are responsible for various cell activities such as protein folding,
translocation, and degradation and it observed that various proteins showed chap-
erone like activities. Conversely, various chaperones are stress responsive proteins
and characterized asHSPs (Wang et al. 2004). Furthermore, overexpression ofHsp90
genes of Glycine max in A. thaliana showed reduced stress induced responses and
improved yield and phynotypic traits during heat stress (Xu et al. 2013). More-
over, over expressing OsHSP18.6 in genetically modified rice seedlings showed
improved resistance in response to abiotic stresses. The exogenous expression of
the HSP70 gene in transformed rice seedlings showed increased resistance against
salt stress (Hoang et al. 2015). Moreover, sugarcane plants induced with EaHSP70
shows resistance against drought and salt stress (Augustine et al. 2015). In another
study, heat-induced HsfA2 gene (transcription factor) from Z. mays, ZmHsf04, was
overexpressed in A. thaliana showed tolerance in response to heat and salt stress
(Jiang et al. 2017).

Modification in N terminal region of histones was done by methylation, acetyla-
tion, phosphorylation, and ubiquitination, these modifications activated or silenced
stress responsive genes (Asensi-Fabado et al. 2017; Kim et al. 2015). Moreover, the
hyperacetylation of histones H3K9, H3K14ac, and H3K27ac activates OsDREBb
gene ofO. sativa showed improved resistance against salt and chilling stresses (Scott
et al. 2014). Furthermore, histone modification in the MYB, bZIP, and AP2/DREB
TFs of G. max shows increased resistance in response to salt stress (Ci et al. 2015).
Histone deacetylase gene HDA6 is essential for plants to survived in low temperature
(To et al. 2011), and respond in salinity condition (Chen and Wu 2010). Moreover,
HD2 proteins show improved resistance against extreme salinity condition (Luo et al.
2012).

Several researches have reported the beneficiary functions of helicases in coun-
tering the effect of adverse environmental conditions (Macovei et al. 2012; Tuteja
et al. 2012; Liu and Imai 2018; Raikwar et al. 2015). It has been reported that trans-
genic Nicotiana tabacum with overexpressing pea PDH45 gene shows resistance
against salt stress (Sanan-Mishra et al. 2005). Furthermore, OsABP (O. sativa ATP
binding protein) showed response against abiotic stresses (Macovei et al. 2012).
Moreover, overexpression of pea DNA helicase PDH45 in transgenic chilli involved
in alleviating various abiotic stress conditions by elevating the activities of antiox-
idants and increasing the expression of stress genes (Shivakumara et al. 2017).
Additionally, Overexpressing Pea p68 genein genetically modified Nicotiana plants
shows accumulation of low Na1 and high K1 than wild type plants that showed late
foliar senescence in the transgenic plants in different stresses (Tuteja et al. 2014).
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In another study, groundnut plants expressing PgeIF4A gene improved resistance
against drought and salinity stress conditions (Rao et al. 2017).

MicroRNAs are the non-coding RNAs which negatively regulates the posttran-
scriptional expressions of stress related genes and any modifications can influence
expression confer adaptation benefits, therefore characterizing these objectives may
be helpful in elucidating the regulatory role of miRNA in response to adverse envi-
ronmental conditions (Chen et al. 2017). Characterization of these RNAs by means
of genomic and proteomic approaches can facilitate in developing stress tolerant
transgenic plants (Shriram et al. 2016). Furthermore, overexpression of OsSPL2
and OsSPL14 genes via miR529a in O. sativa showed improved tolerance against
oxidative stress (Yue et al. 2017). Furthermore, overexpression of miR408 in Cicer
arietinum showed enhanced resistance against drought stress (Hajyzadeh et al. 2015).
It has been observed that overexpression of soybean miRNA172c and MIR394a in
transgenic A. thaliana shows improved tolerance against salinity and dehydration
stress (Li et al. 2016; Ni et al. 2012). The overexpressed O. sativa seedlings with
miR319a and miR319b showed tolerance in response to chilling stress (Yang et al.
2013).Moreover, it has been studied that suppression ESK1with siRNAgene expres-
sions alongwith overexpression ofCBFgene inA. thaliana showed resistance against
drought stress (Xu et al. 2014).

3.3 Tissue Culture Techniques

In vitro plant tissue culture (PTC) technique is a promising tool and vital technology
that has huge demand in agriculture. It prompts the advancement of biotechnological
tools utilized for crop improvement. PTC produce disease-free/stress tolerant crop
plants that will be require for increasing global population (Chatenet et al. 2001).
PTC technology is used for the development of genetic engineered plants through
introgression of stress responsive genes and selection of stress-resistant plants via
in vitro selection (Pérez-Clemente and Gómez-Cadenas 2012). PTC techniques are
widely applied in breeding as well as biotechnological techniques; this is an efficient
method obligatory for the validation and utilization of data produced by these influ-
ential molecular tools. Execution of vigorous procedure for regeneration is conse-
quently essential for genetic engineering and other tissue-culture derived methods to
produce abiotic stress tolerant plants.

3.3.1 Somaclonal Variation and In Vitro Mutagenesis

PTCproduces genetic variations in plants that included in plant breeding programmes
(Jain 2001). It is notable that somaclonal variation concerning callus development
and somatic embryogenesis has the ability to produce genetic variation (Larkin
and Scowcroft 1981). The probability of developing somaclones by tissue culture
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approaches has been studied in Pisum sativum (Griga et al. 1995) and Cajanus
cajan (Chintapalli et al. 1997). These variations are not enviable for certain purposes
for example transgenic approach and enormous micropropagation, however can be
helpful for breeding. These approaches, independently orwithmutagenesis, develops
diversity that are main breeding objective for enhancing the abiotic stress resistant
in crop plants.

In vitro mutagenesis approaches have been utilized in crop breeding for abiotic
stress tolerance in crops (Fuller and Eed 2003). These approaches have been affected
by the recalcitrant plants to regenerate and the minimal efficiency of screening the
desired phenotypes. However, the progress of regeneration methods of various plants
and the activity of induced mutant crops showed that in vitro mutagenesis signifi-
cantly involved crop breeding (Khan et al. 2001). In fact, associating mutagenesis
approaches with other advance biotechnological techniques will make mutagenesis
more progressive and appropriate for crop improvement. The main complexity with
these approaches is the requirement of large number of individuals for screening the
required trait. However, by utilizing in vitro selection approach this drawback can
be reduced.

3.3.2 In Vitro Selection for Abiotic Stress Tolerant Plants

In vitro selection has been utilized for stress tolerant plants. Salt stress is the fore-
most abiotic stress that has been deal with this approach (Flowers 2004), however,
has been reported for other stresses also (Samantaray et al. 1999). Furthermore,
these approaches are significantly coordinated with conventional breeding prac-
tices (Svabova and Lebeda 2005). In vitro selection applied in Medicago sativa
for screening against Colletotrichum (Cucuzza and Kao 1986), Fusarium (Cvikrova
et al. 1992) and Verticillium species (Koike and Nanbu 1997). These reports revealed
the possibility of in vitro selection, even though no resistant plants were documented.
Moreover, in another study, in vitro screening was done in Guava transformed with
endochitinase gene againstFusariumoxysporum (Mishra et al. 2016) and in this study
resistant line against wilt disease were reported (Mishra et al. 2014). This approach
can also be joined with other approaches along with somaclonal variation. Clas-
sical breeding as well as genetic engineering methods utilized for developing stress
resistant plants which can be monitored by in vitro selection approach. These are
especially appealing for adverse environmental conditions, where proper screening
strategies are inaccessible or less proficient.
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3.4 Gene Editing Tools for Improving Stress Resistance
in Plants

Genome editing approaches by nuclease-specific sequences have emerged as
powerful tools for genetic and plant development studies. The availability of high-
quality genome editing tools raises the possibility of improving the quality of plants
for efficient and directed growth of plant traits, especially enhanced tolerance to
abiotic stress conditions. The invention of the engineered nucleases develops a
double-stranded break that alters the biology of cells by opening a newway of genetic
engineering of genes of interest. Genome editing by ZFNs (Kim et al. 1996) and
TALENs (Christian et al. 2010), but now days it turn emphasized by the innovation
of clustered regularly interspaced short palindromic repeats CRISPR/Cas systems
(Jinek et al. 2012) that offers the flexibility as well as simplicity of targeted genome
editing.

3.4.1 Zinc Finger Nucleases (ZFNs)

Zinc Finger Nucleases (ZFNs) is a genome editing method that uses well-designed
nucleases formed after exposure to localization of Cys2-His2 zinc finger (ZF) (Kim
et al. 1996; Pabo et al. 2001; Palpant and Dudzinski 2013). Though the primary study
on ZFs, successfully used a few organisms together with plants (Gaj et al. 2013).
ZFNs focus on the unfunctional of endogenous genes in various plants (Zhang et al.
2010; Shukla et al. 2009; Townsend et al. 2009). Site-specific mutagenesis and base
substitution are important for genetic engineering of plants (Osakabe et al. 2010).
Consequently, ZFNs are important tool used in several crops to improve abiotic stress
resistance. ZFNs was developed specially formulated alongside HSPs to modify the
AP2/ERF family definition, ABA-INSENSITIVE 4, which is involved in abiotic
stresses (Osakabe et al. 2010). In Arabidopsis, ZFNs are designed to target DNA to
introduce insertion and deletion mutations (dePater et al. 2009; Hou et al. 2014).

3.4.2 Transcription Activator-Like Effector Nucleases
(TALENs)

TALENs protein nucleases produced and regulated the targeted DNA by the help of
specific protein activator-like effectors (TALE) protein (Jankele and Svoboda 2014).
Proteins contains a space that focuses on DNA binding, cellular signaling, and the
filling site as a gene translation tool (Schornack et al. 2006). Therefore, the DNA
inhibition potential of these proteins, and after few years, scientists decodes the
identification code of the targeting DNA pattern containing TALE proteins (Boch
et al. 2009). TALENs promote site-based mutagenesis in the target gene (Hou et al.
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2014; Mahfouz et al. 2011). TALENs effectively transfer to various plants including
A. thaliana, N. tabacum and O. sativa (Curtin et al. 2012; Shan et al. 2013). In
addition, TALEN has created various mutations in O. sativa (Zhang et al. 2016).
Furthermore, the introduction of TALEN in potatoes has shown cold storage and
processing properties (Clasen et al. 2016).

3.4.3 Clustered Regularly Interspaced Short Palindromic
Repeat (CRISPR)/Cas9)

Advancement in genome editing tools provide new opportunities for genetic editing
using targeted genes for specific plant traits. CRISPR/CRISPR-related protein-9, the
Cas9 received an astonishing speculation by researchers due to its tangible benefits
over other genome editing tools such as ZFN and TALEN (Mao et al. 2013). The
nucleases that use protein-targeted proteins, CRISPR-Cas9 relies on the approval of
RNA-DNA to form a double strand. The various desirable conditions of CRISPR-
Cas9 in addition to these nucleases are specific to the target system, the efficiency of
introducing mutation by formulating Cas9 and guide RNA, as well as the easiness
of multiplexing intensive on deviations in several genetic expressions (Zafar et al.
2019).

In addition to mutagenesis, this method can be used to activate (CRISPR or
CRISPRa implementation) or to deactivate (CRISPR impedance orCRISPRi) quality
integration through merging a chemically active Cas9 with a transcriptional activator
or repressor (Bortesi and Fischer 2015). Regardless, reports regarding the concen-
tration of abiotic stress resilencing are inadequate for such studies. This method
interfered in the heat-resistant genetic modification achieved via directing stress
genes such as SlAGAMOUS-LIKE 6 (SIAGL6) on tomatoes, which increased plant
resistance under heat stress (Klap et al. 2017). Consequently, a focus on multiple
attributes in a single living form using CRISPR-Cas9 has also been successfully
developed in various plants (Char et al. 2017; Gao et al. 2017; Miao et al. 2013;
Wang et al. 2016).

Thus, this genome-editing method have the potential to develop plants that are
more tolerant of stress through concentrating on a several stress related genes in
the favorable but critical crop yields. In addition, tolerant genes, can be overex-
pressed using CRISPR which is commonly used for genetic mutations. Recently,
the use of this method in genome editing has continued to increase the use of this
method in comprehensive genome studies to improve quality of crops (Mahas and
Mahfouz 2018; Rodríguez-Leal et al. 2017). It could be another way of growing
traditional plants which depends on finding plants communities including enough
genetic diversity to carry attractive traits to plants. This approachmay introduce novel
allelic differences in plants, so novel alleles associated with a particular attractive
phenotype will be recognizable in the sequence of the guide RNA (Eid et al. 2018).
So, this tool has played a major role for developing stress-resistant varieties.
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3.5 Conclusion and Prospects

In view of the enormous loss of crop productivity because of adverse environment
conditions, there is an imperative requirement to focus our research on developing
plants with improved abiotic stress tolerance along with high yields by means of
biotechnological strategies to alleviate the negative impacts of environmental changes
on plants. Biotechnological approaches have also been widely used to study the
plant molecular mechanisms associated with different abiotic stress resistance for
development of stress resistant crop plant by molecular regulation of genes, genetic
engineering and very recently the genome editing tools specifically CRISPR-Cas9.
Presently, genomeediting tools are themomentous innovationof agricultural biotech-
nology. Generally considered as a non-genetically modified technique, CRISPR/Cas
tool has appeared as a gene editing approaches that can be a possible turning point
for intensifying our researches on producing stress tolerant crops without changing
nutritional quality of plants for the future.
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Chapter 4
Nanomaterials Fundamentals:
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Abstract Nanotechnology is an exciting recent-day technology. Different metals
can be prepared as nanomaterials (NM) that can be used in various fields. Therefore,
ongoing research focuses on developing many methods for synthesizing nanoparti-
cles (NPs). Nanoparticles have unique physicochemical, structural and morpholog-
ical characteristics that are important for a wide range of applications in conjunction
with the fields of electronic, optoelectronic, optical, electrochemical, environmental
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and biomedical. This chapter presents an insight on the fundamental concepts, prop-
erties and classifications ofNPs including their preparationmethods aswell as impor-
tance in obtaining suitable NPs for several uses. In addition, the present chapter also
explains the characterization tools of NPs such as X-ray diffraction, transmission
electron microscopy, scanning electron microscopy, energy dispersion spectroscopy,
Fourier transform infrared and ultraviolet-visible spectroscopy.

Keywords Characterization · Classification · Nanotechnology · Nanoparticles ·
Properties of nanoparticles · Quantum effects

4.1 Introduction

The term “nano” is derived from the Greek word “Nanos” which means dwarf.
Mathematically, the nano is a unit of measurement, which is equal to one part of
billion, i.e., nanometer is 10−9 m. The nanomaterials (NM) are defined as a set of
substances where at least one dimension is less than approximately 100 nm (Wu
et al. 2020). For example, in order to imagine the small nanometer, the thickness of a
single human hair is 50 micrometers or 50,000 nm. The smallest things a person can
see with the naked eye displays about 10,000 nm wide. Ten hydrogen atoms placed
in a line that touches each other will measure one nanometer. The science that deals
with these materials and studying their properties is nanoscience (Madkour 2019).
The application and engineering of these sciences to produce useful inventions is
nanotechnology, which deals with materials by dimensions not exceeding 100 nm
(Wu et al. 2020). The unique thing about the nano or “Nano Scale” is that most of the
basic properties of materials and machines such as thermal or electrical conductivity,
hardness, melting point and physical properties, depend on size like no other in
any scale larger than nano, for example, the nano scale wire or conductor does not
necessarily follow Ohm’s law whose equation links current and voltage (Dhand et al.
2015). The resistance value depends on the principle of electrons flowing into the
wire. When the width of the wire is one atom, the passing of electrons through it
will be very difficult. Also, the color of the material in nano scale changes, because
of the difference in the absorption coefficient of light, since the wavelength that is
reflected from the material in the nano scale will change and it determines the color
of the material, for example, in gold nano particles will be diagonal to red on the
abnormal, which is yellow (Ealias and Saravanakumar 2017).

The chemical properties will also change greatly due to the large surface area
compared to the volume, as well as the difference of the ionization factor due to
the increase in the number of free electrons, and, therefore the chemical stability
will be less than of bulk materials (Viswanathan 2014). The physical properties
will differ for the same reasons in addition to the change in heat capacity and heat
exchange. The change of the properties in the case of nano structure materials is the
key to understanding broad nano science (Ealias and Saravanakumar 2017). There-
fore, knowledge of the benefits gained and the side effects of this new technological



4 Nanomaterials Fundamentals: Classification … 79

revolution and the changes that will bring about our lives to reap its benefits and avoid
or reduce its harms and be sure that it will not poison us at the same time (Madkour
2019; Yaqoob et al. 2020). For a more understanding of the state of nanostructures,
one nano linearly contains three carbon atoms. In this case, the square of the length
1 nm contains 9 carbon atoms. The cube with the length of 1 nm contains 27 carbon
atoms (in a cube 1 m × 1 m × 1 m thus the number of atoms are 2.7 × 1028C
atoms) (Madkour 2019). This chapter presents brief overview on nanotechnology as
well as NM together with their properties, methods for preparation and the tools of
characterization.

4.2 Nanomaterials

The NM are very small dimension materials usually in the range of 1–100 nm (Wu
et al. 2020). In these dimensions, the various properties such as optical, magnetic,
electrical, mechanical, chemical, thermal and physical can be altered or improved
(Vollath 2008). NM have the potential for great applications in electronics, industry,
medical, agriculture, energy, environment, water treatment, space and all engineering
applications (Madkour 2019). Some NM may exist naturally without interference,
however it is especially important that NM are already designed to be used in
applications that serve humanity in general (Horikoshi and Serpone 2013).

4.3 Classification of Nanomaterials

TheNMare classified into four kinds based on their shapes and dimensions (Madkour
2019). The first kind called, zero dimension: Materials have three nanoscale dimen-
sions and their are so small and close to zero, for example, nano dots (Viswanathan
2014). The second kind is one dimension. It has one length (x, y or z) in the nano
scale and the other two dimensions are out rang of nano, for example, very thin
surface coatings or a single sheet of graphite (graphene oxide) (Pokropivny 2007).
The third kind is two dimensions, the material has two dimensions in the range of
nanometer and its third dimension out the range of nano, like nano carbon tube. The
last kind of NM is three dimension, all three dimensions are in nano scale. It differs
from the zero dimensions in that its dimensions are slightly larger and not neglected
(often greater than 10 nm) (Madkour 2019; Shao et al. 2020).

4.4 Quantum Effects

Classical mechanics in the case of NM become unable to illustrate the phenomena
that occur in these models because their small dimensions. Quantum mechanics



80 A. K. Almuhammady et al.

managed to explain phenomena, which classical physics cannot explain (Madkour
2019). For instance changing the color of goldwhen it turns to nano.Another example
is the principle of uncertainty in determining the position of an electron, as classical
physics fail to explain this phenomenon (Pokropivny 2007). Through the use of
quantum mechanics, many things can be described in small limits of sizes. Classical
system, such as Newton’s law of motion may not be able to explain this, especially
when the dimensions of materials reach less than 10 nm. In this case, the Earth’s
gravitational force is neglected because it does not effect on objects in very small
dimensions (Vollath 2008).

Types of electrons confinement was shown in (Fig. 4.1). The type one is quantum
well” or two dimensional system. This means that the electron can move in two
directions and confinement in the other. It occurs in one dimensional NM (Madkour
2019). Whereas, if the electron was free in one direction and became confinement
in two directions, the two dimensions are not sufficient to give the electron freedom
of movement. This is type two which called the quantum wire or one-dimensional
system. This case found in two-dimensional NM (Pokropivny 2007). While the third
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Fig. 4.1 Types of electrons confinement (Figure constructed by A. K. Almuhammady)
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type is a zero dimensional system or quantum dot. The electron is not able to move
in the three directions because there is not a sufficient dimension to move it. This
occurs in zero dimensional NM (Sethi et al. 2020).

4.5 Unique Properties of Nanomaterials

NM differ from materials of their natural dimensions in properties (Ealias and Sara-
vanakumar 2017). The change in characteristics happens for the many reasons,
the main one is: The NM are distinguished having a very large surface area when
compared to size. Let consider a sphere of radius “r”, its surface area = 4πr2, its
volume = 4/3πr3, surface area to volume ratio = 3/r. In this case, if assume that
the value of (r) in the equation is 1 nm, then the ratio of area to the volume will be
3/r = 3/10−9 = 3 × 109. It is a very large amount and to clarify the situation more
(Horikoshi and Serpone 2013).

If a cubic length of 1 m, then the surface area is 6 m2. If the cube divided into two
equal parts, the area is 12 m2. If it’s divide into three equal parts, then the area will
be 18 m2. As a result, if subdivided a bulk material into an ensemble of individual
NM, the total volume remains the same, but the collective surface area is greatly
increased (Fig. 4.2) (Kulkarni 2015). In addition, the NM may reach very small
dimensions so the quantum effect becomes dominant in the behavior of matter at the
nano scale (Pokropivny 2007). Quantummechanics will describe motion and energy
instead of the classical mechanics model. When the three dimensions of NM become
very small (less than 10 nm), then the gravitational forces become very small and
neglected within certain limits because it depends on the factors of distance andmass

1 m

Area= 6 × 1 m 2= 6 m2 Area= 6× (1/2 m) 2 × 8 = 12 m2 Area= 6× (1/3m) 2 × 27 = 18 m2

Fig. 4.2 The relationship between size and surface area (Figure constructed by A. K. Almuham-
mady)
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that are very small and have no effect (Viswanathan 2014). In nanoparticles (NPs),
the electromagnetic forces, in this case, are very high. Another reason to change the
properties of NM is the band gap and lattice parameters are depending on the size of
particles (Vollath 2008).

4.5.1 Physical Properties

TheNMcrystal structure is identical to bulkmaterials.However, it differs in the lattice
parameter (Kulkarni 2015).Wonderful specific properties that may vary significantly
from the physical properties of bulk materials. Some of these unusual characteris-
tics are known, but many are still being discovered (Madkour 2019). The physical
properties of NM for different origins are identical for the large atomic distribution
on the surface of the material and what happens because of this distribution from the
interactions with the external environment, large surface energy, due to the increased
surface area and spatial confinement of the electron spatial because of the small
dimensions, which does not give the electron freedom of movement (Mageswari
et al. 2016; Viswanathan 2014).

4.5.2 Optical Properties

One of the most important characteristics of NM, optical properties because many
applications depend on it (Juh 2007). These applications include an optical detector,
laser, sensor, imaging, solar cells, photo catalysis, photochemistry and biomedicine
(Madkour 2019). The optical properties of NM rely on criteria such as molecule
size, shape, surface properties and other variables including increased the activity
of interaction with the surrounding environment or other nanostructures (Tshabalala
et al. 2020). The color of NM changes by the particle size due to the change of the
optical absorption coefficient (Zhang 2009).

4.5.3 Chemical Properties

The electronic structure of nanoscale materials depends on their size which mainly
affects chemical stability and reaction (Bunaciu et al. 2015). NM have a high surface
area, that increases the possibility of interaction with the external environment, Then
it has low chemical stability (Madkour 2019). In other words, NM tend to interact
more than bulk materials (Mageswari et al. 2016). Inaddition, among the reasons
that can lead to less chemical stability are the changes in an electronic structure and
the relatively high ionization factor (Viswanathan 2014).
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4.5.4 Electrical Properties

The intensity of the energy states in the conduction range of theNMvaries differently
from the bulk due to the difference of the electronic structure between it (Kulkarni
2015). When the spacing energy between two levels is more than the kBT (k or kB) is
the product of Boltzmann constant, and T the temperature), an energy gap is created.
Relevant nanoscale partswill produce different sizes on different electronic structures
and different energy level separators (Madkour 2019). Ionizing possibilities in NPs
are higher than in bulk materials. The most reasons that lead to a large difference
in the electrical properties of NM are quantum confinement of electrons with their
freedom in movement, quantum size effect, the energy bands between valance and
conduction band which lead to determine the electronic transition from level to upper
and charge quantization (Viswanathan 2014).

In quantum wire, two dimensions are reduced and one dimension remains large.
Therefore, the electrical resistivity of quantum wire can be calculated using the
following conventional formula: R = ρ L/A; where ρ: is the resistivity of the
conductor, L: is the length of the conductor, and A: is the cross sectional area
(Madkour 2019; Viswanathan 2014). Therefore, to solve this equation and calcu-
late the resistance value in quantum wire, it needs to determine the cross section
area of the wire (A), which needs two dimension and one of them reaches to zero,
the resistance is infinite, this meaning that it is impossible to cross any electron and
electron confinement was obtained (Madkour 2019). Figure 4.3 shows the transitions
between the valence beam to the conduction band in semiconductors.
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Fig. 4.3 Transitions between valence band to conduction band in semiconduction (Figure
constructed by A. K. Almuhammady)
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4.5.5 Magnetic Properties

Magnetic properties of NPs are dominated by two main features: finite-size effects
(single-domain, multi-domain structures and quantum confinement) and surface
effects, which results from the symmetry breaking of the crystal structure at the
surface of the particle, oxidation dangling bonds, surface stain (Katz 2020). Surface
effects become significant as the particle size decreases because of the ratio of
the number of surface atoms to the core atoms increases (Kulkarni 2015). It is
well established that several magnetic properties such as magnetic anisotropy, the
magnetic moment per atom, curie temperature, and the coercivity field of NPs can
be different than those of bulk material (Madkour 2019). The magnetization in the
surface decreases faster with increasing temperature than the magnetization in the
interior of a particle. The low symmetry around surface atoms can result in a large
contribution to the magnetic anisotropy of NPs (Viswanathan 2014). Moreover, the
magnetic structure in the surface and around defects in the interior may be influenced
by a reduced number of magnetic neighbor atoms, and this can lead to non-collinear
spin structures in ferrimagnetic particles (Kulkarni 2015).

Large surface area to volume ratio in magnetic materials develops a substantial
proportion of atoms having a different magnetic coupling with neighboring atoms,
leading to differing magnetic properties (Madkour 2019). Superparamagnetism is
observed in magnetic NPs by which the magnetizations of the particles are randomly
oriented and aligned only under an applied magnetic field and the alignment disap-
pears once the external field is withdrawn. This is due to the presence of only one
domain in magnetic NPs as compared with the multiple domains of bulk Magnetic
(Kulkarni 2015). The charge localized at the particle surface gives rise to ferromag-
netic like behavior. This observation indicated that the modifications of the band
structure by chemical bonding can develop ferromagnetic like behavior in metallic
clusters (Huh et al. 2020; Viswanathan 2014).

4.5.6 Mechanical Properties

Compared with bulkmaterials, the mechanical properties of NM change greatly. Due
to an increase in the number of atoms on the surface, interatomic distance decreases
which causes an increase in interatomic force. This rise in interatomic force increases
the shearing strength of NM increases (Wu et al. 2020). As the shearing strength
increases the young modulus {it is a mechanical property that measures the stiffness
of a solid material and can be defined as the relationship between stress (force per
unit area) and strain (proportional deformation) in a material in the linear elasticity
regime of auniaxial deformation} of nanosolids also increases (Bunaciu et al. 2015).
Also, the NPs have the biggest tensile property, less plastic deformation, more fragile
and fewer surface defects compared to bulkmaterials. These causes and changes give
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better mechanical properties (Kulkarni 2015; Madkour 2019; Mageswari et al. 2016;
Viswanathan 2014; Vollath 2008).

4.6 Synthesis Methods of Nanomaterials

4.6.1 Physical Methods for Synthesis Nanomaterials

Physical methods for preparing NM are among the oldest methods used, especially
those that rely on manual grinding (Viswanathan 2014). Physical methods apply
mechanical pressure, high-energy radiation, thermal energy or electrical energy to
cause material corrosion, smelting, evaporation or condensation to generate NPs
(Madkour 2019;Mageswari et al. 2016). These physicalmethodswork on a top-down
system and beneficial due to free of solvent contamination and produce standardized
mono-NPs. Economically and operationally, physical methods are cheap (Madkour
2019). There are several methods including high energy ball milling (Dhand et al.
2015), electron beam lithography (Madkour 2019), inert gas condensation synthesis
method (Dhand et al. 2015;Mageswari et al. 2016), physical vapor depositionmethod
(Viswanathan 2014) and laser pyrolysis method (Kulkarni 2015).

4.6.2 Chemical Methods for Synthesis Nanomaterials

Chemical methods depend mainly on chemical reactions that lead to mechanical or
thermal forces capable of formingmolecules or collecting atoms to producematerials
with nanoscale sizes (Omar et al. 2019). The primary chemicals are a mixture of
chlorides, oxides andminerals, all of which react through a grinding or heat treatment
process to produce a powder in which the ultra-pure particles are dispersed within
a stable salt matrix (Mageswari et al. 2016). Using appropriate solvents for each
washed compound, to recover these particles from removal selectivity of the matrix,
the most important chemical methods are sol-gel method (Boutamart et al. 2020),
hydrothermal synthesis (Dhand et al. 2015), polyol synthesis (Kulkarni 2015), micro
emulsion technique (Viswanathan 2014) andmicrowave assisted synthesis (Madkour
2019) (Fig. 4.4).

4.6.3 Green Methods for Synthesis Nanomaterials

The green synthesis of NPs has risen due to the rise of costs and toxicity of
physical and chemical methods (Thunugunta and Reddy 2015). Hence, researchers
have started using biological molecules in search of cheaper alternatives that act
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Fig. 4.4 Synthesis methods of NM (physical (top down process), chemical and biological (bottom
up process) (Figure constructed by A. K. Almuhammady)

as reducing agents, including microorganisms (Roy et al. 2019), biomolecules
(Tsekhmistrenko et al. 2020), plants and plant extracts (Bartolucci et al. 2020).
Biomolecules are typically responsible for reducing metals into their respective NPs
(Ahmad et al. 2019). The biosynthesis method follows the bottom-up approach and
includes either a reduction or oxidation. The success of green synthesis relies on the
solvent medium, the environmentally friendly reducing agent and the material used
to stabilize non-toxically (Samaira et al. 2020).

4.7 Characterization of Nanoparticles

4.7.1 X-Ray Diffraction (XRD)

X-Ray diffraction (XRD) is a form of non-destructive crystalline material character-
ization. It provides information on the structure of crystals, phase, preferred direc-
tion of crystals (texture) and other structural parameters such as average grain size,
crystal, stress and crystal defects (Gour and Jain 2019). X-ray diffraction peaks are
created by a constructive overlap of a monochrome X-ray beam. That is reflected at
specific angles from each group of capillary planes in a sample. The intensity peak is
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determined by the distribution of the atoms in a lattice (Andreeva et al. 2011). Conse-
quently, these are expressed from each community of capillary planes in a sample at
different angles.Atomdistribution in the lattice determines the peak strength (Murray
et al. 2010). The XRD pattern thus represents a fingerprint of the atomic arrange-
ments within a material evolved gas analysis (EAG). Multiple X-ray diffraction
systems are equipped with interchangeable optical units, according to the require-
ments of the analysis, without affecting the positioning accuracy (Andreeva et al.
2011). The change is easy between the focus on lines and point of the X-ray source,
allowing simple switching from a regularXRDconfiguration to high-resolutionXRD
configuration as needed. Various combinations of optical units enable the analysis of
powders, coatings, thin films, panels, fabricated parts and top films. The evolved gas
analysis also has accurate refract meters with 2D region detectors for small spot XR
(< 50 μm), providing a good signal noise even with small X-ray beam sizes (Murray
et al. 2010). The main applications of XRD analysis (a) Quantification of the crys-
talline phase. It Measures the average size of crystals, strain, or effects of a partial
strain on loose materials and thin films and (b) Determination of the crystalline ratio
of amorphous materials in materials and thin film. Quantification of preferred texture
in thin films, multilayer piles and fabricated parts (Bunaciu et al. 2015) (Fig. 4.5).

For deflect of the electromagnetic radiation, the spacing must be in the grates
must be of order as the wavelength. In crystals the typical inter atomic spacing ~
2-3 Å so the suitable radiation is X-rays hence, X-rays can be used for the study of
crystal structures, neutrons and electrons are also used for diffraction studies from
materials, and neutron diffraction is especially useful for studying the magnetic
ordering in materials (Horikoshi and Serpone 2013). The diffraction peak position is
a product of inter planar spacing, as calculated by Bragg’s law: n λ = 2dsinθ when
n: Is an integer, λ: The wavelength of incident light, d: Is the inter planar spacing of
the crystal and θ: Is the angle of incidence (Goldstein et al. 2003; Kulkarni 2015)
(Fig. 4.6).

4.7.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) uses a beam of electrons to examine and
test samples, and when the scanning electron microscope examines the surfaces of
the samples and characterizes their properties (Gour and Jain 2019). The penetrating
microscope is characterized by its ability to penetrate the sample. It is placed in the
path of the electron flame coming from the electronic radiation generation source
(Fig. 4.7) (Egerton et al. 2004; Goodhew 2011). Electrons are produced by thermal
emission, through heating a wick made of mostly tungsten, where an accelerating
voltage is applied to this filament ranging between 60–100 kilovolt (KV) (Goodhew
2011). The accelerated electrons have energy controlled by the user as required.
The electron beam passes through the vacuum microscope column. This beam is
focused on utilizing a group of electromagnetic lenses along this column (Egerton
et al. 2004). The control vents along this column also control the width of the electron
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Fig. 4.5 The XRD pattern for a Silver NPs with water hyacinth extract, b Water hyacinth extract
only, c Silver NPs with coontail extract and d Coontail extract only. The results showed that the
biosynthesis process of conversion of the silver ions to NM turned them partly into a noncrystalline
material which gave them an amorphous state mainly (Photo by A. K. Almuhammady and F.
Abdulqahar)
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Fig. 4.5 (continued)

Fig. 4.6 Shows the X-ray diffraction patterns for (Co1+xTixFe2-2xO4) samples where 0 ≤ x ≤
0.7. The patterns show the existence of a single phase cubic spinel ferrites with small secondary
phase exist in case of x = 0.7. The figure shows strong diffraction from the planes 220, 311, 400,
511 and 440 as well as a weak diffraction from the planes 222, 422, 533 and 620. The data also
show that, all planes are characterized by the spinel ferrite and the peak intensity depends on the
concentration of magnetic ions in the lattice. The comparison shows that the conversion in the
system takes place where a small secondary phase was expected to appear at x = 0.7. This means
that at this high concentration Ti ion scan not dissolved in the structure completely (Photo by A. K.
Almuhammady)
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Fig. 4.7 Transmission electron microscopy images. a Silver NPs with water hyacinth extract, b
Silver NPs with coontail extract (Photos by A. K. Almuhammady and F. Abdulqahar)

beam, by blocking the separated electrons. Then electron beam reaches the sample
and this results in an interaction of these electrons with the surface of the sample,
where a portion of the falling beam called the effective beam is executed, which is a
valid electronic beam without deviation, and electronic and dispersed and deviated
electronic bundles of the sample atoms and molecules (Brydson 2011). Electrons are
produced by thermal emission, which leads to heat a fuse made mostly of tungsten,
where an acceleration voltage is applied to this filament ranging between 60–100 kV
(Horikoshi and Serpone 2013). Electromagnetic lenses and fluorescent screen control
as the picture. The image contains dark and bright areas depending on the type of
sample (Goldstein et al. 2003). The dark areas indicate that the electrons did not reach
the screen from these regions and this occurs as a result of their absorption from the
atoms of these regions or the large scattering, which indicates that the electrons did
not suffer from any absorption or significant dispersion of the atoms of these regions.
This mean that the sample in these seemingly light regions is contained elements of
light atoms (small atomic numbers) (Goodhew 2011).

The amount and scale of the information which can be extracted by TEM depend
critically on four parameters: The resolving power of themicroscope (usually smaller
than 0.3 nm) (Juh 2007), the energy spread of the electron beam (often several eV)
(Kulkarni 2015), the thickness of the specimen (almost always significantly less than
1 μm) and the composition and stability of the specimen (Vollath 2008). The first
and second of these depend largely on the depth of pocket so the more spend then the
better of microscope parameters. The third is usually determined by experimental
skill while the last depends on the choice of a suitable experimental system (Juh
2007; Vollath 2008).
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4.7.3 Scanning Electron Microscope (SEM)

It is used in analyzing and specifying the properties of the thick or thin sample
surfaces of the material, knowing its shape and determining its external dimensions.
Its magnification strength reaches half a million times with good accuracy. This
microscope can determine the elements involved in the sample composition and its
relation (Fig. 4.8) (Chen et al. 2004). The scanning electron microscope works with
the production of the following steps of electrons using thermal emission. This is
done using a heating primer usually made of tungsten and an acceleration voltage of
varying value 0.1–30 kV is applied to them. Then the electron beam passes through
the vacuummicroscope column (Orłowska et al. 2020). This package is focused on a
set of lenses electromagnetism along the column. The width of the electron beam is
controlled by the holes located along themicroscope column,where the distracted and
deviated electrons are trapped from the path of the beam. The sample is placed inside
the microscope room, which is a completely closed and empty space (Goldstein et al.
2003). The electron beam collides with the sample. These interactions are translated
to signals. The most important is the secondary electron emission signal (SE) and the
emission of the back-dispersed electrons (BSE). The signals are analyzed, processed
and shown as X-ray images and signals that are translated into an analytical spectrum

Fig. 4.8 Scanning electron microscope image for silver NPs biosynthesis using Iraq aquatic weeds
extract water hyacinth. This figure shows a nano-silver compound prepared in biological method
and it is clear that the compound is not homogeneous, as the nano forms the largest part, but some
particles appeared in larger dimensions. This may be due to the presence of other compounds that
are not silver that belong to the plant compounds itself (Photo by A. K. Almuhammady and F.
Abdulqahar)
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(Chen et al. 2004; Liu et al. 2005). The microscope of the scan is suitable tool for
understanding and analyzing the morphology of micro-structure and characterizing
the chemical composition. The naked eye distinguishes objects that curve around
1/60° optical angle, which correspond to an accuracy of ~ 0.1 mm (at the optimal
viewing distance of cm) (Horikoshi and Serpone 2013). The optical microscope has
an accuracy limit of ~ 2000Å bymagnification using amagnifying optical lens. Light
microscopy is popular and still prefer in the scientific research. Practical experiments
demonstrated the ability to deviate from the magnet field. For development of the
electronic microscope it happens by replaced an electronic high power kit in the light
source (Kulkarni 2015; Zhou et al. 2006).

4.7.4 Energy Dispersion Spectroscopy

The X-ray energy dispersion spectroscopy (EDS or energy-dispersion X-ray spec-
troscopy) is an analytical technique used to analyze the sample chemical properties
and is a type of X-ray spectroscopy (Andreeva et al. 2011). The principle of this tech-
nique is based on the fact that X-rays, which result from the mutual effect between
charged particles such as a beam of electrons with the sample material are distinct
to the corresponding elements in the sample, thus the structure can be known. In
other words, since each element has its distinct atomic structure. It has a set of
distinct peaks in the X-ray spectrum (Goldstein et al. 2003).To obtain the distinctive
X-rays of matter, the atoms must first become irritated. This happens by throwing
matter with a beam of electrons, as in a scanning electron microscope or with a beam
of X-rays, as in the X-ray brilliance. As a result, an electron is released from the
internal atomic orbitals. Then the excitation and instability occur as a result of an
electronic vacancy. Which is filled from higher atomic orbitals (Huang et al. 2020).
When electrons travel from the highest atomic orbitals to the lowest. They release
X-rays that have energy corresponding to the energy difference between the atomic
orbitals. The difference in energy is characteristic of every chemical element. Each
element has several permissible transitions between orbitals (Goldstein et al. 2003).
These transitions, which are described as quantum transfers (from quantum chem-
istry) are denoted by (Kα, Kβ, Lα) (Andreeva et al. 2011).The detector measures
the energy of the resulting X-ray photons. When the photon detector absorbs within
the sensitive region. This results in a proportional number of electrons. An amplifi-
cation of which occurs so that we obtain a quantum standard (Günther et al. 2019).
This uses an index to give a value that appears as an energy value on the x-axis in
the resulting spectrum. The detector’s precision value is between 120–140 electron
volts. The detector consists of many types of semiconductors, for example, silicon
or germanium (Goldstein et al. 2003).
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4.7.5 Fourier Transform Infrared (FTIR) Spectrometer

Fourier transform infrared (FTIR) spectrometry is a technique used to obtain an
infrared spectrum to absorb or emit a solid, liquid or gaseous substance. At the
same time, the Fourier spectrum gathers high-resolution spectral data over a wide
spectral range. This provides a major advantage over the spectrum dispersion scale,
which measures the intensity over a narrow range of wavelengths simultaneously
(Gour and Jain 2019).The term FTIR comes from the fact that in order to convert
the primary data into the actual spectrum, the mathematical process of the Fourier
transform must be performed (Breton 2001). The principle underlying spectroscopy
(UV-VIS, FTIR), it is the determination of the amount of absorption of a specific
wavelength by the sample. The most obvious way of doing this, the technique of
scattering spectroscopy, is to project a monochromatic beam of light onto a sample,
measure the amount of light absorption and repeat each different wavelength (Kumar
2006).

Fourier spectroscopy is a less easy way to obtain the same information. Instead of
shining a beam of monochromatic light (a beam consisting of only one wavelength)
in the sample, this technique brightens a beam that has many light frequencies simul-
taneously and measures the amount of absorption that the beam absorbs from the
sample. The beam is then adjusted to contain a different set of frequencies, which
gives a second data point. This is repeated many times. Next, the computer takes all
this data and calculations can be made to calculate absorption at each wavelength
(Chu et al. 2004). The FTIR is an effective analytical technique to quickly deter-
mine the chemical composition to determine accurately and quickly, the chemical
family of substance. Usually, organic and polymeric compounds (and to a lesser
extent inorganic compounds) are produced the fingerprint infrared spectrum, which
can be compared to the EAG comprehensive reference database and can identify the
chemical family of the unknown component or actual identity (Tsekhmistrenko et al.
2020). Fingerprint infrared spectrum, which can be compared to the EAG compre-
hensive reference database and can identify the chemical family of the unknown
component or actual identity. Fourier infrared spectrometer measures the absorption
of infrared light by a sample and generates a spectrum dependent on the functional
groups of thematerial (Gour and Jain 2019). In addition to typical sample preparation
methods (such as micro-extraction, dilution, potassium bromide (KBr) packages and
reflection methods), EAG also uses several accessories total reflection (ATR), which
allow examination of insoluble or multilayer samples directly. The objective of any
absorption spectrometer FTIR is to measure the extent to which the sample absorbs
light at each wavelength. The most obvious way to do this, the scatter spectroscopy
technique, is to project a monochrome light beam onto a sample, measure the amount
of light absorption and repeat each different wavelength (Chu et al. 2004).

This spectroscopy is concernedwith electronic transitions from the bottom state to
the excited state and thus prepares as a complement to the fluorescent spectroscopy,
which studies the fluorescence resulting from the transition from the excited state to
the bottom state (Breton 2001). In the spectroscopy of visible and ultraviolet rays,
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molecules are exposed to electromagnetic radiation in the visible and ultraviolet
fields, which leads to irritation and excitation of valence electrons (such as p or d
electrons in outer orbits), that is, they acquire energy and electron transport occurs
within the energy levels of the molecule. In this transition, the energy difference
between the levels at which the transition was made must be consistent with the
amount of energy. The photon absorbed as a result of the transition (Breton 2001;
Chu et al. 2004) (Figs. 4.9, 4.10 and 4.11).

Fig. 4.9 Fourier infrared spectrometer for lemon before added silver NPs. The peak picking at the
number (3,4) at a position of 1725 cm−1 has existed only in lemon (Photo by L. M. Alnaddaf)

Fig. 4.10 Fourier infrared spectrometer of silver NPs obtained on (4:1) lemon juice: silver nitrate
(10 Mm AgNO3).The FTIR analysis showed the presence of bands due to O–H stretching (around
3434 cm−1), CH stretching (around 2930 cm−1) and C–O stretch (around 1125 cm−1). The peaks
at 1384 and 1324 cm−1 were corresponding to various functional groups (Photo by L.M. Alnaddaf)
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Fig. 4.11 Fourier infrared spectrometer of silver NPs obtained on 1:4 lemon juice: silver nitrate
(10 MmAgNO3). The FTIR analysis showed the presence of the C = C group (around 1600 cm−1)
(Photo by L. M. Alnaddaf)

4.7.6 Ultraviolet-Visible (UV/Vis) Spectroscopy

UV/Vis spectroscopy is a type of spectroscopy categorized under absorption spec-
troscopy that occurs both in the UV spectrum and in the spectrum visible. In other
words, this method of study uses light in a broad range, beginning from ultraviolet
radiation in the visible region to areas of the near-infrared spectrum (NIR) (Gour and
Jain 2019). The absorption or reflection in the visible field influences the sense of
color seen in chemicals, where electronic changes occur as a result of the effect of
electromagnetic radiation (Fig. 4.12). UV/Vis spectroscopy has become a common
tool used every day in many laboratories in the life sciences (Mohammed 2018).
This is mainly due to its simplicity, it does not require complicated sample plan-
ning, easy to implement and in seconds results are obtained. Typical measurement
requires only a small amount of the sample (Gour and Jain 2019). As it is consid-
ered a non-destructive method, samples may be used for the following analyses
the life sciences field applies UV/Vis spectroscopy to nucleic acids, proteins and
bacterial cell culture. The life sciences field applies UV/Vis spectroscopy to nucleic
acids, proteins and bacterial cell culture (Mohammed 2018). The UV/Vis rays of life
sciences deepen in our brief guide to the most popular ones: (a) Measurement of the
concentration of nucleic acids (DNA and RNA) and (b) Measuring the concentra-
tion of proteins through direct measurements or color assays, studying enzymatic
reactions and controlling growth curves in bacterial cell emulsions (Kumar 2006).
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Fig. 4.12 Ultraviolet-visible spectroscopy of silver NPs obtained on 4:1 lemon juice: silver nitrate
(10 Mm AgNO3) absorption peak 460 nm (Photo by L. M. Alnaddaf)

4.8 Conclusion and Prospects

This chapter introduced various methods for synthesizing and manufacturing NPs
with different properties and explained several tools to determine the shapes and
sizes of NPs used in many applications. The size and forms of NPs can be expected
according to the preparation factors, reaction conditions, materials used and their
concentration. So more research and studies still require to arrive at the size, shape,
quality and the actual cost of production, typeof product and its specifications in terms
of structure. The synthesis needs to be further explored and optimizedwhich can help
to develop economically viable technologies. Chemical and physical methods of NPs
synthesis cannot be neglected as each method has its importance both in determining
the type and shape of NM to the appropriate application for it. The green synthesis
of NPs is one of the modern fields in preparing NPs to use organic molecules as
reducing agents. Recent studies tend to define strategies for the scalable production
of NPs either from plants or using microorganisms that have multiple effects and
can be used in agriculture, water waste treatment, engineering, medicine and food
industries. Considerable results have been achieved in some NM studies. Some NM
were applied in many fields. However, related work on the molding mechanism and
process reinforcement of NMmicrostructure are still relatively little, and many areas
still need to be searched. Nanomaterial,s unique properties endow them with broad
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prospects for application and enormous potential future value. Therefore, it must
continue to investigate NM and deepen our understanding of their molding mecha-
nism, process reinforcement, and modification methods to improve their properties.
Despite the fact that NM show different positive results in their use, their toxi-
city remains a concern. This toxicity depends on different aspects, mainly on the
concentration of NM and their size and form. However, the exact mechanism of NM
interaction is not clear yet. Thus, these interactions could be a prospect for future
research.
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Chapter 5
Nanotechnology in Agriculture

Ratna Kalita, Oliva Saha, Nasrin Rahman, Shalini Tiwari,
and Munmi Phukon

Abstract Nanotechnology has a very significant role in the field of agriculture. The
global requirement of food is increasing whereas traditional farming techniques have
failed to increase the productivity and are unable to repair ecosystems damage caused
by existing farming techniques. Thus, nanotechnology has been a boon to the society
with broad range of opportunities and advantages in agriculture and in our daily life.
Nanotechnology canbe implemented in agriculture through theuseof nano-fertilizers
for increasing efficiency of nutrient uptake, and nano-pesticides for controlling pest
and pathogen. This chapter provides information on the recent advancements in nano-
science research in agriculture, application of nanoformulations in controlling plant
diseases, and microorganisms-based biosynthesis of nanoparticles. Present chapter
also provides a brief idea of nano-sensors types, different nano-based smart delivery
systems, use of nanoparticles in recycling of agricultural waste, use of nanotech-
nology in crop biotechnology, and use of nanotech for development in agricultural
sector.

Keywords Agriculture · Nano-fertilizers · Nanoparticles · Nanotechnology

5.1 Introduction

Agriculture is the major occupational pillar of most of the developing countries. It
has been predicted that our earth has to shelter around 9 billion people by 2050.
This speedy population growth will cause a serious impact in water, food and energy
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supply (Marchiol 2018). Therefore, there is an immediate need of sustainable intensi-
fication to increase crop productionwith an eco-friendlymanner in existing cultivable
land. Exploitation of limited natural resources such as depletion of land, water and
soil, with the rapid increase in global population, demands development in agricul-
ture to be economically feasible and environment-friendly. Therefore, novel strate-
gies need to be taken for agricultural development as a whole (Singh et al. 2015;
Prasad et al. 2014). Recently, promising applications of nanotechnology has been
proposed in agriculture as potential technology of the twenty-first century that paved
new lanes of research in academics as well as in industries (Dasgupta et al. 2015).
Nanotechnology in agriculture has emerged as a multidisciplinary science that holds
quite significance in agricultural practices in areas namely disease detection,manage-
ment, nutrient delivery system and tissue engineering (Srilatha 2011). It deals with
the minute possible materials, which facilitate improving agricultural productivity
by enhancing management as well as conservation of agricultural inputs (Abobatta
2018). Nanomaterials are natural or artificially synthesized particles, with the size
range of approximately 1–100 nm, including nanoparticles (NPs), nanocapsules and
nanocrystals which has the potential to modernize agricultural practices. It increases
bioavailability of pesticides, insecticides and fertilizers, thus increasing crop produc-
tivity. Therefore, implementation of nanotechnology in agriculture will sustain an
outstanding effect in the areas of disease diagnosis, disease management, nutrient
delivery, methodologies in design and development of product, and instrumenta-
tion of food safety and bio-security. Thus, this technology will assist to modernize
agricultural practices at global scale by offering various techniques that will reduce
crop production cost, increase crop productivity and maintain ecological balance.
Moreover, the uniqueness in the properties of nanomaterials makes them highly
desirable for designing and development of novel nano-technological tools in favor
of agriculture sustainability.

This chapter addresses how NPs are synthesized, their classifications and appli-
cations in agriculture. The constructive and destructive approaches for synthesis
of different classes of NPs. The use of microorganisms for preparation of NPs is
also described. Nanotechnology has proved many implications in crop improvement
research namely, for their use in seed germination, and as nano-fertilizers, nano-
pesticides, nano-herbicide and nano-biosensors. Different smart delivery systems for
the nanoparticles such as nanoformulation, nanoemulsion and nano-encapsulation
which are also discussed.

5.2 Approaches for Synthesis of NPs

NPs are different from that of the bulk particles in its physico-chemical and biolog-
ical characteristics. These novel properties of nanoparticle, thus act as a link between
the bulk and atomic or molecular structures (Khandelwal and Joshi 2018). NPs
could be synthesized with two approaches (Fig. 5.1), (a) Bottom-up or construc-
tive approach: builds up material from atom to clusters of nano-size particles by
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Fig. 5.1 Approaches for
synthesis of NPs (Figure
constructed by Ratna Kalita)

spinning, chemical vapour deposition (CVD), sol-gel, pyrolysis and biosynthesis;
and (b) Top-down or destructive approach: reduces bulk material to powder and then
to nano-scale particles by mechanical milling, laser ablation, nanolithography, sput-
tering and thermal decomposition (Ealias and Saravanakumar 2017; Khandelwal and
Joshi 2018). However, in terms of the objects size, both methods are approximately
similar as both approaches tend to converge in similar object size range. Though,
the former approach, tends to be more extensively used due to the material quality,
varieties of design, and nanometric control, whereas the latter approach put more
emphasis on the procurement of materials, and control might not be as strong.
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5.3 Classification and Examples of NPs

NPs are classified into three distinct classes on the basis of their source and synthesis,
(a) Organic-based NPs (frequently biodegradable), (b) Inorganic-based NPs (non-
biodegradable), and (c) Hybrid NPs. The most widely used nanoparticles in agricul-
ture are organic-based nanoparticles. This group comprises of starch, lignin, lactal-
bumin, chitosan, cellulose derivatives, lecithin, phospholipids, alginates, propylene-
glycol, polylactides, and polysorbate. The active ingredients are encapsulated in the
organic-based NPs which facilitates controlled release of the nanocarriers. Natural
and organic NPs can be produced by the host such as microorganisms, plants and
animals or fromnatural processes like forest fires and volcanic eruptions.On the other
hand, inorganic NPs are non-toxic, biocompatible, and are more stable than organic
NPs are mainly used in pharmaceutical industries. Metallic inorganic nanoparticles
including gold, silver, iron, zinc and silica nanoparticles are widely used nowadays.
However, several studies also reported their role in the field of agricultural crop
production and protection (Pandey et al. 2019). Hybrid nanoparticles are constructed
via combining both organic and inorganic nanoparticles to overcome the limits of
both the types of NPs and to achieve novel multifunctional properties. Hybrid nano-
structures such as yolk-shell, core shell and dot-in-nonotubes are extremely important
in pushing their promising applications forward (Ma 2019). Following sub-headings
are the examples of commonly known nanoparticles used in agricultural system.

5.3.1 Nano Silver

Its broad-spectrum antimicrobial activity makes it one of the most researched and
extensively used nanoparticles to prevent various plants diseases. Antifungal activity
of colloidal nano silver solution (average 1.5 nm in diameter) has proved to be
highly effective in prevention of powdery mildew of rose caused by infection of
Sphaerotheca pannosa. In addition to its antifungal property, it is a potent growth
regulator for crops, and extends the post-harvest longevity or shelf life of cut flowers
and different ornamental foliages (Byczyńska 2017).

5.3.2 Nano Alumino-Silicate

One of the efficient formulations of pesticide at nano scale are the alumino-silicate
nano tubes.When nano alumino-silicate tubes containing active ingredients are sprin-
kled on surfaces of leaves, these can be easily pick up by insects. The insects eat
up pesticide-filled nano tubes by grooming actively on them. These pesticides, by
nature, are biologically active and environment friendly (Sharon et al. 2010).
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5.3.3 Titanium Dioxide NPs (nTio2)

One of the mostly used metal-based nanomaterials (MBN) is TiO2. TiO2 photo-
catalyst technique is largely used in protection of plants due to its non-toxic and
non-lethal properties and it has great disinfection efficiency for pathogen (Yao et al.
2009). Under normal and stressed soil conditions, nTiO2 enhances plant growth and
accumulate photosynthetic pigments (Latef et al. 2017). In barley, nTiO2 treatment
greatly affects the concentration of amino acids, and also it has influences on the
food chain (Mattiello and Marchiol 2017).

5.3.4 Carbon NPs

CarbonNPs are a form of carbon resembling two-dimensional graphene sheet rolling
into a tube, forming single-walled (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs). SWCNTs possess a notable position among various engineered nano-
materials in various nano-biotechnology applications. Carbon Nanotubes (CNTs)
function as a vehicle in delivering the necessary molecules into targeted seeds during
germination to protect them against various plant diseases. They are expected to be
non-toxic since they are mere growth promoting particles (Gandhi et al. 2010).

5.3.5 Magnetic NPs

This type of NPs is employed for site-targeted drug delivery. Thus, it can be used to
treat site-specific disease in a plant through site-targeted delivery system. Tracking
of internalized magnetic NPs would make it possible to relocate them to specific area
from where the chemicals are designed to be released (Jurgons et al. 2006).

5.4 Biogenic/Green NPs

Microorganisms such as virus, bacteria and fungi are used to synthesize nanopar-
ticles (also called green NPs). Use of fungi to prepare NPs has become preva-
lent due to easy recovery and purification, easy function and their potentiality to
secrete immense amount of enzymes. Fungi like Verticillium sp., Phanerochaete
chrysoparium, Fusarium oxysporum, Aspergillus furnigatus and Aspergillus flavus
were found to be very efficient to synthesize metal and metal sulphide containing
NPs (Shang et al. 2019). The separation of gold and silver NPs from Trichoderma,
a rhizosphere fungus, has been used for bioremediation, antimicrobial efficacy, and
against biotic stress (Kumari et al. 2017). Several plants associated and beneficial
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microbes are known to be globally used as biofertilizers or for bioremediation to
promote growth and yield of crops (Tiwari et al. 2016, 2017; Tiwari and Lata 2018).
These bacteria have received utmost attention for synthesis of nanoparticle. Bacteria
such as Pseudomonas, Klebsiella, Clostridium and Desulfovibrio are used for the
synthesis of silicon, cadmium sulphide, zinc sulphide and gold NPs, respectively
(Shang et al. 2019). The unique life cycle of plant viruses i.e. its ability in infecting
and delivering its nucleic acid genome followed by host cell lyses have made them
an important candidate to be used in green nanotechnology (Young et al. 2008).

5.5 Application of Nanotechnology in Agriculture

Novel research in agricultural nanotechnology is believed to ease out and frame new
phase in advancement of genetically modified crops, inputs for animal husbandry,
chemical pesticides, fertilizers, and techniques in precision farming. Recent devel-
opment and advances in chemistry and nanoscience have prompted excellence in
nanoparticle technology, with vast implications in agriculture (Singh et al. 2015).
Presently, rapid shift towards green nanotechnology has been witnessed to reduce
agricultural waste and greenhouse gas emissions (Prasad et al. 2014). The uptake of
nanoparticles adsorbed by plant surface depends largely on nanoparticles size and
its surface properties. The small sized nanoparticles are taken up through cuticles
and large sized nanoparticles can penetrate through hydathodes, stigma of flowers
and stomata. NPs pass into the plant cell wall before entering the cell membrane of
protoplasts. Anjum et al. (2016) reported that only NPs with < 5 nm diameter will be
able to efficiently navigate the cell wall of undamaged cell. Mukhopadhyay (2014),
reported that the nanotechnology can be used to treat acidic soil. The use of nanoze-
olites provide a better soil environment for crop growth, helps in lowering the future
cost of importing farm-technologies, and helps in maintaining a sustainable agri-
culture. Thus, implementation of nanotechnology in agriculture has an outstanding
effect in the field of agriculture that has been illustrated in the Fig. 5.2 and Table 5.1.

5.5.1 Role of Nanotechnology in Seed Germination

Nearly 60% of agricultural land in India is under rainfed area.Most of the seeds resist
germinating in rainfed condition due to lack of moisture. Therefore, various groups
of researcher have come up with new nano-technological approaches to enhance
seed germination in these areas (Yadav and Yadav 2016). Carbon nanotubes and
metal oxide NPs have shown immense potential in seed germination. The silicon
dioxide (SiO2) NPs are reported to have improved tomato seed germination and
other favouring germination factors (Siddiqui and Al-Whaibi 2014). Boswellia oval-
ifoliolata, commonly known as Indian Olibanum, is an endangered medicinal plant.
It has shown improved seed germination and seedling growth when treated with
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Fig. 5.2 Various applications of nanotechnology in agriculture (Figure constructed byRatnaKalita)

silver nanoparticles. Silver NPs help nutrients and water uptake through seed coat
and enhances germination of the seed (Savithramma et al. 2012).

5.5.2 Nano-Fertilizers for Better Crop Production

Eutrophication, imbalanced fertilization, depletion of soil organic matter, and low
fertilizer use efficiency are some of the common problems in farming due to rigorous
use of fertilizers. Recently, in order to solve these problems, nano-based fertilizers
have gained the attention of researchers and agronomist. Nano-fertilizers regulate the
release of nutrient based on need of the crop (Liu et al. 2006). Application of slow-
release fertilizers (SRF) is a recent concept of nano-fertilizers. SRF releases their
nutrients gradually and fulfill the plants nutrient requirement. These fertilizers are
prepared by covering the conventional fertilizer granules with NPs for the controlled
release of fertilizers in the soil. The pattern of coating of the NPs determines the rate
of release and water solubility of the fertilizers.

5.5.3 Nano-Pesticides and Nano-Herbicide for Crop
Protection

Application of conventional herbicides and pesticides often gets lost in a given envi-
ronment and never reaches the targeted sites needed for active pest control. Exces-
sive use of conventional pesticides is expensive and harmful to the environment
(Nuruzzaman et al. 2016; Shang et al. 2019). Therefore, a new plant protection tech-
nology has been formulated in the agricultural field, which has modernized the use
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Table 5.1 Various applications of nanotechnology in agricultural field

Area Nanotechnology Applications Examples References

Crop production

Plant protection
products

Nanocapsules, NPs, and
nanoemulsions for disease and
pest control

Thymol
nanoemulsion as
antimicrobial; Anise
oil emulsions as
antimicrobial;
Jojoba seed oil
emulsions as
insecticidal

Kumari et al.
(2018); Topuz
et al. (2016); Sh
et al. (2015)

Nano-fertilizers and
Naopesticides

Nanocapsules, NPs for
enhanced nutrients absorption
and targeted delivery of
nutrients; use of
nanoherbicide,
nanoinsecticide,
nanofungicide

Zinc Oxide
Nanoparticles
Iron and magnesium
NPs

Milani et al.
(2015); Delfani
et al. (2014)

Soil improvement

Water/liquid
retention

Zeolites and nano-clays, for
water or liquid agrochemicals
retention in the soil

Zeolite based
nanofertlizer

Manikandan and
Subramanian
(2016); Pulimi
and Subramanian
(2016)

Diagnostic

Nanosensors and
diagnostic devices

Carbon nanotubes, nanofibers
and fullerenes, as bio-sensors
to monitor environmental
conditions, soil environments,
plant health and growth. Also
for precise application of
fertilizers and pesticides

Liposome-based
nano-biosensor

Vamvakaki and
Chaniotakis
(2007); Kaushal
and Wani (2017)

Plant breeding

Plant genetic
modification

NPs carrying DNA or RNA to
be delivered to plant cells for
their genetic transformation

Mesoporous silica
NPs; iron oxide
NPs; calcium
phosphate NPs

Torney et al.
(2007); Zhao
et al. (2017);
Naqvi et al.
(2012)

of herbicides and pesticides. Nano-herbicides and nano-pesticides are promising in
tackling the increasing demand of agricultural products to obtain better and higher
crop yields (He et al. 2019). Nano-pesticides promise a number of benefits to agri-
culture (Fig. 5.3). Some of the benefits of using nano-pesticides in agriculture over
conventionally used pesticides are, increase in the water solubility of insoluble active
ingredients, toxic organic solvents elimination, faster decomposition in soil and/or
plants, controlled release of the active ingredients, improves stability of formulation
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Fig. 5.3 Benefits of nano-pesticides applications in agriculture (Figure constructed byRatnaKalita)

to prevent their early degradation, improves mobility and uptake. A number of nano-
pesticides have been examined for their effectiveness against different economically
important pests (Zahir et al. 2012). For example, normal glycerol is used to control
pests, but when nano-glycerin is used, it is required in a very small quantity and
proved highly efficient against most of the pests within a span of 6 h. It has altered
the conventional method of requiring a heavy amount and taking longer duration of
about 24 h (Fawzy et al. 2018). Nano-herbicides are very small, thus are easily mixed
with the soil. They eliminate weeds without depleting the soil and prevent growth of
those weed species that evolved resistance against conventional herbicides (Prasad
et al. 2014). The parasitic weed control by using nano-herbicides reduces the degree
of herbicide phytotoxicity in the plant (Perea-de-Lugue and Rubiales 2009).
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5.5.4 Nanotechnology in Plant Disease Detection

An utmost need for early detection of plant disease will help to safeguard tons of
food and can protect the possible outbreak of disease. An early diagnosis using nano-
based technique is an immediate need to protect the food and agriculture against
microorganisms such as virus, bacteria, and fungi. Since it involves less time, simple
and easy to carry and operate, and accurate, this can be operated even by a farmer.
The nano-sensors linked with the GPS system can be used for real-time monitoring
of the crop and soil conditions (Singh et al. 2015).

5.5.5 Nano-Biosensors for Monitoring Agricultural Field

These techniques employ materials in nanoscale range to serve as diagnostic tools
and deliver the nano-based particles to targeted sites in a governedmanner. The nano-
biosensor is described as a compact analytical device that incorporates a biological or
biologically-derived element linked to a physico-chemical transducer (Turner 2000).
Application of nano-biosensors in the cultivated field emerges as a diagnostic tool
to revolutionize the agro-industry. It helps to promote sustainable agriculture, for
soil quality and disease assessment, analysis in food products, detection of contam-
inants, pests, plant nutrients and impact of plant abiotic stresses such as drought,
extreme temperature, and salinity (Rai et al. 2012). Nano-biosensors and nano-based
smart delivery technologies enable precision farming which include systems for
geographic information, devices for remote sensing and systems for satellites posi-
tioning. This smart technique has also helped the scientists to study plant’s hormone
regulation. The nano-sensor reacts with auxin level of the plant and thus help scien-
tists to understand the plant root adaptation mechanism (McLamore et al. 2010).
Similarly, nano-based systems are effectively used to sense insecticides, pesticides,
fertilizers, herbicide, pathogens, and their precise and controlleduse can enhance crop
productivity and support sustainable agriculture (Sekhon 2014; González-Melendi
et al. 2008).

5.5.6 Nanotechnology in Recycling and Elimination
of Agricultural Wastes

Nanotechnology is also copiously applied to prevent agricultural waste. The agri-
cultural waste so obtained can be converted into useful end product with the help
of nanotechnology. For example, 25% of cellulose is eliminated while processing
of cotton into garments or fabrics. Nano-techniques and solvents electrospinning
produces 100 nm diameter fibers and are used as fertilizer or pesticide absorbent
(Lang 2003). Similarly, during burning of rice husks, massive amount of high-quality
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nano-silica is produced and these could be used to make glass and concrete materials
through nanotechnology. Thus, nanotechnology can be broadly used in managing
agricultural wastage (Liou and Wu 2010).

5.5.7 Role of Nanotechnology in Plant GenomeManipulation

Nanoparticles have proved to be highly efficient magic bullets. Nanotechnology
has a role in nanoparticle-mediated gene transfer and in development of geneti-
cally modified (GM) crops. It delivers DNA and other necessary agro-chemicals like
nano-pesticides and nano-fertilizers into target site of the plant to prevent the plant
from harmful insect pests (Torney 2009; Kamle et al. 2020). The bullet carries gene
of interest or desired chemicals to a targeted plant part and releases their content
gradually. Nano-capsules or bullets allow effective and easy penetration of the gene
of interest or desired chemicals through plant cuticles and other tissues. The effec-
tive penetration is followed by slow and steady release of the DNA, RNA, siRNA
or desired chemicals that then gradually integrates into the host genome (Perea-de-
Lugue andRubiales 2009). It has been found that 3 nmmesoporous silica nanoparticle
(MSN) coating can successfully deliver genetic materials and chemicals into cells
of tobacco and corn plants. The coating helps the plant to carry the particles across
the cell walls, up to the area of genes insertion and activation, without any negative
effects (Torney et al. 2007). Nanotechnology has also showed a great achievement in
tissue engineering and nanomaterial-based smart delivery system in genome editing
for development of genetically modified crops (Shang et al. 2019).

5.6 Nano-Based Smart Delivery Systems
for Nano-Fertilizers and Nano-Pesticides

Technology advancements also paves the ways for “smart delivery systems” for
nano-fertilizers and nano-pesticides to improve fertilizer formulation by increasing
nutrient uptake and minimizing nutrient loss in plant cell and by supplying targeted
and controlled nano-pesticides concentration (Solanki et al. 2015). Following are
the smart delivery systems that have been used for improved delivery of nutrient and
pesticides.
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5.6.1 Nanoformulation

Fertilizers and chemicals used for plant protection are conventionally applied to crop
fields by spraying. However, only a very low concentration of the applied chemical
reaches the targeted site of the crop due to different prevailing situations especially
through chemical leaching, photolysis, hydrolysis and degradation by microbes.
Hence, nanoformulation goal is to increase the activity of bioactive agents as well
as helps in their targeted delivery.

5.6.2 Nanoemulsion

This is a complex colloidal solution system consisting of oil phase, water and the
surfactant, with optically transparent and kinetically stable. The size of the dispersed
droplet ranges between 20 and 200 nm. It is a common observation that nano-
particle suspensions present instability in physical and chemical properties during
their storage. Hence to overcome these challenges elimination of water from the
aqueous phase to convert them in a dry solid form was performed. Nanoemulsion
facilitates encapsulation of active ingredients within their dispersed droplets that
enables reduction in chemical degradation (Salim et al. 2011).

5.6.3 Nano-Encapsulation

This method helps to reduce environmental pollution by reducing leaching and
evaporation of toxic substances. Solid, liquid or gaseous nanoparticles are used to
encapsulate traditional fertilizers onto a matrix. Nano-encapsulation helps in slow
release of fertilizers in soil, thus making judicious use of fertilizers. Carrageenan
and chitosan are commonly used secondary nano-materials used in encapsulating
fertilizers, pesticides or herbicides (Duhan et al. 2017).

5.6.4 Mode of Administration

Ndlovu et al. (2020) reported the three distinct classification of nano-fertilizers on the
basis of their mode and dilvery of nanofertilizer: (a) Nanoscale fertilizers: are nano-
materials containing nutrients. Zeolites and nanoclays are examples of nanoscale
fertilizers. Zeolites are natural mineral that has a crystal structure similar to a honey-
comb.When essentialmacro andmicro nutrients are loaded onto zeolites, they ensure
slow and continuous release of nutrients throughout the crop cycle. This helps in
increasing the nutrient use efficiency of crops (Joshi et al. 2019); (b) Nanoscale
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coating: nanoparticles coated on traditional fertilizers. This is one of the most impor-
tant strategies used for nanonutrient supplementation. Coating of traditional fertil-
izers with nanoparticles ensures stability of fertilizers in soil. Coating increases life
spanof fertilizers in soil and enhances its availability for uptake byplants (Fawzy et al.
2018). Nanotubes and slow-release fertilizers are common examples of nanocoating;
and (c) Nanoscale additives: NPs when mixed with traditional fertilizers. Layered
silicates are one of themost widely used nanoadditives, particularlymontmorillonite,
a natural mineral found in bentonite deposits (Ray and Okamoto 2003).

5.7 Conclusions and Prospects

Nanotechnology acts as a bridge mainly for developing countries to attain food
security and food safety by ameliorating issues related to sanitary conditions, water
scarcity, poor input use efficiency, and other related problems experienced by poor
nations. At present, nanotechnology is thought to be a sustainable solution for the
challenges faced by food and agricultural sector. But, nanotechnology still has to face
issues regarding its safety onhumanhealth, environment, biodiversity and ecosystem.
Nanotechnology is considered as a novel key to unlock solutions to numerous agri-
cultural issues via developing nanoparticles, nano-capsules and nano-crystals for
disease detection, management, delivery system, tissue engineering practices for
plant growth monitoring, plant protection, and generation of improved crop vari-
eties. NPs like nano-silver, alumino-silicate, titanium dioxide are largely used due to
its broad spectrum antimicrobial activities, while nano-formulation of insecticides,
pesticides and fertilizers help to reach the target site more accurately, thus giving a
better crop yield. In present scenario, biosynthesis of green nanoparticles is gaining
momentum due to its non-hazardous nature and for being economically advanta-
geous. Therefore, such brief study showcases the importance of nanotechnology in
the realm of agriculture.
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Chapter 6
Contributions of Nano Biosensors
in Managing Environmental Plant Stress
Under Climatic Changing Era

Mojtaba Kordrostami, Mohammad Mafakheri, and Jameel M. Al-Khayri

Abstract Thenecessity of novel technologies to address the long-standing andwors-
ened status of food security and sustainable agriculture is out of the question. Of the
most recent promising approaches to alleviate constraints of the increasing occur-
rence of biotic and abiotic stressors on crop plants in the climate change era is
nanobiotechnology involving potent methodologies with a large spectrum of appli-
cations covering both biotechnology and agriculture. Versatility of nanotechnology
has made possible the establishment of quite a few biosensors that allow not only
plant signaling biomolecules to communicate and actuate visually electronic moni-
toring devices to assess health status in real-time but also facilitates the allocation of
resources. These include water and agrochemicals efficiency prior to the occurrence
of water-deficit, salinity, extreme temperatures as well as phytopathogen-associated
stress in order to maximize crop productivity and, consequently economical gains.
Being new to the field of agriculture, achievements may not be commonly accessible
worldwide. However, significant steps have been taken and reports are accumulating
in relation to the development of nano biosensors for real-time monitoring. Partic-
ularly, using genetically encoded sensors that facilitate and accelerate the progress
in this field by markedly improving current understanding of communications in
stressed plants at the cellular level, the deciphering of which has been the purpose
of plenty of recent biological studies. Nevertheless, a significant amount of research
is required to optimize the application of nanomaterials to enhance feasibility of
sustainable agriculture. This chapter aimed to summarize the most recent approaches
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to develop nano biosensors to bring worldwide food security into reality as the
consequences of climate change become more tangible.

Keywords Abiotic stress · Nanomaterials · Real-time monitoring · Resource
allocation · Signaling molecules

6.1 Introduction

Over the past few decades, the agriculture sector has been experiencing an unprece-
dented challenge driven by changes in climate which are accompanied by constant
increase in human population that projected to reach 9.1 billion by 2050 (Mafakheri
and Kordrostami 2020). This projected population growth will occur mostly in the
developing countries, consequently intensifies the demand for food and energy (Das
and Das 2019; Jalil and Ansari 2019; Rockström et al. 2017). Taking into account
the current status, the exploitation of scarce natural resources for expanding food
production, agriculture sector has the booming urbanization as a significant rival that
imposes higher pressure on water and land, which itself is related to demographic
changes in rural areas, where a large portion of the population have to migrate to
cities (Alexandratos 2009). A universal swift shift in diet resulting from urbanization
particularly in highlypopulous countrieswith growthofmiddle-classwill bringdiver-
sity in consumption of food products. It is expected that the ratio of cereals reduces,
while the portion of vegetables and fruits rises, a trend that is already in action in
developing nations. Nevertheless, still over one billion tons of increase in cereals is
necessary to meet the population demand of 2050. Such burdensome demands that
require to be met by the mid-twenty-first century is accompanied by a challenged
food production system. That already has over one billion people majorly hosted in
hunger hotspots in developing countries, where obtaining the basic daily calories in
addition to threatened ecological and natural resources. Incremented global demand
for biofuels to lower carbon emission is another source of stress on land and water
(Alexandratos 2009; Bala 2016; Spiess 2016; Tilman et al. 2011; Wang et al. 2016).
Regarding water resources, a large percentage of agricultural production (~50%)
comes from irrigated land that is composed of one-fifth of arable lands. Whereas
several countries will face water shortage in the forthcoming decades. Of the irri-
gated land, 19.5% is salt-affected worldwide and the rest of arable lands account for
semi-arid and arid agriculture, which 2.1% affected by salinity (Alexandratos 2009;
Dagar et al. 2016; Ghassemi et al. 1995). An increase in global temperature is addi-
tionally putting further pressure on the ongoing trembling situation, since this risewill
intensify the severity of other stresses in which the only 1 °C rising in global temper-
ature causes a massive reduction in crop productivity (Iizumi et al. 2017; Zhao et al.
2017). The change in meteorological paradigm beyond the common threshold would
also promote the possibility of a sudden drop in temperature in tropical and subtrop-
ical zones, where a large portion of crops are produced (Budhathoki and Zander
2019; Thakur and Nayyar 2013). The ecological upheaval caused by climate change
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will also impair the condition in favor of pest insects, phytopathogens (i.e., viral,
microbial and fungal) through decreasing the population of their natural enemies,
which provides the ground for devastating breakouts impose significant damages to
crop yield (Luck et al. 2011; Post 2013). All the above-mentioned stressors that their
incidence is foreseen to rise exponentially are major contributors to crop loss beyond
the economic threshold, which unbalances the supply vs. demand and will bring the
achievability of projected food products required to a halt.

Possible economically logical approaches to address this challenge is the estab-
lishment of management system to meticulously monitor the crop plants in real-
time. Monitoring is necessary to effectively allocate the scarce resources to maxi-
mize the productivity and minimize the waste in resources (Chhipa 2019). This
can be achieved mostly by remote sensing techniques, a revolutionary approach to
improve crop productivity through managing the biotic and abiotic stressors, which
nanotechnology could be a prime choice (Giraldo et al. 2019). Although conven-
tional methods for diagnosis and differentiation of various types of plant responses
to pathogens or deficiencies can be sensitive and inexpensive, biosensors allow for
immediate analysis. Nanotechnology plays a key role in the development of biosen-
sors, where the detection limits are improved to the nanoscale (Afsharinejad et al.
2015; Kwak et al. 2017). Nanomaterials are matrices that one of their dimensions is
1 to 100 nm, thus provide a high surface-to-volume ratio and exhibit a set of unique
physical and chemical properties. The biosensor is described as a dense analytical
tools, which use biological substances (for example, enzymes, antibodies, recep-
tors, tissues, and nucleic acids) commonly called “analyte” and are measurable to be
displayed as electrical, chemical or physical signals (Bakhori et al. 2013; Siddiquee
et al. 2014; Walia et al. 2018). The basis of the diagnosis is on the specificity of
the contact of the analyte with the bioassay element. Converters used in biosensors
include optical, electrochemical, piezoelectric and thermometers. Biosensors can
be categorized according to the type of analyte, how the transducer operates and
its applications. Various nanostructures have been studied to evaluate their applica-
bility in biosensors from which carbon nanotubes have received significant attention
(Giraldo et al. 2019; Kwak et al. 2017). Specific bonding results in changes in one or
more physical and chemical properties (such as pH, electron transfer, heat transfer,
adsorption or release of volatile compounds), and may be measured with a converter.
The main contribution is the generation of an electronic signal proportional to the
magnitude and frequency of the analyte concentration that binds to the biosensor
element. Biosensors can be divided into different groups: optical, magnetic, electro-
chemical, piezoelectric, and thermometer (Jianrong et al. 2004; Kumar and Arora
2020).

Nanomaterials have represented a long list of unique optical, electronic, physical,
catalytic or mechanical features that have actively contributed in every discipline in
science with no limitation in form or shape to provide the application of interest. In
general, the structural forms of nanomaterials composes of nanotubes, dendrimers,
and quantum dots (QD), nanoparticles, nanowires and fullerenes (Jeevanandam et al.
2018; Liu et al. 2012). The critical features of biosensors including sensitivity, flex-
ibility, repeatability, precision, and accuracy have been notably boosted by incor-
porating nanomaterials (Jianrong et al. 2004; Kumar and Arora 2020; Kwak et al.
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2017). The application of nanomaterial have already been used for numerous detec-
tion targets such as pathogens, viruses, bacteria, fungi, food quality control, and envi-
ronmental monitoring. However, as mentioned earlier their applications for plants
sciences is not as developed as for other fields in particular food safety (Farber and
Kurouski 2018; Giraldo et al. 2019; Khiyami et al. 2014; Lin et al. 2017; Werres
et al. 2001). The effectiveness of utilizing nano biosensor systems and their capabil-
ities as viable monitoring approaches in the most recent plant-based applications are
comprehensively described in this chapter.

6.2 Nanosensors for Plant Health Status Monitoring

Themomentum for sustainable agriculture is needed nowmore than ever, the agricul-
ture section requires taking a more sustainable strategy by meticulously monitoring
the allocation of agricultural inputs. In the last decade nanosensors have mani-
fested their strong capability for constant evaluation of the plant health in terms
of nutrient deficiencies (phosphate, nitrogen and potassium), pathogens, salinity,
drought, cold stress and soil organicmatter (Álvarez et al. 2016;Antonacci et al. 2018;
Ghaffar et al. 2020; Salouti and Derakhshan 2020). Various types of nanosensors
have been explored in plants such as plasmonic nanosensors, fluorescence resonance
energy transfer (FRET)-based nanosensors, carbon-based electrochemical nanosen-
sors, nanowire nanosensors and antibody nanosensors. Additionally, various molec-
ular methods such as polymerase chain reaction (PCR), real-time PCR, Raman spec-
troscopy, fluorescence spectroscopy, infrared spectroscopy and surface-enhanced
Raman spectroscopy (SERS) (Farber and Kurouski 2018; Li et al. 2018b; Lin et al.
2014; Wang et al. 2017) exist. Albeit, the application of nanosensors in plants is
lagging behind (Rai et al. 2012), promising experiments have implicated genetically
encoded nanosensors or FRET-based nanosensors for improving the resource allo-
cation efficiency for pathogens or resource deficiency through early identification
and magnification. The recent most important findings regarding abiotic and biotic
stress detection are discussed below.

6.2.1 Abiotic and Biotic Stress

Given the sever impacts of environmental stressors on crops and the importance
of measures to decrease the crop loss, time-saving monitoring technologies are
required to efficiently follow the responses of plants at physiological, biochem-
ical, and morphological level (Fiorani and Schurr 2013). The importance of such a
system is to visualize or predict the onset of insensible water deficit, low tempera-
ture, UV radiation, and elevated ozone or any other possible deficiency in nutrient
elements before the occurrence of normal symptoms (Jansen et al. 1998). The
currentmonitoring remote sensing systems use spectroscopy (Gitelson andMerzlyak
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1996), chlorophyll fluorescence (Kalaji et al. 2011) and imaging (Zia et al. 2013).
They utilize these methods to measure stress-related responses such as chlorophyll
pigments ratios/contents (Gitelson and Merzlyak 1996; Kalaji et al. 2011), changes
in leaf area (Born et al. 2014), or water relations of plants (Zia et al. 2013), which
provide a wealth of information on health status of plants. However, these methods
are not viable option for early identification of negative changes driven by abiotic
stresses. Moreover, they lack specificity in detection of plant stresses, besides, to
be time-consuming and costly for monitoring plants individually (Li et al. 2014;
Mahlein 2016; Zarco-Tejada et al. 2012). The reduced quantity of photosynthetic
pigments and active leaf area are manifestations of stress-induced responses. These
effects interfere with the plant growth process. However, the decrements in chloro-
phyll fluorescence may not be the most reliable indicator because it is not the earliest
response to abiotic stress nor has stress-specificity. Chlorophyll fluorescence reduc-
tion can occur in response to different stress factors such aswater deficit, high salinity
or phytopathogens (Al-Tamimi et al. 2016; Cohen et al. 2005; Li et al. 2014).

Of the customary phenotyping systems, Raman and infrared spectroscopy,
although generate essential data on chemical interaction and cellular compositions
but known to have low signal/noise ratios and laborious analytical process (Dong and
Zhao 2017). Further, the application of nanobiotechnology-based approaches have
reported frequently to enhance the sensitivity and reliability of current remote sensing
systems and efficiently. These novel methods cover the drawbacks through securing
an avenue to transduce the stress-specific precise signaling biochemicals into visual
forms recordable by existing phenotyping tools (Kim et al. 2010; Lee et al. 2016).
The plant health status can be reliably monitored using key signaling molecules such
as reactive oxygen species (ROS) (Fig. 6.1), phytohormones including indole butyric
acid (IBA), abscisic acid (ABA), jasmonic acid, methyl salicylate and ethylene, inor-
ganic elements (calcium), primary metabolites (glucose, sucrose) and gaseous ROS,
nitric oxide (NO) (for review see Giraldo et al. 2019). These molecules are in the
frontline signaling network to evoke proper adaptation responses in plants, partic-
ularly ROS and calcium are systematically acknowledged secondary messengers
involve in responses to a wide spectrum of stresses (Kiegle et al. 2000; Mazars et al.
2010; Mittler 2017; Suzuki et al. 2013). Hormonal signaling initiates the reactions
to limit stomatal conductance or enables root extension under resource deficiencies
often linked to ABA, IBA, and ethylene. The involvement of jasmonate signaling has
been reported in tolerance of plants exposed to water stress, salinity, frost or phys-
ical damage (Howe et al. 2018). Plant pathogen-related resistance responses often
associated with ethylene, NO and methyl salicylate. Carbohydrates such as glucose
and sucrose also numerously found to be associated with conferring tolerance to
abiotic-stress subjected plants (Delledonne et al. 1998; Lin et al. 2017; van Loon
et al. 2006).

A combined application of nanomaterials and the recognized key signalmolecules
(Fig. 6.1) can indeed transform our perspectives by improving the performance of
current monitoring devices and facilitate the understanding of the crosstalk between
the keymolecules that determine the tolerancemechanisms (Yoshida et al. 2014; Zhu
et al. 2017). The in capabilities and challenges in Raman spectroscopy application to
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Fig. 6.1 Nanobiotechnological methodologies confer real-time communication between crop
plants andmonitoring systems by relying on precise detection of analytes. The generation several of
plant signaling molecules are universal when plant expose to abiotic and biotic stresses or nutrient
deficiency. Among them, plant responses, ROS (e.g., H2O2), Ca, sugars (e.g., glucose), nitroaro-
matics and protein products have been utilized as signaling molecules to develop anomaterial-
mediated delivery of genetically encoded sensors. This accomplishment can help to gain an insight
into underlying mechanisms and cross-talks involved in plant stress responses which can make
designing commercial types of these sensors possible. Nanotechnology-based optical and wearable
sensors by transferring biochemical analytes into radio waves and electric signals bring real-time
monitoring of plant health status into reality. The introduction of nanobiosensors into agriculture is
fairly recent, however, the application of these nanosensors can changes the borders of knowledge
in this filed for ever and allow smart nano-based biosensors control and optimize the environment
for crop plants. This schematic is adapted from Giraldo et al. (2019) and Kwak et al. (2017)

detect plant responses to abiotic stresses have beenmajorly addressed by using SERS.
Relying on metal nanoparticles, SERS turned into a potent highly sensitive detection
tool (Dong and Zhao 2017; Li et al. 2018b).Wang et al. (2017) managed the transfor-
mation of IBA into Raman-inactive and resonant biomolecule using Ehrlich reaction
p-(dimethylamino) benzaldehyde (PDAB) combined with gold nanoparticles (Au
NPs) hotspots to enable selective identification of phytohormones with indole ring
by SERS. The multispectral overlap between Au NPs, IBA-PDAB and exciting laser
onsets visible resonances to produce extremely high Raman scattering with signif-
icantly low limitation to IBA (2 nM). This system was latter applied to detection
and quantification of IBA in seedlings of legumes (Pisum sativum L., Vigna radiata
L., Glycine max L. and Phaseolus vulgaris L.). Among various methods exploited
recently to develop nano biosensors, genetically encoded nanosensors stand out as
highly capable approach with a promising future.
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6.2.2 Nanoscale Sensors to Monitor Abiotic Stress in Plants

Application of NPs with genetically encoded nanoscale to screen key stress-
responsive biomolecules is the most recent approach on designing smart biosen-
sors in which delivers genetically encoded sensors that have the ability of real-time
reporting of possible fluctuation in level or activity of the biomolecules of interest
(Gjetting et al. 2013; Walia et al. 2018). Genetically encoded sensors provide a new
insight of physiological-related sensitivities with temporal resolutions capable to
identify dynamic key signaling biomolecules and be recorded and observed on the
scale of seconds. Nonetheless, utilizing this approach in crop plants is restricted
to the availability of efficient DNA transformation procedures for delivering DNA
cassettes or plasmids as well as rather slowly optimization in each crop plant (Giraldo
et al. 2019; Toyota et al. 2018; Walia et al. 2018). Thus, so far, the application of
genetically encoded sensors has genetic amenability as a prerequisite for transfor-
mation methodologies as Agrobacterium-mediated delivery of plasmid or gene gun
particle bombardment (Humplík et al. 2015). Moreover, transformation of geneti-
cally encoded nanoscale sensors using DNA cassettes or plasmids to expression in
undomesticated plant species may pave the way to it for utilization beyond geneti-
cally amenable species. For instance, DNA-coated single-walled carbon nanotubes
(SWCNT) are capable of inactive and spontaneous translocation, which confer them
successful penetration into phospholipid bilayer. This process indicates the unique
capability of SWCNTs as a delivery frameworks to transfer DNA into plant cells
(Giraldo et al. 2014;Wong et al. 2016). Through creating a bonded cassette-SWCNTs
and its administration with pneumatic injection to the epipodium, DNA-transfected
plants may be possible without the need to useAgrobacterium-mediation and particle
bombardment transformation (Demirer et al. 2019; Kwak et al. 2019). Exploiting
this method, delivering a foreign plasmid DNA to chloroplasts of several plant
species, the expression of yellow fluorescent protein (YFP) made possible without
using gene gun, where its expression was further evaluated with confocal laser
scanning microscopy (Kwak et al. 2019). Considering the tendency of biosensors
cytosolic localization, an exceptional opportunity provided by the plastid genome to
develop biosensors that are not restricted to the nuclear genome.

The genetically encoded nanosensing methods in plants mainly depend on
biochemical interactions as protein-protein or change in chemical bonds. These
parameters influential on fluorescence intensity or wavelength in the visible range
of the electromagnetic radiation spectrum (Giraldo et al. 2019). Lately, using key
singlingmolecules and fluorescent protein (roGFP2-Orp1), Nietzel et al. (2019) have
been developed biosensors that identify H2O2 in Arabidopsis and largely clarifies the
dynamic of H2O2 with no sensitivity to pH fluctuation during elicitor induced oxida-
tive bursts with 15 s temporal resolution. In another study, Exposito-Rodriguez et al.
(2017) took advantage of chloroplast-nuclei communication throughH2O2 signaling,
when cells experience fluctuation in light intensity. They developed a genetically
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encoded fluorescent H2O2 sensor, HyPer2, proved the involvement of direct trans-
formation ofH2O2 fromchloroplast to nuclei to induce possible expression of respon-
sible genes. The most recent application of key signaling biomolecules, H2O2, was
reported by Wu et al. (2020). They assessed the stressed leaves of Arabidopsis with
abiotic stressors (i.e., high light and UV-B) and biotic stress simulated by flg22,
for induced H2O2, utilizing near-infrared fluorescent SWCNTs, which manifested
high sensitivity (10–100 μM, within the physiological range of H2O2) and discrim-
inability. However, no optical monitoring response was observed for mechanically
wounded leaves.

Further, utilizing genetically encoded sensors combined with motorized fluores-
cence stereomicroscope, Toyota et al. (2018) revealed presentation of glutamate as
a wound signal in attacked plants by caterpillar. Where GLUTAMATE RECEPTOR-
LIKE family as actual sensors to transforms the signal leads to an intracellular
incrementing level of calcium throughout the plant organs that then induces proper
defensive responses. The main supplier of energy in plants is glucose, also known
as a sugar-signaling molecule as well. Constant spatial or temporal monitoring of
its intercellular concentration could be substantial step in deciphering signaling
pattern of glucose in abiotic or biotic stressed plants. The FRET-based nanosen-
sors, FLIPglu–2 μ�13 and FLIPglu–600 μ�13, utilize signaling pattern of glucose
to measure cellular glucose dynamic in cytosol of rice transgenic lines exposed to
abiotic (drought, salinity and cold/high temperatures) and biotic (flg22 and chitin)
stresses with a high temporal resolution (10 s) (Zhu et al. 2017). Similarly, the poten-
tiality of glucose signaling in leaves and roots has been reported in several studies
on Arabidopsis with analogous temporal resolution (Chaudhuri et al. 2008, 2011;
Deuschle et al. 2006).

Application of FRET-based genetically encoded calcium sensor to detect and
understand the underlying signaling network has extensively investigated for crop
plant viral pathogens (Keinath et al. 2015; Krebs et al. 2012; Loro et al. 2016). Other
key signaling biomolecules, ROS, and salicylic acid are key are highly responsive to
stressors and their accumulation takes place in chloroplasts. Therefore, they could be
a reliable indicator of plant health status that their detection and monitoring may be
possible by using genetically encoded nanosensors with generalized methodologies
(Giraldo et al. 2019). The above-described recent groundbreaking studies revealed
advancement towards designing a platform for an efficient phenotyping system using
fluorescence imaging.

Of the other fundamentally important signalingmolecules, lipid phosphatidic acid
(PA)with a large array of involvement in different plant biological processes that they
mainly remained unclear owing to the absence of reliable precise monitoring system
for PA. Recently, Li et al. (2019) aimed to create a biosensor with enough sensitivity
to monitor and visualize the concentration of PA at subcellular level, when induced
by an increased ABA level and salt. They developed a FRET-based PA-specific opto-
genetic biosensor that monitors and reports the cellular concentration of PA. In addi-
tion, its bioimaging indicated the present of high tissue specificity in salt-induced AP
accumulation. Comparative study on wild type and knockoff mutants of Arabidopsis
(pldα1) lacking phospholipase Dα1 (PLDα1) required for PA biosynthesis showed
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that the latter had a lowanddelayed aggregation of PA.Additionally, their comparison
showed the interplay of PAwith the proteins in target as well as PLD/PA all regulated
by pH. It could be asserted from these results that the response in plant to salinity
may orchestrated by PA signaling and cellular pH. Exploiting such potent biosensors
as PAleon can unmask the underlying mechanisms and dynamics of PA. As it was
mentioned earlier, various platforms have been developed to employ certain metabo-
lites to create nanobiosensors. In this case, glucose is a main products generated by
photosynthesis apparatus and a critical energy component to run cellular processes in
plants. That inspired developing an optical in vivo glucose sensor in undomesticated
plants exploiting QD ratiometric method. Li et al. (2018a) fabricated an optical probe
with a coupled QDs (thioglycolic acid-capped) used as glucose insensitive internal
indicator (control) and boronic acid (BA)-conjugated QDs (BA-QD) to reduce their
fluorescence intensity in response to glucose, The QD probe fluorescence was in
the spectrum of the visible light. The probe manifested a high discrimination ability
against other sugar compounds that exist in plant with detection limit of 500 μM
in the physiological range. The potentials of this probe in in vivo quantification and
reporting of glucose by Raspberry Pi camera and confocal laser scanningmicroscopy
in a single chloroplast and intact algal cells (Chara zeylanica Willd) to leaf tissues
of Arabidopsis were demonstrated. This nanoprobe has a significant capability in
in vivo screening of glucose in photoautotrophs organisms.

6.2.3 Detection of Toxic Elements in Water and Soil

The contamination of natural resources primarily water and soil by heavy metals
can initiate a dangerous chain reaction that may jeopardize the very being of organ-
isms especially humans. Therefore, cost-effective, easy-to-use and efficient analyses
approaches required, hopefully, to precisely monitor the content of toxic mineral
elements in rhizosphere andwater various nano-inspired biosensors have been devel-
oped (Ansari et al. 2020; Rai et al. 2012; Salouti and Derakhshan 2020). So as to
understand the unique capability of carbon nanotubes in conferring and improving
the electrochemical function of specific biomolecules as well as enhancing proteins
involved in electron transfer reactions (Sagadevan and Periasamy 2014), Shi et al.
(2017) developed a SWCNT-based biosensor to detect mercury (ll; Hg2+) in water
environment and serum samples with high sensitivity (0.84 pM). To design real-
time and high precision nanodevices to detect heavy metal ions, FRET and QD as
potent platforms also have been utilized (Ejeian et al. 2018). For example, Wu et al.
(2010) developed a nanobiosensor-based QD-DNAzyme using FRET. This structure
was a conjugation of carboxyl-silanized QDs onto quencher-labeled DNAzymes in
which by the present of heavy metal ions as lead and copper that causes DNAzyme
cleavage and then restoration of emission. Having a single laser excitation source
the detection process can be completed within 25 min. With a distinctive discrimina-
tion ability, QD can help to differentiate between different metal ions by reflecting
ion-specific fluorescence signals (Ejeian et al. 2018). The application of SERS for
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detection of heavy metal ions such as Hg2+ also has been successful; Xu et al.
(2015) designed a single-stranded DNA (ssDNA)/AuNPs complex from a double
helix DNA by T–Hg2+–T base pairs. A significantly high sensitivity was acquired in
detection of Hg2+ (0.45 pg mL−1), and further assessments proved in applicability
to detect Hg2+ content in real samples. Additionally, examining the discriminatory
of this nanosensor for other heavy metal cations (Zinc; Zn2+, Cu2+, Nickle; Ni2+,
Pb2+, and chromium; Cr2+) revealed the absence of significant response to these ions
at the concentrations up to 20 μM. In another study, simple and highly accurate
nanobiosensor to detect Hg2+ (1 pM and 100 nM limitation) was developed based on
SERS employing ssDNA and SWCNT conjugation which observed to have a consid-
erable capability in detecting Hg2+ (Yang et al. 2017). As a notorious heavy metal
ion, high precision monitoring of Pb2+ also has received significant attention from
scholars. Using modified glassy carbon electrode (GCE) with self-doping polyani-
line nanofiber mesoporous carbon nitride and bismuth was proposed to determine
the heavy metal ions Cd2+ and Pb2+ by anodic stripping mechanism under voltam-
metry. This approach involves the use of a calibration curve from 5 to 80 nM for
Cd2+ and Pb2+ and limits of detection (LOD) of 0.7 nM for Cd2+ and 0.2 nM for Pb2+

(Zhang et al. 2016). Exploiting DNAzyme graphene QDs and AuNPs, an optical
nanobiosensor fabricated detection of Pb2+ by (Niu et al. 2018), which exhibited a
notably wide detection range, 50 nM to 4 μM, for Pb2+ and16.7 nM as detection
limit.

In an innovative and promising approach, Wong et al. (2017) fabricated a
CoPhMoRe-based Bombolitin II nanosensors (BSWNTs) and after its internal place-
ment into leaf tissues of wild-type spinach plants, which turned the plants into active
nanodevices. This plant acted as independent autosamplers and preconcentrators of
signaling molecules in underground water, to identify analytes present there, and
interestingly an IR communication system transfers these data to be displayed via
user’s smartphone. Moreover, they took advantage of two NIR fluorescent nanosen-
sors implanted inside leaf mesophyll of spinach plants. The first one was created
utilizing a conjugation of peptide Bombolitin II with SWNTs to detect nitroaro-
matics via emission of IR fluorescent at 1,100 nm and temporal resolution of 5–
15 min following the introduction of picric acid (PA, 2,4,6-trinitrophenol; 400 μM)
to the roots. The latter IR was a PVA–activated SWNT (P-SWNT) that plays as a
fixed control signal. When roots uptake of nitroaromatic pollutants in water solution
go into leaf tissues as stem then they aggregated in the mesophyll where the SWNT
nanosensors are implanted. This outcome potently projects the significant potential
of nanomaterials-living wild-type plants interface to develop a robust plant-based
chemical monitoring system for underground water with real-time communication.

The content of nitrates in water must strictly follows a certain standard and
demands constant precise monitoring, so as to achieve, which Mura et al. (2015)
designed a efficient and easy to use colorimetric test utilizing cysteamine-modified
AuNPs for non-mediated nitrates detection inwater. Citrate-stabilizedAuNPs altered
with cysteamine with a high affinity to nitrates, and comprehensive assessment and
quantification of its capability to trap nitrates were carried out.More, Ali et al. (2017)
developed a microfluidic impedimetric sensor utilizing nanosheets of graphene
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oxide (GO) and poly (3,4 ethylenedioxythiophene) nanofibers. In GO oxygen-
containing functional groups enables an enhanced resistance in charge transfer of
the electrochemical electrode. The level of sensitivity that sensor delivers is 61.15
�/(mg/L)/cm2 nitrate ions concentrations from 0.44 to 442 mg/L in farmland soils.

Urea is a main nitrogen source for agriculture; however, it high susceptibility to
hydrolysis to baker’s ammonia (ammonium carbonate) makes hazardous as it can
inflects seedlings in germinating stage or even young plants and negative effect on
nitrite. Thus, having a convenient approach for quantification urea content in soils
is in high demand (Antonacci et al. 2018). A monitoring system for H2O2 based on
AuNP-catalyzed 3,3′,5,5′-tetramethylbenzidine (peroxidase sensitive dye) utilized
as a highly sensitive pH indicator introduced (Deng et al. 2016). A framework of this
nanosensor and HRP enzyme exploited for the detection of urea, urease, and urease
inhibitor with the sensitivity of 5μMand 1.8 U/L for urea and urease. Nano-inspired
biosensors based on Aptamer seem to be reliable devices for evaluation the source
and reaction of metabolites in plant root system produced by living cells and also
for studying investigating the controlled-release agricultural fertilizers (Salouti and
Derakhshan 2020).

6.2.4 Pests and Pathogen-Related Stresses

An effective and comprehensive plant disease and pest management strategy can
be possible with the aim of novel technologies for accurate evaluation of inten-
sity, prediction and firsthand diagnosis. To diagnose phytopathogens a large array of
molecular methods have been introduced, which although they are highly precise
but laborious and costly. On the other hand, nanobiosensors far more superior
than conventional techniques in terms of cost-saving, efficiency, nondestructive and
accuracy (Pandita 2020; Singh et al. 2009; Vikram Singh and Sitti 2016). Detec-
tion of viral, fungal or bacterial pathogens in plants have been performed utilizing
current technologies. For example, quantitative polymerase chain reaction (Q-PCR)
(Khiyami et al. 2014), enzyme-linked immunosorbent assay (ELISA) and reverse
transcription-polymerase chain reaction (RT-PCR) (Lin et al. 2014). Despite the
relatively high sensitivity and in many cases selectivity, these methodologies are
generally significantly complicated, laborious, time-consuming and cost-intensive.
Additionally, in order to obtain a precise analysis, a considerable quantity of the
target tissue is required (Galvão and Fankhauser 2015; Khater et al. 2017; Kwak
et al. 2017; Neethirajan et al. 2018; Shang et al. 2019).

Progress has been reported using nano biosensors with ample of advantages for
real-time assessment of plant pathogens in crop plants before appearance of their
symptoms. This makes the application of agrochemicals tremendously efficient. In
the case of insect pests, early detection means less devoted resources for an effective
quick control (Chhipa 2019; Singh et al. 2010, 2015).

By fabricating a nonstructural layer using copper oxide nanoparticles (CuO NPs)
detection of Aspergillus niger, commonly known as black mold is one the most
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common fungal diseasesmainly infect fruit and vegetable crops (for example, apricot,
peanut, apricot, and onion) made possible. Electrical resistance assessed to eval-
uate the biosensing features (Etefagh et al. 2013; Sagadevan and Periasamy 2014).
Exploiting antibody-conjugated-fluorescent silica nanoparticles (FSNP) Yao et al.
(2009) were capable to detect Xanthomonas axonopodis pv. Vesicatoria, a gram-
negative bacteria that causes bacterial leaf spots inCapsicum sp. and Solanum lycop-
ersicumL. a devastating pathogen particularly in thewarm season. They used circular
dye, tris-2, 2’-bipyridyl dichlororuthenium (II) hexahydrate (Rubpy)-doped SNPs
with diameters of 50 (±4.2) nmmanifested a significant photostability. When under-
went collisional quenching fluorescence test, their fluorescence intensity by exposing
to the bacteria of interest notably enhanced in comparison to non-conjugated anti-
body. Being multitalented, gold nanoparticles (AuNPs) have a unique fluorescence-
quenching capability, the synthesis of DNA oligos labeled with 2 nmAuNPs fluores-
cent at 3’ and 5’ can be carried out, which is suitable when DNA profiling is compul-
sory or screening phytoplasma disease such as flavescence doree in grapevine is the
case (Firrao et al. 2005). An AuNRs-based fiber optic particle plasmon resonance
(FOPPR) immunosensor was designed to aim to identify Cymbidium mosaic virus
(CymMV) and Odontoglossum ringspot virus (ORSV), common virus disease in
orchids, utilizing AuNRs. An nIR created, the developed immunosensor observed to
be capable to detect the viruses in leaf sap matrix with high detection limit as low as
48 and 42 pg/mL, respectively. This was achieved at a temporal resolution of 10 min,
which is highly superior in terms of efficiency and sensitivity when compared to
ELISA (Lin et al. 2014). Moreover, the hybridization of oligos with the DNA in the
target may intensify the fluorescence signals probably resulting in its application as
nano-transducer in hybridized DNA. Raman spectroscopy which recently applied to
discriminate healthy maize kernels from contaminated ones with fungal agents with
100% accuracy in a non-destructive manner (Farber and Kurouski 2018).

Nanotechnology in some cases strikingly enhanced the capability of method such
as Raman. It provides an improved tool as SERS utilized for monitoring pathogenic
agents jeopardizing the landscape (Yüksel et al. 2015). A prime example could be
Phytophthora ramorum found to be related with symptoms on Rhododendron and
Viburnum, which its detection process majorly rely onmicrobiological or PCR-based
approaches (Bilodeau et al. 2007; Lamour 2013; Schena et al. 2008; Werres et al.
2001). The existence of adenine with potent spectral characteristics conveys the
availability of hybridization with complementary target DNA, exhibited the identi-
fication of P. ramorum target DNA with high sensitivity (30 nucleotides) excreted
from infected tissue using SERS (Werres et al. 2001).

Cutting-edge techniques to detect the presents of pathogens in advance have been
developed. For instance utilizing FRET-based nanosensors for real-time assessment
of the signaling molecules such as glucose-induced by biotic stress stimuli namely
pathogen-derived conserved peptides, flg22, or derivatives of glucose main compo-
nents in fungi cell walls, chitin with significantly high temporal resolution (Zhu et al.
2017). Another exploitation of key signaling biomolecules is a study conducted by
Wu et al. (2020) to monitor plant health with nIR fluorescent SWCNTs aim to report
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induction of H2O2 in leaves of Arabidopsis stressed with stimuli flg22 with consider-
able high sensitivity (10–100 μM). Development of nanosensors has also expanded
to detect pathogens in soil milieu as Siddiquee et al. (2014) designed a nano biosensor
to by incorporation of ZnO NPs, chitosan nanocomposite and bare gold electrode
capable to identify Trichoderma harzianum, a useful fungi with fungicide capability
against several species of fungus.

Application of nanosensors for insect pest detection in croplands has been limited
to couple of publications, such asAfsharinejad et al. (2015). They developedwireless
nanosensors for continuous monitoring of plants for insect attack by relying on
organic volatile compounds release from plants in response to pest attack with high
discriminatory power among various host plant species. More, to detect an insect
Polymyxa betae vector of a destructive viral disease in sugar beet, Rhizomania, that
beet necrotic yellow vein virus is responsible for. Safarpour et al. (2012) developed
a quantum dot-FRET-based nano biosensor that successfully with 100% stability
detected the vector. Similarly, using a quantum dot-FRET-based system to detect
Ganodermaboninense-related oligoswas designed.Modification ofQDswith single-
stranded DNA and DNA probes and their conjugation with the targeted DNA made
the G. boninense gene sequences detectable by FRET signals with notable sensitivity
(Bakhori et al. 2013).

6.3 Optical Nanobiosensors for in Vivo Sensing

The very exceptional properties of nanomaterials can facilitate the possibility of
real-time screening of signalling molecules in vivo. Having significantly low photo-
bleaching has enabled them to fluorescence in transparent-setting of living tissue
whichmake the identification of signalingmolecules in target possible with a distinc-
tively high quality resolution (Guo et al. 2014; Hong et al. 2015). To construct
frameworks for fluorophore based nanobiosensor in mammalian systems, SWCNT
has been frequently employed (Cui et al. 2010; Khazi-Syed et al. 2019). Its applica-
tion in plants also has been reported (Giraldo et al. 2014; Giraldo et al. 2015; Kwak
et al. 2017; Wong et al. 2017). By interaction of organic component of SWCNTwith
signalingmolecules in the context, modulation of SWCNT fluorescence with the nIR
transparency window for plants can occur. As mentioned earlier in this chapter, the
high sensitivity and flexibility of SWCNT based biosensors has led to detect a great
variety of analytes, namely oxidants, calcium, sugars (glucose), dopamine, nitroaro-
matics, and protein products (Giraldo et al. 2014; Kruss et al. 2014; Kruss et al. 2017;
Son et al. 2011;Wong et al. 2017; Zhang et al. 2013). To deliver optically active nano-
inspired biosensors various high-throughput lab-based phenotyping approaches or
easier novel procedures such as needle free injection via the leaf lamina, topical
delivery system and Agroinfiltration. By placement of SWCNT based biosensors
in leaf tissue provides the opportunity for instantaneous monitoring of temporary
analytes including NO and ROS (Deuschle et al. 2006; Giraldo et al. 2015; Giraldo
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et al. 2019). The intensity of SWCNT fluorescence is sensitive to fluctuation in H2O2

concentration and transfers the change to monitor in the matter of seconds.
Additionally, nanoparticles have extensively been applied for optical sensing

which amongst them QDs are common. Of the critical stress-associated signaling
molecules, glucose, can be a reliable index for evaluating plant health status which
recently has been exploited to develop highly precise and selective QD-based optical
probes (Li et al. 2018a). As nanoscale semiconductors with optical characteristics,
QDs are able to generate tunable light by photoluminescence covering visible spec-
trums to the nIR in addition to their easily manipulatable either structure or chemical
characteristics (Borovaya et al. 2015; Jiang et al. 2020; Kruss et al. 2014; Ornes
2016). Using boronic acids to activate enables them bond with glucose to optically
identify the analyte in plant tissues and report it to the monitoring system about
a couple of minutes (Hansen and Christensen 2013; Sun and James 2015). As for
now, the optical systems detection mechanism rely on nanobiosensors placed inside
plant tissue with low signal-to-noise ratios compared with ideal conditions and in the
absence of specific plant tissue, or cellular components. To address the shortcomings
in this approach, AuNPs have been suggested to intensify signal (Hong et al. 2015).

Another proposedmethod to tackle the abovementioned issue is to thinly coat plant
viruses with a layer of gold to confer an improved field while avoiding jeopardizing
the virus targeting potential. However, the applicability of this novel approach for
imaging and spectroscopy still has not been confirmed, but it could be viable method
to enhance the optically communicating nano-inspired biosensor against the natural
setting in the field (Giraldo et al. 2019; Kwak et al. 2017). To tackle the challenges
involve delivering nanobiosensors to the plant tissues in target another approach is
synthesizing the sensors under in situ that in this case metal–organic frameworks
(MOFs) as 3D platforms with a significant capacity constructed by ions and organic
ligands (Kruss et al. 2017). Richardson and Liang (2018) attempted to develop in situ
synthesized fluorescent MOFs in plants that enabled them to record and report the
concentration of acetone in atmosphere by changing fluorescence when contact with
these unstable volatile substances. Further, nanobiosensors coated with chemical
moieties of interest namely peptides can enable the organ-specific localization (Yu
et al. 2012). The highly responsive analytes to environmental stressors like calcium
and ROS, often fluctuate swiftly in the cellular compartments, single cells or in plant
overall which make them a potent candidate for monitoring plant health. However, a
stable level of ROS, for instance, is unlikely to provide useful information whereas
its spatiotemporal fluctuation does (Chaudhuri et al. 2008; Giraldo et al. 2019; Kwak
et al. 2017; Mazars et al. 2010)

Optically active nanobiosensors, as discussed earlier, have been extensively
explored and designed in mammals. Application issues such as localization of emit-
ting signals from cellular organs involved in this technology in regard of monitoring
analytes in either mammalian or plant systems are notably analogous (Alfinito et al.
2010; Butnariu and Butu 2019; Kruss et al. 2017; Liu et al. 2009).

Briefly, kinetic-based sensors are capable to demonstrate whether detection of
signaling molecules in plant can address the occurred stress or not. To closely inves-
tigate the expression pattern of analytes in time and space under various biological
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condition and, observe and prognosticate the fluorescence response, these sensors
can provide scholars with this prime opportunity (Giraldo et al. 2019; Meyer et al.
2017). Using such predictions and optical observations for quantification and reli-
ably discriminate chemical signaling from cell or organelle. Consequently, with aim
of these outcomes a solid background to develop well-structured and optimized
biosensors while avoiding laborious experimental methods. In addition, a correla-
tion between plant signaling paradigm with the stressor(s) and/or nutrient shortage
can be made utilizing these novel technologies.

Considering the current advancement in nanobiosensors, in the upcoming years,
the communication between sensors and analytes can be analyzed to determine their
discriminatory power against different signalingmolecules. Therefore, their accuracy
and selectivity of the analyte of interest and precise translation of plant responses
under various environmental conditions will be possible which ultimately can bring
the commercially acceptable nanobiosensors into reality to improve the agricultural
productivity.

6.4 Conclusions and Prospects

Interdisciplinary approaches are the prerequisite of developing effective sustain-
able strategies to narrow the gap between supplies versus demands for agricultural
commodities. Preventative measures to reduce the yield loss caused by environ-
mental stressors, where the possibility of their co-occurrence is ever high owing
to climate change, should be taken. Nanotechnology is a potent candidate for real-
time monitoring offering high spatial and temporal resolution sensors relying on key
signaling biomolecules with high sensitivity and accuracy. It also has the potential
of delivering platforms for genetically encoded biosensors. Such approaches need
to be comprehensively investigated to produce smart plant sensors that accurately
communicate with machines. Informing the system for the presence of pathogens
or the probability of resource deficiency in advance through translating biochem-
ical signaling into wireless, electrical and optical signals, nano biosensors hugely
contribute to impeding the reduction in plant growth. Therefore, enhancing yield
with well-adjusting the scarce resources. The monitoring technologies developed
based on nanotechnology pave the way to their utilization such as high-throughput
screening of chemical phenotypes that is a capable system for breeding projects
to identify the potential candidates. Although arrival of nanotechnology to plant
science is relatively recent, significant accomplishments have been realized. For
instance, developing nanoscale sensors exploiting the abiotic- and biotic-induced
signaling molecules. Moreover, genetically encoded sensors are true manifestation
of the capability of nanotechnology approach that has revolutionized the design of
nano biosensors through eliminating species-specificity by acting as genetic agent, or
methodological-associated constraints or laboriousness. Detection of the deficiency
of mineral elements is a serious growing threat to the production of agricultural prod-
ucts due to taking intense agriculture methods and soil degradation globally. Thus,
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nano biosensors can open a new window to an efficient allocation of fertilizers in
a real-time manner. Nanotechnology is a promising approach that holds plenty of
potentials that will soon emerge. It is perhaps the sole technology with boundless
applications in various scientific fields driven by humankind imagination in peruse
of enriched wellbeing.
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Chapter 7
Nanobiotechnology: A Process
to Combat Abiotic Stress in Crop Plants

K. Kisku and Umesh C. Naik

Abstract In recent years, the dire climatic change has increased the exposure of
the crop plants to regular but various types of biotic and abiotic stresses. Reports on
abiotic stresses imposing potential adverse effects on crop productivity worldwide
are more than biotic stresses. Abiotic stresses mainly drought, salinity, flooding,
metal toxicity, and rising temperature due to global warming disrupts the ionic
and osmotic balance of the plant cell. As a result, there is restriction of diverse
crop farming declining agricultural production over large areas. The declining crop
production leads to negative and inevitable effects on the livelihoods of the farmers
and mankind for their survival. According to a report, the maximum yield associated
with abiotic stress factors is estimated to vary between 54 and 82%. Not only these
stresses adversely affect the sustainability of the agricultural industry, but it also
threatens the national economy and food security. Therefore, the major challenge is
to manage the abiotic stress to improve crop production under abiotic stress. In the
changing environmental scenario, nanobiotechnology has gained greater importance
to mitigate the constraints associated with environmental stresses and is considered
as a promising solution for improving crop production. The present chapter reviews
the responses of the crop plants to different abiotic stresses and the potential roles of
nanotechnology towards modulating the stress factors in order to secure the future
of sustainable agriculture worldwide.

Keywords Abiotic stress · Biotic stress · Drought ·Metal toxicity ·
Nanobiotechnology · Salinity · Sustainable agriculture

K. Kisku · U. C. Naik (B)
Department of Botany, Ravenshaw University, Cuttack, Odisha 753003, India
e-mail: unaik.bot@ravenshawuniversity.ac.in

K. Kisku
e-mail: kanikakisku.bot@ravenshawuniversity.ac.in

© Springer Nature Switzerland AG 2021
J. M. Al-Khayri et al. (eds.), Nanobiotechnology,
https://doi.org/10.1007/978-3-030-73606-4_7

139

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-73606-4_7&domain=pdf
mailto:unaik.bot@ravenshawuniversity.ac.in
mailto:kanikakisku.bot@ravenshawuniversity.ac.in
https://doi.org/10.1007/978-3-030-73606-4_7


140 K. Kisku and U. C. Naik

7.1 Introduction

The discouraging conditions of the environment including different types of biotic
and abiotic stresses are long been known to impose vulnerable impacts on the plants.
They define themselves to be a significant threat to the sustainability of our crop
production. Abiotic stresses are the major concern of today’s research than those
of biotic because of their unavoidable and recurring nature. These stresses mainly
comprise of drought, flood, salinity, heat and cold, and heavy metal toxicity. Plants
are also frequently exposed to UV radiation which is responsible for dropping the
optimum crop growth and productivity. These stresses result in the average reduction
of yield by more than 50% (Bray et al. 2000). Water stress has been chalked out as
the most prevalent abiotic stress worldwide, in which drought and salinity being
its literal members. The stresses are gaining a constant position in reducing the
survivability and growth of the plants and thereby limiting their productivity (Boyer
1982). An estimation by Ashraf (1994) states that by the next 25 years, drought and
salinity could cause serious salinization of all the arable lands up to 30% followed
by detrimental effects globally. A land diminution up to 50% is expected by 2050.
Several morphological, physiological, biochemical, and molecular changes become
obvious due to long exposure to various types of abiotic stress. The demands of
crop products continue to increase amidist persistent impact of abiotic stress on
agricultural productivity (Zhao et al. 2017). A very common situation in Germany
is that summer is much dryer due to rising termperature beyond 30°C in most of its
days. The precipitation is getting elevated by about 11% during the winter season for
the past 100 years favoring the environmental conditions for the growth of various
types of pathogens affecting crop fertility and productivity.

The world population is expected to reach around 9.8 billion by 2050 and 11.2
billion by 2100 (United Nations 2017). To address the rising demand of the growing
population, significant research and technological advancements are been made in
the field of agriculture (Dwivedi et al. 2016; Kou et al. 2018; Xiao et al. 2013).
Agriculture supports almost entire world population and more than 60% of the
livelihood depends on it. Though agriculture is regarded the backbone of the devel-
oping countries, there are handful of challenges facing the agricultural sector. The
climatic conditions, global warming, overexploitation of resources, usage of chem-
ical fertilizers and various biotic, and abiotic stresses are some of the major chal-
lenges that need immediate response (Raliya et al. 2017). Abiotic stresses are more
detrimental than biotic and therefore hold much attention for scientific advance-
ment. Abiotic stress faced by the crop plants has stimulated research interests since
the last decade because of it is unavoidable and recurring in nature. Considering
these inevitable occurring, nanotechnologies have gained immense attention in the
recent years because of its critical role in increasing and improving the quality of the
crop production. The growing applications of biotechnologies and nanotechnologies
in the field of material energy, medicine, medical drug and catalysis have gained
good scientific attention (Ghidan and Antary 2019). Nanotechnology is an interdis-
ciplinary field that combines the application of biology, physics, chemistry, medicine
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and engineering (Abd-Elrahman and Mostafa 2015). Advancement in nanotechno-
logical research has unraveled various strategies to enhance the tolerance capacity
of the crop plants against abiotic stresses. This book chapter intends to highlight
the mitigation of diverse and hostile effects of abiotic stresses on crop plants using
emerging nanobiotechnology.

7.1.1 Climate Change

Climate change has nowbecome amajor determinant for the agricultural sector. It has
worsened drastically since the last few years. Humans have been utilizing the mother
earth for its own benefit from decades thereby creating constant challenges for the
agricultural sector to meet the demand of the ever rising population. The time is not
very far when we will put a question mark on the sustainability of the planet. There is
a significant rise in the temperature of the planet by 1.4 °C in the preceding century
and has been estimated to increase up to 11.5 °C in the next century, thereby putting
the climatic change at peak priority (IPCC 2014). Earth’s carbon concentration, heat
waves, acidification of oceans, highly varying temperature and rise in sea levels have
seen steady escalation since the 1950s, whereas the untimely rainfall has imposed
catastrophic impact on the agricultural productivity (Calanca 2017; Chen et al. 2017).
The disturbance in climate is caused more by human activities leading to global
warming, than by natural climate itself, rendering it difficult for the plants to adapt in
these continuously changing environments. The results of these actions have become
an eminent project for researchers and the response mechanism pathways of the crop
plants to the overlapping stresses are under investigation.

7.1.2 Stress Types

Stress holds varying definitions based on its general, physical and biological applica-
tions. However, stress according to agricultural terms is described as adverse forces
that reduce the biomass and productivity of the crop plants. Biological definition
of the biotic and abiotic stresses are shown in Fig. 7.1. Stress symptoms include
measurable injuries that are not visible through naked eyes like alteration in enzyme
activities and membrane structure, growth and development arrest, plant injuries like
necrosis, chlorosis, and discoloration, changes in the composition of microorgan-
isms, and their interference and alternation in the genomic structures of the species
(Cramer et al. 2011; Dresselhaus and Huckelhoven 2018).
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Fig. 7.1 Classification of different types of stresses (Figure constructed by K.Kisku)

7.1.2.1 Biotic Stress

The effect of biotic stresses also holds equal importance as abiotic stresses but
the difference that lies is very narrow; the adverse impact on crop plants by
biotic stresses can be avoided to too much extent by being more cautious during
farming, whereas abiotic stresses cannot be controlled directly. The crop plants elicit
different types of responses towards the various environmental strains by adapting
and bringing changes in their response mechanism (Bartels and Salamini 2001).
Microbial communities in association with the plants that constitute a complex envi-
ronment function as holobionts rather than functioning as individual genotypes and
can aid in bringing new resistance pathways to the pathogenic microbial infections.
Continuous exposure to these tensions by plant species alter their gene patterns
in order to withstand these stress conditions. One such secondary metabolite from
grasses that show chemical defense against biotic strains is Benzoxazinoids (BXs).
A study that was conducted by Niculaes et al. (2018) demonstrated the biosynthesis
of BXs as well as its further biological activities.

7.1.2.2 Abiotic Stress

The stresses that occur naturally but unexpectedly and affect the crop plants indirectly
through the physical environment, fall under abiotic stresses. This impose a negative
impact on the crop yield, survivability, total biomass and quality production (Grover
et al. 2001; Calanca 2017). As food is one of the prime factors of human existence,
agriculture and agricultural landhave alwaysbeen taken care of.But due to population
overflow, agricultural lands are being dissolved into non-arable lands to accommo-
date the exploding human number. Because of unconcerned human activities, there
is misbalanced in the climate timings and have raised the global temperature to a
great extent. Plants growing in stress conditions have come up with better-surviving
strategies and adaptability than the plants growing in normal and optimum growth
conditions. The stress responses of the former are much more complex. Since the
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last century, earth’s atmospheric temperature has risen drastically, the plant produc-
tivity is continuously facing limitations making it difficult to meet the global needs.
It has become a paramount concern because of its frequent exposure (Cramer et al.
2011; Kumar et al. 2018). The responses of the plants to these overlapping abiotic
stresses represent very dynamic and sophisticated mechanisms The plant community
is constantly facing exploitation due to climate change and environmental stresses.
The advancement of the techniques and technologies has helped to reduce these
exploitations to a great amount. Combating abiotic stresses is a constant challenge in
the present scenario. Though the progress in themolecular and physiological biology
that have improved our understanding of stress tolerance, researches demand insight
into the mechanism and gene structure using various bio and nanotechnology tools
(Table 7.1).

7.2 Plant Adaptation to Abiotic Stresses

The plants on frequent exposures to the stresses from various biotic and abiotic
sources have evolved some advanced mechanisms to cope with the environmental
conditions. Different plants adapt to relatively different responses and tolerance
properties and vary widely among each other. Development and expansion of the
bio-technologies and omics-technologies have answered many of the challenges in
unraveling the mechanism of tolerance and resistance against these stresses both via
genomic and proteomic analyses. Highly efficient omics tools deliver throughput
information in gene discovery and aid to understand their genomic function. Being
constantly exposed to stresses at short intervals, plants have undergone an evolution
of diverse growth patterns and surviving habits besides changing their mechanism of
the stress response. Plant genes have undergone different transcriptional and transla-
tional changes producing protein products that are specific to the stresses (Cushman
and Bohnert 2000). Response to these strains varies widely among species and even
among genotypes. Adaptation to tolerance by the crop plants has been divided into
four groups as Fig. 7.2.

Osmolytes, for instance, mannitol, glycine, proline, betaine, antioxidants like
catalase, ascorbate, peroxidase, stress-induced proteins such as LEA proteins, chap-
erons, antifreeze proteins, heat shock proteins, protein kinase and trans-acting factors
like DREB1/CBF, AP2/ERF, DREB2, NAC, basic leucine zipper proteins and zinc-
finger are the substantial plant molecules that are highly targeted for the genomic
modification (Tayal et al. 2004; Sangam et al. 2005). Plants alter their genes that
consequently produce specific byproducts, which serves as the stress response miti-
gating adaptation. Functional genes responsible for stress resistance in plants fall
under the category of signaling factors that contain signal transduction proteins, and
transcriptional factors that function in maintaining the ion homeostasis and integrity
of the cell. However, in addition to these tolerance factors, there is another important
factor known as functional protein. Functional proteins regulate the biosynthesis of
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Fig. 7.2 Strategies adapted by crop plants. (Figure constructed by K. Kisku based on Tayal et al.
[2004] and Sangam et al. [2005])

scavenging proteins, antioxidant molecules, and growth hormones like abscisic acid
(ABA), various stress-induced proteins, and protectants.

The introduction of high throughput omics technology has enhanced our under-
standing of the newly evolved response mechanisms and pathways adapted by
the plants. It has broadened our vision into the gene regulations, thereby regu-
lating the synthesis of specific functional proteins. Omics tools like genomics
(involves the analysis of gene with mutations and regulatory functions), proteomics
(offers insight into the regulatory pathways and structural arrangements of the
proteins), metabolomics (analysis of different metabolites or molecules involved
in the metabolic activities) and transcriptomics (used for profiling diverse coding
and non-coding genes and the expression of their respective mRNA’s) has wide
application in the study of stress tolerance proteins (Vij and Tyagi 2007) bioinfor.
Besides, bioinformatics has also put its footmark by providing information about
the resistance gene similarity between the species and its expression. The collection
of all the information data through various omics tools provides better knowledge
of the stress-induced plants. Factors involved in the environmental stress response
and arrangements of various factor proteins can also be checked by structural and
system biology. Various researches have been done taking individuals into concern
like drought, heat, and flood. Studies report that these three stresses have a major
impact on the plants and impose notable damage to the growth and developmental
stages both physically and biochemically. Plants give physiological responses to
maintain its rate of transpiration, photosynthesis, respiration, and osmotic balance,
however, though protecting membrane breakage is a top priority. Heat stress brings
deleterious effect on the leaf parts including its reproductive organs, which makes
it difficult for the plants to reproduce and this might contribute up to 40% yield
losses. Plant responses against heat stress involve the induction of nitric oxide (NO),
reactive oxygen species (ROS), heat stress factors (HSF), and several other tolerant
proteins and signaling factors (Nadeem et al. 2018). Drought on the other hand
induces osmotic disbalance and the photosynthesis rate is also hampered. Studies
have shown the need to assess all the wild species of plants and filter the molec-
ular techniques that would help in elucidating the underlying mechanisms of stress
responses. Application of transgenic plants to withstand the stressful environmental
conditions and reduce the loss of production is now being recommended by most of
the researchers. Using water efficiently by plants could increase their survivability
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during drought stress by limiting the transpiration and respiration rates. Some C3

plants like Arabidopsis sp. naturally have this capability of using water efficiently
than C4 plants, however, this ability has its drawbacks too. It reduces the uptake of
carbon dioxide, thereby affecting the photosynthesis which ultimately reduces the
crop yield. Growth and development of such plants are also halted at intervals that
result in low productivity. Stress tolerance genes identification can be done using
QTLs analysis that helps to identify the specific tolerant genes. The data could be of
use to understand their mechanisms to generate new modified crop plants.

7.3 Existing Biotechnological Strategies for Abiotic Stress
Tolerance

Crop plants are constantly exposed to various types of climatic and environmental
fluctuation. Although plants have developed several internal mechanisms to adapt to
the physical environment, not all the plants are able to do it efficiently. Also, plants
lack many of the strategies available to the animals to protect themselves from the
environmental challenges. Plants bring about changes in their metabolism, genes
and proteins to combat with the fluctuation of the external environment. Abiotic
stresses, for example, salinity brings detrimental effects on the plants and can cause
potential damage. Variation in the environmental solute concentration can impose
osmotic stress to the crop plants at the cellular level and weaken the turgor pressure.
This will lead to water unavailability eventually causing growth hinderance (Kumar
et al. 2018). To enhance the nutrient uptake capacity and identify the specific genes
involved in the stress response, novel transgenic techniques and nanoparticles have
now evolved (Ashraf and Wu 1994) (Fig. 7.3).

Fig. 7.3 Biotechnological strategies to combat abiotic stress (Kumar et al. 2018) (Figure
constructed by K. Kisku)
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The hereditary investigation have revealed multiple loci that offer abiotic stress
tolerance. There aremany genes yet to be recognizedwho carry crucial features. Iden-
tification of such agronomically important crop plants and their stress tolerating genes
would create novel variety of highly stress resistant crop species. Genome studies
have identified many stress tolerance genes as well as proteins followed by subse-
quent studies. Marker assisted selection (MAS) is utilized to target the specific gene
of interest rather than collecting the entire gene. MAS commonly utilizes restriction
fragment length polymorphisms (RFLP) markers. PCR-based markers like random
amplified polymorphic DNA (RAPD), Amplified fragment length polymorphism
(AFLP), Simple sequence repeats (SSR) and sequence tagged sites (STS) are current
new markers utilized in the study of genetic map (Gupta and Rustogi 2004; Sehgal
et al. 2008). Identification and isolation of candidate genes associated with the stress
show molecular polymorphisms of the trait involved. It is hereditarily related with
quantitative trait locus (QTL), which is represented by polygenes. Candidate genes
markers are used in identifying, separating and cloning the stress resistant genes and
provides an insight into the molecular pathways and mechanisms involved. Poly-
genes representing QTLs exhibit minimum effect on the traits of interest. It is highly
influenced by the environment. Thus the application of molecular markers provide
quantitative assessment of the inherited traits responsible for the stress tolerance and
help to distinguish between the genetic maps of loci accurately. Moreover, these
markers brings many unanswered questions to light by its outstanding contribution
in the agricultural sector (Broman and Speed 1999).

The production of genetically modified crops, are also on the go (Ran et al. 2017;
Kim et al. 2012). Studies have provided breakthrough results in genetically engi-
neered crop plants, tissue engineering, and in the production of nanoparticles. One of
the preeminent accomplishments so far is the targeted delivery of CRISPR (clustered
regularly interspaced short palindromic repeats)/ Cas mRNA (CRISPR-associated
protein) and sgRNA via nanoparticles. Besides, nanotechnology has the requisite
answers to the existing agricultural problems with the addition of the application
of nanosensors to enhance the defense ability of the crop plants against stress and
disease (Afsharinejad et al. 2016; Kwak et al. 2017).

7.4 Transgenic Plants as Alternative

Since the importance of protecting to the crop plants to fulfill the demands of the
growing population is touching its peak, the emerging idea of transgenic plants has
helped us achieve it to some extent. Genetic engineering has confirmed its appli-
cation in gene regulation and the assessment of the biochemical process, besides
increasing our understanding of using the engineering tools to improve the crop
plants. Development of the plant is hampered by the adverse effects of the diverse
biotic and abiotic stress, therefore making it necessary to stabilize the transgene
expression by the application of various promoters such as tissue-specific promoters
at different stages. From the basic research to the development of better quality plant
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materials and its economic availability, there is rising need of variety of promoters
for transgene expression and so do their isolation from broad range of organisms.
Now, the question arises which types of promoters are meant to be isolated from
the organisms. Stress inducible promoters including tissue-specific, constitutive,
viral, and synthetic promoters (Potenza et al. 2004) are highly recommended by
various studies. Different stress-inducible promoters vary in their transgene expres-
sion pattern that holds influence on the tolerance and resistance of the crop plants to
abiotic stresses, thereby making the selection of inducible promoters an important
job. Preferring stable and legitimate stress-inducible promoter incubates successful
transgene expression via proper gene transfer that accounts for their tolerance activity
against abiotic stresses at different developmental stages. Stress tolerance capacity
can be increased by using stress-inducible promoters (having relatively less expres-
sion) with their specific transgenes (Bhatnagar-Mathur et al. 2008). Promoters are
the DNA sequence that lies upstream in the coding region (Buchanan et al. 2001).
This coding region of the gene is recognized by various proteins and their expression
is regulated during transcription.

The expansion of genetic engineering in plants has unraveled diverse information
about the activity of promoters. These promoters possess the ability to get induced
when they encounter abiotic stresses, like salinity or heat stress. One such promoter
is a constitutive promoter. Their expression neither depends on endogenous factors
nor on the environmental factors. Constitutive promoters are expressed in all tissue
and are commonly found active in almost all species. One of such overexpressed
promoter is found in plant virus-like CaMV 35S promoter (Cauliflower Mosaic
virus) that causes a rise in the expression of their specific transgene both in dicots and
monocots (Benfey et al. 1990). Promoters from a diverse group of endogenous plants,
especially those derived from actin (a basic cytoskeletal component) and ubiquitin
(mainly known for its transforming property), are used to regulate the transgene
expression (Gupta et al. 2001; Dhankher et al. 2002).

7.5 Emerging Field of Nanotechnology

There is undoubtedly nowonder that theworld’s population is indeed increasing dras-
ticallywith an estimation of approximately 9 billion by the year 2050 (UnitedNations
2017). With the magnification of the human population, the resource demands are
also on its way to touching heights. However, the existing economy and human-
technology interface is not sufficient to fulfill the never-ending needs of society.
Therefore, up-gradation and validation of the technical methods and protocol are
imperative (Godfray et al. 2010). Plant genetic engineering has worked as a boon
in making the crop plants more resistant and tolerant against the adverse effects of
the distinct abiotic stresses. Plants face frequent episodes of environmental stresses
mainly abiotic stress. Heat, salinity, and drought are the major limitations to the crop
plants lowering the productivity to a remarkable extent. To survive these conditions,
there is a constant endeavor by various concerns to combat the stress effects and
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enhance the tolerating potential of the plants. The world agriculture crop production
challenge now is to reach a 70% increment in the crop production for the upcoming
additional population estimated to be reached by 2050 (United Nations 2017). This
has bought scientists together from all over theworld to develop environment friendly
and efficient technology to overcome the crop yield challenges. Nanobiotechnology
is a rising technological field that involves the application of the biotechnologies at
the nano-level (i.e., nanoparticles) to unveil the complex biological systems to win
the battle against the biotic and abiotic stresses (Banerjee andKole 2016; Cheng et al.
2016). It is proving its efficiency inmulti-disciplinary areas aswell and is emerging as
a promisingmethod to reduce the crop damage by various environmental constraints.
Nanoparticles are synthesized by various methods frommetal, metal oxides, or from
plants. Using physical, biological, or chemical methods to derive nanoparticles out
of metals has been carried out for decades which sometimes prove to be very expen-
sive. Researchers have now come up with the idea of green nanoparticles that can
be synthesized from plants and is cost-effective (Iravani 2011; Sharma et al. 2009).
The potentiality and efficiency of plant synthesized nanoparticles are under investi-
gation to evaluate their ability in protecting the crop plants from stresses, limiting the
losses, increasing the growth and development of the plants and, thereby enhancing
the crop productivity. An overview of the research works done until 2020 on agricul-
ture nanotechnology are depicted in Fig. 7.4. The data presented in Fig. 7.4, obtained
from PubMed and ScienceDirect, shows that USA is most concerned about its food
security.

Fig. 7.4 List of publications on agri-nanotechnology from 2010 to 20 (Figure constructed by K.
Kisku)
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Nanotechnology-based application requires nanoformulations of agrochemicals
for field application. Nanosensors and nanodevices are widely used for the identi-
fication of plant diseases and agrochemical resideue. Nontheless, nanotechnology
has the potential to diagnose and treat several plant and animal diseases besides
minimizing the side effects (Ghidan and Al-Antary 2019). The available types of
nanoparticles and their use in various crop plants is shown in Table 7.2.

7.5.1 Types of Nanoparticles

The emergence of nanotechnology has paved the way for the broad spectrum appli-
cation in the multidisciplinary field. Nanoparticles (NPs) exists naturally and can
be synthesized by various natural calamities like volcanic eruptions, simple soil
erosion, forest fires, and photochemical reactions. NPs can also be produced from
plants, animals, and microorganisms (Love et al. 2005; Dahoumane et al. 2017).
The conventional method of nanoparticle synthesis from metals (e.g., Au, Ag, Pd)
or metal oxides (e.g., ZnO, SiO2, TiO2) includes physical, chemical, and biological
methods (Singh et al. 2016). Green synthesis is another alternative method for the
production of some metallic NPs that utilizes the phytochemicals and the enzymes
present in the plant parts or their extracts. The reduction of metal salts to their respec-
tive nanoparticles is assisted by the phytochemical compounds of the plant that act
as a reducing agent during the synthesis. This ecofriendly synthesized nanoparticle
imprints its usage in enhancing the plant growth, its defense capacity, and total yield
by reaching the high surface to volume ratio. These compounds act as reducing
and stabilizing agent during synthesizing of metal nanoparticles from the metal
salts that help in finding most promising and eco-friendly nanoparticle synthesis
solutions, which provides a controlled synthesis with well-defined size and shape
but also prevent the atmosphere pollution (Kumar and Yadav 2009; Sharma et al.
2009; Siddiqui et al. 2014). Nanoparticles (NPs) attain high surface to volume ratio
which enhances their bioavailability, bioactivity, and other biochemical activities
(Dubchak et al. 2010). Therefore, with increased advances made by applying tools
of nanobiotechnology in the agricultural sector, it is assumed that it will help to
augment plant growth, development and productivity, and biotic and abiotic stress
tolerance. It was also observed that under certain conditions plants are capable of
producing naturally mineralized nano-materials (NMs) necessary to their growth. It
is also expected that as the understanding of nanotechnology deepens, it will help to
exploit nanotechnology to become a major economic driving force that will benefit
consumers as well as farmers with no adverse effect on humans and the environment.
The different types of nanoparticles commonly used today is shown is Fig. 7.5.
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Fig. 7.5 Different types of nanoparticles in use (Figure constructed by K. Kisku)

7.5.2 Role of Nanoparticles on Plant

Engineering nanoparticles in agricultural development is gaining momentum
recently as one of the new and updated technological aspects. Because nanopar-
ticles are very small molecules and come in different sizes ranging from 1–100 nm,
they could be of great interest not only in the field of agriculture but also in the field of
pharmacy, food processing, environmental science, and industrial production (ASTM
E2456-06 2006). The characteristics features of nanoparticles like improved fertilizer
delivery, targeted release of biofertilizer, and eco-friendly nature makes it a reliable
method (Abobatta 2018). Besides nanotechnology applications have helped mitigate
some of the novel agricultural challenges and have offered sustainable agriculture
to great extent. However, the detailed information on the mechanism of nanopar-
ticle-based application is still under progressive study. In recent years, ‘precision
farming’ has been globally introduced that inspects over the site-specific agricul-
tural practices covering horticulture crops to field crops through wireless network
and sensors (Gouma et al. 2016;Chhipa and Joshi 2016).Nanoparticles (NPs) derived
from silver, gold, or hybrid nanomaterials are reported to have a response to foreign
stimuli which results in the balanced release of macromolecules from the NPs. Since
they have unique and distinct physicochemical properties such as varying particle
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morphology, enhanced reactivity due to high surface to volume ratio, wide pore size
range, reduced surface area, and high surface energy, they are employed as vehicles
to transfer agrochemicals or other molecules of interest to different plants.

Though the intelligent application of the nanoparticles in various fields of agricul-
ture has been accepted worldwide, they may, on the other hand, display toxicity by
the accumulation of toxic molecules like reactive oxygen species (ROS) and reactive
nitrogen species (RNS) at various concentrations. Studies on the role of NPs in toxic
production at the cellular and molecular level have not been covered yet. Further-
more, knowledge on their mode of action and response to the varying environmental
stress either biotic or abiotic and their advantages and side effects during application
in the field of agricultural science are scanty and require more research to unveil the
cover.

7.5.3 Development of Green Nanoparticles (GNPs)

With the advent of the application of nanoparticles for target delivery, derived from
metals and metal oxides, there is a constant demand for natural, eco-friendly, and
economically available nanoparticles (Iravani 2011). This greased the way for the
imminent nano-technology and hence the idea of deriving nanoparticles from plant-
microbes interaction came into existence. The more simple approach, i.e., the green
synthesized nanoparticles was explored and accepted widely. The microorganisms
commonly used for the synthesis include bacteria like Lactobacillus sporogens
(ZnO2-NPs synthesis), diatoms (Si-NPs synthesis),Bacillusmegaterium (Ag/Pb/Cd-
NPs synthesis), Pseudomonas stutzeri (Ag-NPs synthesis), Desulfovibrio desulfuri-
cans (Pd-NPs synthesis) andmanymore (Chokriwal et al. 2014). The green nanopar-
ticle ismostly derived fromplants andmicroorganisms andhave nowbecomeamatter
of great attention. Because of the availability and eco-friendly nature of the green
nanoparticles, they are undergoing various research investigations. More emphasis is
given on the different methods to produce them cost-effectively and to obtain them in
large quantities. It does not exploit mineral ores and has no side effects as compared
to metal nanoparticles. Some of the microorganisms that are considered to be of
great source of green nanoparticles are Aspergillus, Verticillium sp, and Fusarium
oxysporum (Kwak et al. 2017).

7.6 Application of Nanobiotechnology in Agronomy

Nanotechnology has become the answer to every industrial and agricultural question.
With its new tools, nanotechnology has the capacity to address the obstacles laid in
the way of machine, medicine and agriculture. It can now execute rapid detection and
treatment of plant disease using sensors and smart delivery system (Abd-Elrahman
and Mostafa 2015). Nanoparticles can be a promising approach in plant science and
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its potency can be effectively utilized to counter the calumnious impact of the various
biotic and abiotic stresses besides improving the plant growth quality (Panpatte et al.
2016). It can be used directly in the agricultural fields as nano-fertilizers (whose
influential entry can release required contents at the targeted sites of the plants) as
well as growth promoters. Routine use of the bulk quantity of fertilizer was common
in practice to increase crop productivity, which does not meet the requirements of the
plants due to its uneven absorption because of which most of their parts stay unused.
This may be due to many factors such as hydrolysis, decomposition, soil leaching,
and photolysis (Singhal et al. 2015). Application of nanofertilizers has potential
benefits in crop improvement, increment in biomass, and productivity. Because of
its small size, it is very useful for target delivery. Nanoparticles can be targeted to the
specific gene of interest that could help enhance the resistivity of the plants against the
environmental constraints. ‘Precision farming’ can be achieved by using engineered
nanosensors and nano pesticides that not only contribute to crop protection but also
enhance the soil quality.

7.6.1 Application of Nanofertilizers

Crop plants are traditionally cultivated using chemical fertilizers to enhance the yield,
but they do not absorb all the chemical nutrients provided to them which conse-
quently lead to the accumulation of a large amount of chemical fertilizer in the soil
and this ultimately renders the soil infertile. Therefore, the nano fertilizers are now
recommended over chemical and biofertilizers as they have the potential to provide
a requisite amount of nutrients as per need in just a small quantity. These nanofer-
tilizers provide efficacy to the crop plants to tolerate environmental constraints as
well as to reduce its toxicity. In one of the studies, it has been reported that vegeta-
tive features of the plants can be improved physiologically and morphologically via
the application of Si-nanoparticles and Si-fertilizer under stress conditions (salinity
stress) (Janmohammadi et al. 2015).

Water being the imperative source of life can greatly hamper agriculture if not
present in a sufficient amount or if present in excessive amount. One such condition
that is commonly faced by the crops of the arid region is drought. This environmental
stress reduces the productivity to nearly half of the bulk resulting in the nutritionless
growth of the crops. Nanoparticles have become the solutions to such problems and
Si-NPs particularly have made the task easier. Zn-NPs have also shown promising
results (Cakmak et al. 1996). Application of nano-fertilizers on various crop species
have been shown in Table 7.2.
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7.6.2 Mode of Application

Delivery of the nanomaterials to the crop plants can be done through their roots,
shoots, or leaves. From the leaves, they can be absorbed via micro openings like
stomata, hydathodes, and bark pores (Eichert et al. 2008). Nanomaterials used in
nano fertilizers are now available in various shapes and sizes for example 2D forms
(i.e., sheets, disks, rod, tubes), nanoclays, and nanoemulsions. Delivery methods
have an impact on the uptake efficiency as reported by some of the studies. Once
these NPs are absorbed by the different organs after crossing the external multi-
membrane layers (containing cellulose or hemicellulose, various other proteins),
they are transferred passively to the targeted sites. Cuts or wounds on the plant parts
caused somehow also act as a route to enter into the plant system. Understanding
the physiology of nanomaterials-plant interface is always recommended by various
studies to better the knowledge of their dynamics.

7.7 Conclusions and Prospects

To meet the demands of the growing population, paramount advancement has been
achieved not only in the technological field but also in the field of plant science. So
far we have seen improvement in crop productivity by engaging transgenic tools and
genetically engineered crops in the agricultural area. The understanding of the stress
biology has guided us to manipulate the stress responses by characterizing each
stress gene and measuring their efficacy in environmental stress tolerance. Trans-
genic and genetically engineered approaches have provided a better understanding
of the metabolic pathways and molecular mechanisms of the stress-tolerant plants,
thereby facilitating the stress resistance or stress tolerance potentiality of crop plants.
The implication of distinct nanoparticles of varying shapes and sizes in the crop field
has shown remarkable enhancement in the nutrient uptake, thereby increasing crop
productivity. Scientific reports have shown that targeteddeliveryby thenanomaterials
assists better protection against diverse biotic and abiotic stresses whilst augmenting
the quality crop yield. Furthermore, the emergence of nanosensors in ‘precision
farming’ has bridge the gap between soil health and plant productivity to a major
extent. It evaluates the crop yield, quality of biomass produce, soil health, moni-
tors the nutrient uptake efficacy, and promotes protection against disease. Therefore,
the application of nanotechnology offers breakthrough advantages over conventional
methods of agricultural farming and quality crop produce. It minimizes the miscon-
ception related to the usage of nanomaterials. Besides, it also lay out strategies to
elevate the crop tolerance to abiotic constraints (mainly heat, drought, and salinity).

World agriculture has seen revolutionary alternations in the method of farming
with the advantages of nano-fertilizers, and nanoparticles, besides the application of
transgenic crops. The development of nanotechnology in the field of agriculture is
gaining interest widely, yet its applications are still in the lag phase. There lies a wide
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gap in the understanding of its potential in reducing the risks of farming like nutrient
uptake capacity, adaptation mechanism of withstanding stress, and undesirable toxic
effects imposed by the nanoparticles. Further research is needed to extrapolate the
untouched areas of nanotechnology especially in the field of agriculture. A number of
scientific investigations have been done on the potential benefits of nanoparticles in
the field of pharmaceutical, industrial and medicine. But very few studies have been
carried out on the side- effects of nanoparticles, accumulation of its toxic materials
and nanoparticle-cell interactions. There are handful of challenging areas in the agri-
nanotechnology sectors. Genetic crop engineering by the incorporation of novel
stress-tolerant characters also leaves some of the questions unanswered. With the
increase in industrial utilization of nanoparticles as nanobiosensors for secondary
metabolites detection or as nanofertilizers in farming, there is a need to optimize the
size and dose of NPs before application. Understanding the interaction of the plant
cells with the nanomaterials, transfer of DNA, and proteins to the competent cell
would also prove to be new research aspects in the future.
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Chapter 8
Green Synthesis of Nanoparticles Using
Different Plant Extracts and Their
Characterizations
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Maysaa T. Alloosh, Maysoun M. Saleh, and Jameel M. Al-Khayri

Abstract The green nanoparticles synthesis is a modern field that currently
resonates compared to other preparation methods due to its characteristics that
make it used in all fields. This chapter briefly explained traditional and biological
methods for preparing nanomaterials and mentioned the advantage and disadvantage
to these methods, then explained in more detail the phytofabrication of nanoparticles
from different parts of the plant, which are considered a good source for biological
molecules that act as reducing agents and modifies metal ions into nanoparticles that
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have unique properties. It also illustrates the green methods for preparing nanoparti-
cles such as silver, zinc oxide and copper in some detail and their reaction conditions
which influence the size, shape and structure of NPs. In addition to mechanisms of
their formation and the different biomolecules that contribute to its synthesis.

Keywords Biological methods · Green synthesis · Nanoparticles
characterization · Nanoparticles mechanism · Plant extracts · Traditional methods

8.1 Introduction

Green synthesis is a modern technology used to prepare nanomaterials (NM) that
lead to a new era that reveals the plant potential in synthesizing stable nanoparticles
(NPs) and increases the life of NPs (Ahmad et al. 2019). Constraints on chemical and
physical methods are also overcome, as the first depends primarily on chemical reac-
tions with its risks and side effects. While physical methods are rather complicated
and economically expensive (Thunugunta et al. 2015). NPs possess various appli-
cations in different scientific and technological fields and this leads to high demand
for produced nanoparticles (Dhand et al. 2015). To search for safe, cheap and envi-
ronmentally friendly methods for synthesizing NPs, several manufacturing methods
have been chosen. Further, it is necessary to understand, biochemical and molec-
ular mechanisms of NPs production. Secondary metabolites from natural product
extract act as reducers, stabilizers and capping agents in the process of nanomaterial
synthesis (Bartolucci et al. 2020). These agents are present in biological entities and
act as terminators of growth and inhibit agglomeration processes, thus enhancingNPs
stability and persistence (Dhand et al. 2015). This chapter includes brief content about
nanotechnology, nanomaterials, its properties, methods for its preparing and the tools
of characterization. This chapter presents the importance of biological methods over
traditional methods concerning NPs formation, factors affecting their preparation
together with the biochemical mechanisms to produce NPs.

8.1.1 Traditional Methods

The two unique methodologies for combining NPs are top-down and bottom-up.
Top-down using various techniques such as grinding, milling and sputtering or
thermal/laser ablation. The suitable bulk material is broken down into smaller fine
particles by size reduction (Singh et al. 2018). While, at bottom-to-top NPs are
formatting by chemical and biological methods through the self-assembly of atoms
into new nuclei that grow into particles of nanosize. These include electrochem-
ical and chemical reduction methods (Gour and Jain 2019). NPs are obtained using
diverse techniques including physical, chemical and green methods (Rawat et al.
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2018). Physical methods for the synthesis of NPs involve physical vapor deposi-
tion (PVD), thermolysis, microwave-assisted synthesis, pulsed laser method, high
energy ball milling, laser ablation, melt mixing, ion implantation, deposition of the
electric arc and deposition of the sputter (Thunugunta et al. 2015). Each of these
mechanisms converts one of the physical factors, for example, thermolysis changes
temperature, ball friction pressure, ion implantation pH and laser ablation radia-
tion changes. The desired size and shape of the NPs can be obtained through the
optimization and maintenance of optimized parameters. The main disadvantages
of physical methods contain time-consuming procedures, elevated parameters high
equipment costs, Pollution from milling media and/or atmosphere, consolidate the
powder product without the nanocrystalline microstructure being, Recycling and
disposal. That no hard-and-fast safe policies on nanomaterial disposal have evolved.
Furthermore, theseNPs are not environmentally friendly owing to associated toxicity
(Alagarasi 2011; Singh et al. 2018). Chemical synthesis is producing large quanti-
ties of NPs in a short span. Such as the co-precipitation, sol-gel process, radiofre-
quency plasma method and solvothermal synthesis and chemical vapor deposition.
Thesemethods employ strong reducing agents for nanoparticle reduction and capping
agents to control the size and stabilize synthesized NPs such as oleic acid, thioglyc-
erol and triethanolamine. Thismethod utilizes toxic chemicals thatmay be dangerous
to the living (Park et al. 2012; Singh et al. 2018; Thunugunta et al. 2015) (Fig. 8.1).

8.1.2 Biological Methods

The synthesis process is started in the aqueous solution of metal ions by adding
extracts obtained fromplant parts such as leaves, roots and fruits.With the compounds
existent in the plant extract, such as protein, sugar, enzyme, flavonoid, organic acid
and polymer, effective as a reducing agent, the bioinduction of metal ions into NPs
occurs (Bartolucci et al. 2020). These chemical groups able to bind the particle
surface, then providing stabilization and reduced toxicity (Gour and Jain 2019).
For example, polyphenol of tea and coffee extracts were employed in the silver
and palladium NPs synthesis (Nadagouda and Varma 2008), agricultural residuum
waste (red grape pomace from winery) in produce various metal NPs, such as gold
(Au) and silver (Ag) (Baruwati and Varma 2009). The success of NPs biosynthesis
depends on bioavailable molecules in the green synthesis and this attaches to season-
ality, organic growth conditions and extractionmethods that influence concentrations
of antioxidant chemical species and generate varied characteristics nanostructures
(Gonnelli et al. 2015). In addition to plant extract, living plants can perform green
NPs synthesis and maintain NPs in their tissue. The metal synthesis mechanism of
NPs in a living plant depends on three main steps, the first step is the activation phase
where ions are reduced and NPs form nuclei. In the second step, the growth phase,
small NPs become interconnected to form larger particles. NPs then join together
with the growth development to form an assortment of morphologies such as cubes,
spheres, triangles, hexagons, pentagons, rods and wires. The growth stage results
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Fig. 8.1 NPs synthesis methodologies (Source Hussain et al. 2016)

in increased thermodynamic durability of NPs. In the third phase, NPs have stable
thermodynamic effects in their final shape (Taghizadeh et al. 2018). Recent studies
hypothesized that big-reducing sugars and fructose in chloroplasts were responsible
to convert metal salts into NPs (Gan and Li 2012; Marchiol et al. 2014). In the living
plants ofMedicago sativa, Helianthus annus and Brassica juncea, NPs of zinc (Zn),
nickel (Ni), silver (Ag), cobalt (Co) and copper (Cu) were synthesized. Response to
the presence of high NPs concentrations, the cells alter their subcellular organiza-
tion, then due to sulfhydryl enzyme inhibition, the membrane permeability changes
in cell membranes that causes damage to cells. The major drawbacks to the indus-
trial applications of NPs that produce in a living plant extract involve purification of
synthesized NPs, heterogeneity of the form and size, low efficiency and high cost
(Rawat et al. 2018) (Fig. 8.2).
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Fig. 8.2 Schematic representation of a collective mechanistic approach for different metal
nanoparticle synthesis using the plant (Source Oza et al. 2020)
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8.2 Green Synthesized NPs Using Plant Extract

8.2.1 Plant Material

8.2.1.1 Roots

The root of plants was widely used in the synthesis of metal NPs like silver (Ag),
gold (Au), zinc oxide (ZnO), nickel oxide (NiO), titanium dioxide (TiO2) and ferric
oxide (Fe3O4) NPs (Table 8.1). The majority of these plants are medicinal herbs
belonging to different families. The aqueous extract was used in most of the research
(easy and fast extraction method). In a few cases, an alcoholic extract (ethanol) was
prepared. The roots demonstrated a high ability to manufacture NPs in a very short
duration (1 min) like synthesis Ag NPs using ginger root (Vijaya et al. 2017). Mostly,
the completion of the reaction needs about 1–5 h and in the worst cases 48 h under
normal conditions (room temperature). Sometimes NPs manufacture need heating
with stirring like biosynthesis of NiO NPs from garlic and ginger by heating the
mixture of root extract with NaOH to 90 °C for two hours (Haider et al. 2020)
(Fig. 8.3).

8.2.1.2 Shoots

The researchers used the shoots, bark and stem on a relatively small scale compared
to the rest of the plant parts, such as roots, leaves, fruits and seeds. In aforementioned
context, the Ag and ZnO NPs are biosynthesized by stem extract in the last decade,
where most of the time, the particular were synthesized at room temperature. Also, it
was observed that the manufactured NPs were sometimes large in size (Mohammed
2016; Wang et al. 2020) (Table 8.2). Similarly, Tanase et al. (2020) found that the
size of the Ag NPs manufactured using spruce (Picea abies L.) bark extract was in
the range of 100–500 nm with 226 nm diameter on average, but the synthesis was
fast and completed within three hours (Fig. 8.4).

8.2.1.3 Leaves

Several (mostly medicinal) plants have recently been used in the manufacture of
silver, gold, copper oxide, zinc oxide, titanium oxide and sulfide. Spherical NPs were
obtainedmostly in relatively small sizes ranging from 2 to 45 nm (Table 8.3). Vijayan
et al. (2019) used themicrowave in synthesizedAg andAuNPs. The reactionmixture
of silver nitrate and Bauhinia purpurea leaf extract solutions changed its color from
colorless to yellowish-brown after 90 s of microwave irradiation. The auric chloride
is light yellow and its mixture with the leaf extract changes to dark violet color after
30 s of microwave irradiation due to gold NPs (Fig. 8.5). Also, Dash et al. (2020)
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Fig. 8.3 Green synthesis of nickel oxide (NiO) NPs scheme using ginger and garlic root extracts
(Source Haider et al. 2020)

used Cinnamomum tamala leaf extract to synthesis Ag NPs within 30 min and the
reaction was completed after 2 h (Fig. 8.6).

8.2.1.4 Flowers

Recent studies indicate the use of flower extract in the biosynthesis of NPs especially
Ag NPs. Medicinal plant flower extracts showed speediness and efficacy in manu-
facturing NPs under simple conditions (Table 8.4). For instance, Varadavenkatesan
et al. (2019) used Ipomoea digitata flower extract for synthesized Ag NPs within
10 min (Fig. 8.7).

8.2.1.5 Fruits

Recent studies indicated the use of an aqueous extract of some fruits in the produc-
tion of silver, gold, iron oxide, zinc oxide and copper NPs at different conditions
(Table 8.5). Copper oxide (CuO) NPs were synthesized by heated the mixture of oak
fruit extract with copper acetate to 500 °C (Sorbiun et al. 2018). However, others
used autoclave in the same synthesis method that involved heating the mixture to
190 °C (Rostamizadeh et al. 2020). While, Jayaprakash et al. (2017) used a
microwave oven to synthesis Ag NPs within 3 min. In contrast, some treatments
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Fig. 8.4 Colormodification of silver-green synthesizesNPs using spruce (Picea abies) bark extract.
a Picea abies extract with silver nitrate (AgNO3) solution at the beginning (0 min), b Picea abies
extract with silver nitrate (AgNO3) solution after three hours (Source Tanase et al. 2020)

require long time, for instance, the synthesis Ag NPs using Cleome viscous fruit
extract require up to 24 h (Lakshmanan et al. 2018) (Fig. 8.8).

8.2.1.6 Other Plant Tissues

Numerous studies have examined the use of different plant parts (fruit peels, seeds,
seed coat, bulb, latex) in the biosynthesis of NPs like Ag, TiO2, Mn3O4, Fe3O4, CuO,
MgO and ZnO NPs (Table 8.6).

8.2.2 Synthesis of NPs

8.2.2.1 Biosynthesis of Zinc Oxide NPs Using Root Extract of Ginger
(Zingier Officinal)

Preparation of the Root Extract

Fresh ginger (Zingier officinal) was washed well with clean water and then soaked in
distend water in order to remove the contaminants present in the skin. The moisture
content removed from roots by dried it completely. Dried ginger was taken and the
outer skin was peeled off, which were then weighed about (5 g). Then, it was cut
into pieces and kept in a hot air oven at 50 °C for about an hour. The dried roots are
taken and crushed in a mortar and pestle by slowly adding 25 ml of deionized water.
The extract was filtered using Whatman filter paper No.1. For future use, the extract
could preserve at about 4 °C (Gnanasangeetha and Thambavani 2013).
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Fig. 8.5 Green synthesis of silver (Ag) and gold (Au) NPs using Bauhinia purpurea leaf extract.
a Photographs of a Bauhinia purpurea plant, b Bauhinia purpurea leaf extract, c Biological silver
(Ag) NPs, d Biological gold (Au) NPs (Source Vijayan et al. 2019)

Fig. 8.6 Green synthesis of silver (Ag) NPs using bay leaf extract (Source Dash et al. 2020)

Preparation of Zinc Oxide NPs

Fifty ml of zinc acetate dihydrate was dissolved in deionized distilled water by
stirring vigorously and pH was adjusted to 12 with sodium hydroxide (NaOH).
The solution was placed in the stirrer for two hours until a white precipitate was
observed. Then, the mixture was centrifuged at 10,000 rpm for 10 min. Deionized
waterwashed the granules and then dried for about 12 h in a hot air oven at 100 °C.The
resultant white powder was carefully extracted for characterization (Gnanasangeetha
and Thambavani 2013) (Fig. 8.9).
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Fig. 8.7 Green synthesis of
silver (Ag) NPs using
Ipomoea digitata (ID) flower
extract. a Picture of Ipomoea
digitata Linn. Flower,
b Color change of Ipomoea
digitata flower extract
(reddish-brown, left) to
ID-SNP (golden brown,
right) (Source
Varadavenkatesan et al.
2019)

8.2.2.2 Biosynthesis of Silver NPs Using Turmeric (Curcuma Longa)
Tuber Powder

Preparation of Extract The turmeric C. longa tubers were washed to remove the
adheringmud particles and potential impurities and dried for aweek under sunlight to
eliminate any moisture. The tubers were cut into small pieces, powdered in a mixer
and then sewn to obtain a uniform size range using a 20-mesh sieve. For extract
output 0.1 g turmeric. Tumeric tuber powder was added to Erlenmeyer flask with
20 ml sterile distilled water and then mixed for 4 h at room temperature.
Synthesis of AgNPs using C. longa Emulsion In short, C. longa tubers (0.1 g)
extract of water from C. longa was added to a 20 ml diluted deionized water with
vigorous four-hour stirring. Silver nitrate (AgNO3) (40 ml) was blended for 24 h at
25 °C. During the incubation period, Ag-NPs were gradually obtained. During the
reduction process, the solution was kept at room temperature in the darkness to avoid
any photochemical reactions. The solution component was clean out with nitrogen
gas before use. Subsequently, reduction continued to remove oxygen in the presence
of nitrogen. Biological silver (Ag/C. longa) colloidal suspensions obtained. Then,
C. longa mixture was centrifuged at 15,000 rpm for 20 min and washed four times
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Fig. 8.8 a Cleome viscosa plant; b Silver nitrate (AgNO3), c Aqueous fruit extract, d Synthesis of
silver nitrate (AgNO3) (Source Lakshmanan et al. 2018)

to remove silver ions from the precipitate NPs. Then, it was dried overnight at 30 °C
under vacuum to obtain the Ag/C. longa (Shameli et al. 2012).

Biosynthesis of Silver NPs using Ginger Extract To prepare Ag NPs, 5 gm of
ginger is cut into small pieces, then dissolved with 100 ml of 70% ethanol at 70 °C
for two hours. The extract is filtered and stored at 4 °C. To manufacture nanoscale
silver, ginger extract is mixed with AgNO3 mmol/L by heating at 85 °C and the color
of the solution will be observed within 20 min (Yang et al. 2017).

8.2.2.3 Biosynthesis of Copper NPs Using Sumac

Preparation of Sumac (Rhus coriaria L.) Extract The plant extract 2% (w/v)
prepared by drying and well grinding 2 g of sumac. Twenty-minute grapes, boiling
up to 100 ml of deionized water and finishing. Bio extract was kept at 4 °C for further
experiments.
Copper NPs Synthesis using Sumac Extract To synthesize NPs using sumac as a
stabilizer, 3 ml of plant extract were added to 1 ml of CuSO4.5H2O (0.01 M), 2 ml
of NaOH (0.01 M) and 1 ml of hydrazine 2% v:v at room temperature then complete
the volume to 10 ml with deionized water. The reduction reaction could be expressed
as:

2Cu+2 + 2 N2H4 + 4OH− → 2Cu + N2 + 4NH4OH

The mixture was heated for 10 min in a water bath. The solutions color shifted
from dark blue to light yellow and becomes deep red by heating (Ismail 2020).
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Fig. 8.9 Transmission electron microscopy (TEM) images for zinc oxide (ZnO) NPs (Photo by
A.K. Almuhammady and F. Abdulqahar)

8.2.3 Reaction Conditions

Many factors occur in the synthesis, characterization and application of NPs.
Numerous researches have indicated that the production of nanomaterials depends
on the method of preparation, environment, temperature, the extract concentration to
be implemented, reaction time and pH. It is important to know that the effect of these
factors varies from one method to another and also varies with the substances and
compounds to use. The methods of collecting and synthesizing NPs differ with the
methods that are used to produce the chemical, physical, mechanical or biological
materials and using various organic or organic materials and even microorganisms
(Kharissova et al. 2013; Vadlapudi andKaladhar 2014). The pH factor is an important
factor affecting the synthesis of NPs by green technology. Research has confirmed
that the pH of the solution medium affects the size and texture of complex NPs
(Armendariz et al. 2004; Gamez et al. 2003). Therefore, the size of the NPs can be
controlled by changing the pH of the solution media. Soni and Prakash (2011) found
that pHhas affected the shape and size of the prepared silverNPs. The nature of chem-
ical reactions depends on the direct relationship between the pH of the bulk solution
and the properties of the chemical surface (Ratchagar and Jagannathan 2016). Some
studies on the preparation of NPs for yellow gold showed that metal reduction was
more appropriate in the acid medium achieved with hydrochloric acid. This confirms
that the corresponding absorption range for the remaining plasmon was due to the
relatively low acidity. While the complexes of hydroxides could not be reduced at
a high pH. Therefore, almost no gold molecules were formed and this process was
accompanied by a major and significant change in the absorption spectrums (Mukha
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et al. 2016). Focusing on obtaining the final bimetallic Ag, Au particles, some exper-
imental conditions have changed and the pH range of gold has been expanded (pH
= 2, 4 and 6). Also, the use of nitric acid to control acidity reduced the effect
of chlorine ions on the process of reducing silver except for the formation of low
soluble chloride. The composition and stability of the Au and Ag NPs in the pres-
ence of tryptophan are strongly influenced by the acidity of the primary components.
According to mass and absorption spectroscopy data, the tryptophan conversion in
these systems passes through the kynurenine pathway. The highest persistence and
least dispersion of nonmetric measurements occur in the case of metal reduction
with amino acids in the case of anion present in the primary alkali medium (Mukha
et al. 2016). Assuming that the transformation in the surface of the plasmon peak
resonance indicates a change in the size of the Ag Nps and thus any change will lead
to a decrease in the size of the particles. This leads to an increase in the pH resulting
in the formation of smaller size NPs and vice versa (Alqadi et al. 2014). Temperature
is one of the important factors that affect the structure of NPs in all methods used
to prepare nanomaterials. Where the physical method requires a higher degree and
may reach 350 °C or more spermatic. While chemical methods require a tempera-
ture much lower than this degree and, in most cases, as for biological methods or
green technology, the synthesis of NPs does not require high temperatures. Since it
is most likely to be less than 100 °C as the temperature is determined by the reaction
medium. Thus, it determines the shape and size of the prepared particles (Rai et al.
2006). Both the hydrolysis and condensation reactions, like any other chemical reac-
tions, depend heavily on the reaction temperatures. The reaction rate will increase
dramatically when the temperature is high. We can prepare NPs, but this quick reac-
tion makes them quick, in this case, it can lead to larger sizes (Matijevic 1977, 1985).
In green technology, the consistency and form of complex NPs are greatly affected
by the duration or shortening of time during which the reaction medium is incubated
(Darroudi et al. 2011). Likewise, the change of the properties of compound NPs may
change over time and be greatly influenced by the tuning process, exposure to light,
storage conditions and different environmental conditions (Kuchibhatla et al. 2012;
Mudunkotuwa et al. 2012). Time differences may affect several methods, such as
collecting particles with several long storage periods and the particles may shrink
or grow during long storage. The chemical materials may have a shelf life and so
on, leading to a reduction in its effectiveness and impact (Baer 2011; Mudunkotuwa
et al. 2012).

8.2.4 Mechanism of NPs Formation

The nano-sized nanomaterial scale allows control of different properties, mainly
stability, size and shape (Martínez-Fernández et al. 2016). These properties can
be amended by modifying conditions of the reaction and chemical concentrations.
The metals such as Fe, Co, Mg, Zn, Cu, Au, Ce, Ag, Ni, Mn and their oxides are
the nanomaterials most frequently synthesized. Fe, Co, Mg, and Mn are widely
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Fig. 8.10 Nanomaterial classification a 0 D spheres and clusters, b 1 D wires, nanofibres and rods,
c 2 D plates, films and networks, d 3 D nanomaterials (Source Trotta and Mele 2019)

used for magnetic NP synthesis (Gupta et al. 2020). Plant extracts have different
biomolecules, including polyphenols, proteins, enzymes, aldehydes, polysaccha-
rides, flavones, amino acids, carboxylic acids, caffeine, ascorbic acids, ketones and
terpenoids, which can reduce metal ions and stabilize NPs to the desired shapes
and sizes (Pirtarighat et al. 2019). This explains the nanoparticle morphological
diversity (triangular, hexagonal, spherical, cubic and pentagon) which connected by
biomolecular reactions with metal ions (Gupta et al. 2020) (Fig. 8.10).

The aqueous extract of Artemisia (Seriphidium quettense (Podlech)) contains
phenolic and Flavonoids. These considered as scave of free radicals and lipid perox-
idation inhibition. Extracts of Salvia species have shown the presence of flavonoids
and carnosic acid that have a community of carboxylate (Pirtarighat et al. 2019).
Negatively charged groups presented in the plant extract such as carboxylate (COO−)
and polar groups such as CO and OH have a higher inclination to attach themselves
to the Ag+ surface. Thus, these groups share both the Ag ions reduction and stabi-
lization (Ajitha et al. 2014). The use of plant extracts with acidic pH for the synthesis
of NPs could increase the efficacy of NPs as catalysts for Fenton (Makarov et al.
2014). Because of the formation of OH radicals, which attack bonds in the dye
molecules that may be in solution or adsorbed on the catalyst surface. Thus NPs can
catalyze the degradation of bromothymol blue, methylene orange, methylene blue
andmonochlorobenzene (Makarov et al. 2014). It is important throughout the year to
assess green synthesis efficiency according to natural extract characteristics related
to seasonality (Santos et al. 2019). It should be careful to take the physicochemical
characterizations for substances responsible for the green synthesis of metallic NPs.
It can be observed that flavonoid and phenolic acids, mainly depend on ripening
stages of fruit, so that there is a significant modification in antioxidant compound
concentration that is essential for adjustment in green synthesis routes (Backx and
Santana 2018; Blank et al. 2018). Also, Plant genetic and environmental conditions
have significant efficacy in metallic nanoparticle synthesis. The use of an extract of
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Fig. 8.11 Diagram for mechanism nanoparticle synthesis by different biomolecules (Source
Hussain et al. 2016)

blackberry (Morus nigra L.) leaves leads to successful synthesis routes for nanopar-
ticle formation. In contrast nanoparticle synthesis is not functional in the winter. This
is related to seasonal characteristics because the morphological leaf and its size have
decreased during this period (Biasiolo et al. 2004) (Fig. 8.11).

8.3 Conclusion and Prospects

Synthesis of NPs by green synthesis methods are considered important methods to
manufacture NPs for some reasons, including that they are environmentally friendly
and easy to apply, inexpensive, the size of the produced NPs can be expected
according to the preparation factors, reaction conditions, materials used and their
concentration. In addition, raw materials are generally available, but this method
still requires more research and studies to reach mass production. At the same time,
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chemical and physical methods of NPs synthesis cannot be neglected as each method
has its importance both in terms of production quantity, type of product and its specifi-
cations in terms of form, and structure. Finally, the type and shape of nanomaterials,
size, quality and the actual cost of production determine the appropriate applica-
tion for them. Green biosynthesis also produces stabilized nanoparticles that are
used in many fields because of a lack of toxic chemicals and reduced side effects.
Thus nanoparticles can be used in agriculture, water waste treatment, engineering,
medicine and food industries.
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Chapter 9
Applications of Plant-Derived
Nanomaterials in Mitigation of Crop
Abiotic Stress

Maysoun M. Saleh, Lina M. Alnaddaf, Abdulsalam K. Almuhammady,
Khaled F.M. Salem, Maysaa T. Alloosh, and Jameel M. Al-Khayri

Abstract Nanotechnology is a great and promising future science for pressing
global climate change solutions and increasing the global population through its
various uses. This chapter conversed the implementation of nanotechnology in
various environmental, medical and agricultural fields. In addition, it discussed
the application of various nanoparticle biosynthesis as fertilizers in multiple forms
including soaking, foliar fertilization and soil fertilization. Then explained in more
detail the effectiveness of NPs such as (nano silicon, zinc oxide NPs, titanium
dioxide NPs, silver NPs) on crop growth, phenological and physiological devel-
opment under abiotic stress. Also, this chapter highlights the Mechanism of NPs
uptake and accumulation in crops. Therefore, nanotechnology offers an effective
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application to reduce pollution, management of soil nutrients and achieve sustainable
development.

Keywords Abiotic stress · Nanoparticles accumulation · Nano fertilization ·
Nanoparticles · Nanoparticles uptake · Sustainability development

9.1 Introduction

9.1.1 Applications of Nanoparticles

9.1.1.1 Environmental Remediation Processes

The synthesis of nanoparticles (NPs) could serve as a future direction for many life
fields. Metal NPs that are biologically synthesized using plant extract have various
applications, in pharmaceutical and diagnostic industries, industrial scale, usedwater
waste treatment, engineering, agriculture industries and food industries (Seqqat et al.
2019). A large number of recent studies have shown that NPs remediate the envi-
ronment such as nanofiltration, nano-adsorbents, nanobiocides and nanocatalysts
currently being utilized for water and wastewater pollutant remediation to reduce
the risks posed to human and environmental receptors by radiological and chemical
contaminants (Bratovcic 2019). The benefits of applying nanomaterials for remedi-
ation would be faster or more cost-effective waste cleanup. Therefore, exploring a
more reliable and sustainable process for nanomaterial synthesis is vitally important.
Researchers continue to strive for the development of easy, effective and reliable
green chemistry processes for nanomaterial production (Pérez et al. 2019). These
may include actinomycetes, bacteria, yeast, fungi, viruses and plants to produce
NPs that are well-functional and stable (Saif et al. 2016). Metal NPs are consid-
ered suitable water treatment filters due to very large surface area of NPs and their
excellent electron relaying capacity and more efficient in the degradation of several
organic dyes in wastewater than conventional methods (Fig. 9.1).WhenAgNPs flow-
through systems, certain problems such as excessive pressure drops, low hydraulic
conductivity, difficult separation from treated water and agglomeration of particles
appeared (Kango and Kumar 2016). Therefore, some supports such as zeolite, fiber-
glass, polyurethane foam and sandmust be coveredwithAgNPs for practical applica-
tion (Hua et al. 2012). Farhana andMeera (2016) tried nanosilver-coated sand, which
was synthesized with papaya fruit, neem leaf and bamboo leaf extracts. The highest
percentage of silver coatings was obtained for the nanosilver-coated sand synthe-
sized using papaya fruit extract. So, it could be used as an effective filter medium for
microorganism removal in water/wastewater treatment. The stem of cowpea Vigna
unguiculata L. was used alone in synthesis silver NPs. So, this was not sufficient due
to a relatively low percentage removal (21.6% at 200 ppm) in the complete adsorp-
tion of malachite green dye (Dawodu et al. 2019). Many novel studies have pointed
out the potential of Fe NPs to remediate of environment because the iron NPs had a
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Fig. 9.1 Schematic of potential dye degradation process by CuO NPs (Source Singh et al. 2019a)

large surface area to volume ratio. Chrysochoou et al. (2012) reported that iron NPs
synthesized with polyphenol enriched green tea solution using two granular media,
refined silica sand, as well as aluminum hydroxide sand coated. As a result, the redox
potential rose from 150 to 550 mV because effecting of polyphenols. He and Zhao
(2005) utilized starch mediated bimetallic iron/lead (Fe/Pd) NPs for trichloroethy-
lene (TCE) degradation. Results from this study showed that the NPs of starched
Fe showed considerably less agglomeration, but higher dechlorination power than
those produced without a stabilizer. Starch NPs at 0.1 g/L of 98% of TCE were
degraded in water within one hour. Wang et al. (2014a) used eucalyptus leaf extracts
to synthesize iron NPs for the treatment of eutrophic wastewater. After twenty-one
days, the total percentage of phosphorus, nitrogen and chemical oxygen demand
(COD) were taken away 30, 71.7 and 84.5%, respectively. The lack of precipitating
agents like calcium, magnesium or aluminum was the reason why phosphorus was
removed very low. Wang et al. (2014b) applied leaf extracts of eucalyptus and green
tea separately to form Fe NPs and employed them to remove nitrate fromwastewater.
Eucalyptus and green tea Fe NPs were able to take off 41.4 and 59.7% of nitrate from
wastewater, respectively. Njagi et al. (2011) investigated the phenolic compounds of
various branches of sorghum to synthesize NPs made of metallic iron and its use
as a catalyst for the degradation of blue bromothymol. Venkateswarlu et al. (2013)
exercised waste plantain peel extract for the reduction of iron salt to form Fe3O4 NPs
to remove toxicmetals and dyes. Zinc oxide (ZnO)NPs can be used as environmental
pollutant photocatalytic degradation materials. Zinc oxide NPs bulk and thin films
have proven highly sensitive to many toxic gasses.
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9.1.1.2 Antibacterial Activity

Metallic NPs are utilized, which are produced by biological methods in the biomed-
ical field for the protection from harmful microorganisms, cancer treatment, bio-
imaging, medical diagnosis and drug transport. These NPs must be stable, biocom-
patible and selectively targeted at a particular body site (Nadaroğlu et al. 2017).
This can be done by conjugating the NPs with acceptable ligands (Fahimirad and
Hatami 2019). Smart nanostructured materials can deliver drugs at reduced dosage
frequencies to target sites and in a controlled (spatial/temporal) manner to mitigate
the side effects experienced with traditional therapy (Lombardo et al. 2019). The
biological molecules extracted from different plants are added to metal salts to form
NPs. These biological molecules extract act as reducing metal salts and covering the
formed NPs. This capping is advantageous as it acts as a multi-functional way of
preventing nanoparticulate agglomeration, reducing toxicity and improving antimi-
crobial action (Roy et al. 2019). The antimicrobial nanoparticle attitude bases on its
size. This size is well preserved by the capping agent impact. Interestingly enough
now, if the capping agents themselves have anti-microbial activity. It could offer
enhanced antimicrobial action. Plants with antimicrobial action can thus be success-
fully used to develop antimicrobial action-enhanced NPs (Muniandy et al. 2019).
The mechanism of antibacterial NPs includes affecting cell membrane permeability
resulting from direct reactions between NPs and cell surfaces and these NPs induce
oxidative stress in bacterial cells, afterward inhibits cell growth than its death (Sharma
and Gothalwal 2019). Numerals researchers published several scientific papers on
the synthesis of silver, zinc and copper oxide NPs using various plant extracts. There
are many studied have been conducted towards the antibacterial performance of
plant extracts such as squash (Cucurbita pepo) seed powder (Singh and Shrivas-
tava 2018), lemon (Citrus limon) leaves (Dhinek and Vanitha 2016), leaf extracts
of banana (Musa balbisiana), neem (Azadirachta indica) and black tulsi (Ocimum
tenuiflorum) (Banerjee et al. 2014), onion (Allium cepa) extract (Saxena et al. 2010),
leaves of rocket (Eruca sativa), spinach (Spinacia oleracea) and cheese weed (Malva
parviflora) (Mohammad and Al-Jubouri 2019), aqueous extracted from sea holly
(Acanthus ilicifolius) (Mohamad et al. 2019), leaf elephant yam (Amorphophallus
paeoniifolius) (Gomathi et al. 2019), leaf banyan (Ficus benghalensis) (Saxena et al.
2012), cinnamon (Cinnamomum zylinicum) bark (Almalah et al. 2019), leaf artichoke
(Cynara scolymus) (Erdogan et al. 2019), Salvia spinosa (Pirtarighat et al. 2019),
Lemon peel (samreen et al. 2018), Seripheidium quettense (Nasara et al. 2019),Euca-
lyptus leaf oil (Heydari et al. 2017), M. parviflora (Farhan et al. 2017), leaf extract
of Catharanthus roseus (Gupta et al. 2018) and Tridax procumbens (Gopalakrishnan
et al. 2012) (Fig. 9.2).
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Fig. 9.2 Green synthesis of silver NPs using the Salvia spinosa plant extract (grown in vitro) and
its antibacterial activity evaluation (Source Pirtarighat et al. 2019)

9.1.1.3 Application in Agriculture

Biotechnological advances and rapid and more accurate diagnostic tools using NPs
have a great and promising future for modern farming practices such as precise
nutrient and fertilizer delivery and early diagnosis of disease. NPs can be loaded with
fertilizers, herbicides, nucleic acids, fungicides or nutrients and target specific plant
tissues in order to release their charge to the demand part of the plant for the desired
results (Duhan et al. 2017). Increased food production through excess nitrogen use
accounts for 80% of the increase in atmospheric nitrous oxide (N2O) (a greenhouse
gas), which causes higher atmospheric temperatures and, therefore contributes to
global warming. It is estimated that approximately 50–70% of potassium, 40–70%
of nitrogen and 80–90% of phosphorus chemical fertilizers are going to the environ-
ment. Thus, plants are not able to absorb these and, therefore cause environmental
pollution (Bartolucci et al. 2020). The use of nanocoated fertilizer reduces the disso-
lution rate of the fertilizer and allows a slow, sustained release of coated fertilizer that
is more efficiently absorbed by plant roots and minimizes pollution of the environ-
ment. Polymer biocompatible NPs (chitosan) and kaolin have potential applications
in fertilizer slow-release behavior (Corradini et al. 2010).Nanotechnology can supply
micronutrients to plants by spraying or fertilization. The use of green nanotechnology
is very important due to synthetic pesticides considered harmful to the environment.
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Polyethylene glycol coated NPs increased the insecticidal activity of essential garlic
oil against Tribolium castaneum (red flour beetle) (Duhan et al. 2017). With an effi-
ciency of 80% due to the slow and permanent relief from NPs of active components.
The green synthesis of (AgNPs) using rosemary Rosmarinus officinalis leaf extract
and its influence on wheat and tomato plants have been studied. The results indi-
cated that AgNPs have a noticeable stress effect on tomato plants as dry weight
and lower chlorophyll a. In addition, wheat germination percentage, pigment frac-
tions and dry weight have a non-significant impact AgNPs catalyzemalondialdehyde
(MDA) accumulation inwheat and tomato plants. Therewas an evident various effect
of AgNPs on antioxidant enzymes as catalase and peroxidase and soluble proteins
between these two plants (Farghaly and Nafady 2015). In contrast, copper (Cu) NPs
were prepared from onion extract enhancing wheat growth as compared to control
but their desired effect depends on their concentration so that treated 35 ppm Cu NPs
produced remarkably higher root dry weight, shoot length, root length, chlorophyll
content, germination percentage and fresh weight. The copper oxide (CuO) NPs with
intermediate concentration about 0.025 mg/mL which it is prepared with biological
synthesis by the Adiantum lunulatum extract and applied to Lens culinaris seeds.
This concentration increased the root length, phenol and flavonoid levels and antiox-
idative enzymes. While all these parameters decreased at higher concentrations of
CuONPs. Thus, CuONPs at an optimum concentration not only have the potential to
affect the physiological condition but can also modulate the innate immune system
of model plants like lentil L. culinaris (Sarkar et al. 2020). AgNPs can produce
from leaf extracts of neem (A. indica), black tulsi (O. tenuiflorum) and banana (M.
balbisiana). The positive effect of the pervious extracts on chickpea (Cicer ariet-
inum) and moong bean (Vigna radiata) seeds treated with AgNP solutions was on
oxidative stress enzymes activity and germination rates (Banerjee et al. 2014). The
seeds of squash (C. pepo) were soaked in neem and saisban silver NPs solution
along with distilled water as a control for 20 min. There was no influence on the
percentage of growth while for all the several concentrations of silver NPs a remark-
able change in seeding speed and length has been observed. Silver NPs treated with
saisban increase the seeding speed of C. pepo. While seeds treated with silver NPs
prepared using neem have been noted with the highest length of hypocotyls and semi
root (Bamsaoud and Bahwirth 2017). Sabir et al. (2018) assessed the effect of silver
(Ag) NPs that synthesized with the leaf extract drumstick tree (Moringa oliefera)
on seed germination and seedling growth of bread wheat (Triticum aestivum L.).
Several Ag NPs concentrations (25, 50, 75 and 100 ppm) were applied and tested
against a control. The results detected that Ag NPs increased wheat germination.
The considerable improvement was registered in root dry weight, root fresh weight,
root elongation and root length at 100 ppm of Ag NPs. However, negative results in
root length, shoot length, root fresh weight, shoot fresh weight, total protein and total
chlorophyll content inWhite Lupin (Lupinus termis) seedlingswith different concen-
trations of Ag NPs from coriander (Coriandrum sativum) leaf extract. So, further
studies needed to determine the effectiveness, longevity and toxicity of Ag NPs
towards photosynthetic systems and antioxidant parameters to improve researches
(Alhuqail et al. 2018). Sehnal et al. (2019) examined the effect of green synthesized
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AgNPs on germinated plants of maize such as the basic growth and physiological
parameters of the plants. The following sequence control < AgNPs < Ag (I) ion was
proven to be phytotoxic. Silver NPs exhibited a significant effect on photosynthetic
pigments and repression growth above-ground of plant partswas 40%.Alnaddaf et al.
(2019) reported the biosynthesis of silver NPs by mixing different ratios of Lemon
(C. limon) and the concentration of silver nitrate. In addition to the effect of silver
NPs of C. limon juice solution on seed germination as well as seedling growth of the
Syrian durum wheat cultivar Sham 7. The variety Sham 7 seeds were immersed for
30, 60, 90 and 120 minin Ag NPs solution ofC. limon juice in different mixing ratios
(1:1, 1:4 and 4:1) along with distilled water and C. limon juice as control. Seedling
length, seed germination, leaves number, root number, root length were measured
after 14 days. Germination percent of soaked grains for 60 min have a noticeable
effect with different mixing ratios.Whereas soaking wheat seeds for 120minin silver
NPs solution of C. limon juice with different mixing ratios have an inhibitory effect
on germination and seedling growth of wheat (Fig. 9.3). Immersed seeds with 4:1
lemon juice to 15 Mm silver nitrate for 90 min have a significant positive influence
on wheat leave numbers. However, another treatment with a ratio of 1:4 lemon juice
to 10 Mm silver nitrate for 30 min has a significant positive influence on wheat root
length (Fig. 9.4). Whereas, on shoot length, no noticeable efficacy was observed.

Gopinath et al. (2014) reported the green synthesis of gold NPs (Au NPs) from
the Arjun Myrobalan (Terminalia arjuna) fruit extract, for gloriosa lily (Gloriosa
superba) increased seed germination activity. Two different concentration 500 and
1000 lM of Au NPs were handled forG. superba seed. The concentration of 1000 lM
has the most important influence on seed germination rate andG. Superba vegetative
growth. Singh et al. (2016) made zinc oxide (ZnO) NPs from the Russian olive

Fig. 9.3 Changes in wheat seedling length with different mixing ratios. (a, b) Control, (c) Lemon
juice: silver nitrate (4:1, 10 Mm AgNO3, 90 min), (e, g) Lemon juice: silver nitrate (4:1, 10 Mm,
15 Mm AgNO3, 60 min), (d, f) Lemon juice: silver nitrate (4:1, 10 Mm, 15 Mm AgNO3, 120 min)
(Source Alnaddaf et al. 2019)
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Fig. 9.4 Change in roots length and its numbers in durum wheat cultivar Shame 7. a Lemon juice:
silver nitrate (1:4, 10 Mm AgNO3) for 30 min; b Control (Source Alnaddaf et al. 2019)

(Elaeagnus angustifolia) flower extract and estimated its impact on chlorophyll,
germination, seedling vigor, sugar and protein content as well as lipid peroxidation
andantioxidant enzymeactivity of tomato (Solanum lycopersicum). Thehighest reply
was with a 6.1 mM concentration whereas the lowest response was with a 1.2 mM
concentration. Thus, we can understand that the influence of NPs on plant growth
varies with different plant extracts, NPs, concentrations and reaction conditions.
Nanomaterial efficacymay be stimulation, inhibition or no effect on growth processes
and plant development.

9.2 Nano Fertilization

Plant nutrition is the most vital factor for successful agricultural production and
quality. NPs have been shown to exhibit both positive and negative effects on
the growth of plants. Even though nanomaterials display many positive results in
plants. However its phytotoxicity remains a problem. This relies on different factors
primarily on the concentration of nanomaterials and their shape and size. Nano
fertilization may be done using three methods seed priming, foliar application and
soil incorporation. But various factors are responsible for the efficiency of each
process. Including mode of absorption by different sections of plants, the process of
application and environmental considerations (Goswami et al. 2019).
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9.2.1 Soaking

Recently, Acharya et al. (2020) used AgNPs as nanopriming agents for watermelon
(Citrullus lanatus L.) seeds. Transmission electron microscopy confirmed the inter-
nalization of nanomaterials. The rate of seedling emergence at fourteen days after
sowing in AgNP treated triploid seeds were significantly higher compared with other
treatments. Soluble sugar (fructose and glucose) contents were improved during
germination in the AgNP-treated seeds at 96 h, higher yield compared to control.
Also, Ramesh et al. (2020) studied the influence of manganese oxide complex NPs
in germination and growth attributed to mung bean (V. radiata L.) in sandy loam soil.
The results showed decreased protein content and rose in full chlorophyll content
compared to untreated plants. The manganese deficiency increased the root surface
zone due to increased consumption, reduced the quantity of manganese translocation
caused reduced shoot growth and yielded an increased root ratio. Rafique et al. (2020)
tested the effect of ZnO NPs on pearl millet (Pennisetum glaucum L.) seed germina-
tion. The seeds treated showed a significant increase in shoot length, root length and
germination rate. Seeds treatedwith (1.5 gZnO-NPs/30ml for 2 h)were reportedwith
the highest shoot length, seedling vigor index, and germination rate. Results indicate
that ZnO-NPs at lower concentrations promoted vigor index, shoot length and germi-
nation rate, whereas at higher concentrations (3 g ZnO-NPs/30 ml) reduced vigor
index, shoot length and germination rate. However increased root length. Abdel-Aziz
(2019) investigated the effect of two different concentrations (0.05, 0.1%) of chitosan
NPs (CsNPs 20 ± 2 nm) as priming solutions for 6 h of broad bean (Vicia faba L.)
seeds. Both concentrations of chitosan NPs caused negative effects on germination
and seedling growth compared to control (seed treatment with distilledwater). On the
other hand, the lower concentration ofCsNPs (0.05%) improved the contented of total
phenols and the antioxidant enzymes (catalase, ascorbate peroxidase, peroxidase and
polyphenol oxidase) which improved the protection system of seeds. Another study
showed that the French bean (Phaseolus vulgaris L.) plants seed rinsing process with
nanochitosan (Cs) or carbon nanotubes (CNTs) caused considerable decreases in all
parameters of growth compared with control (Abdel-Aziz et al. 2019). The effect of
polyvinylpyrrolidone (PVP) stabilized platinum NPs (Pt: PVP) on seed germination
and on growth efficiency of pea (Pisum sativum L,) was studied. The germination
rate decreased by 45% when the seeds submerged in 1.0 mM Pt: PVP 3 h. Hydrosol
concentration and the germination time raised from 2.5 days to 7 days. After 30 days
of germination of saplings from treated seeds for 3 h. The root to shoot length was
20% lower than that of untreated seed saplings. Also, a significant reduction in rhizo-
bial colonization was observed in samples treated with Pt-NPs compared to control
plates, especiallywhen the seedswere soaked for 3 h (Rahmanet al. 2020).Boutchuen
et al. (2019) used a new method of presoak seed using a drop of hematite NP fertil-
izer to dramatically increase leguminous plant growth by 230–830% depending on
the crop. Although the growth pattern varied between different leguminous species
(Cicer arientinum, Vigna radiate and P. vulgaris). The seeds treated with a high NP
concentration (1.1 g/L Fe) generally showed the fastest growth compared to those
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soaked in low NP concentration (0.022 g/L Fe) and control deionized water. The NP
treated plants exhibited double faster initial pod production, twice as many pods per
plant and a longer life span overall compared to control. Itroutwar et al. (2019) primed
rice (Oryza sativa L.) seeds with biosynthesis ZnO NPs at 10 mg/L for 12 h. This
treatment showed an improvement of the seed germination (100%), shoot length, root
length, seedling length, leaf length, sub-root number, seedling vigor and dry matter
production compared to the control. Also, Raj and Chandrashekara (2019) checked
the effect of seed treatment application with Zn on growth, yield and economics of
cotton (Gossypium hirsutum L.). Among seed treatments, higher seed cotton yield,
plant height, number of monopodial and sympodial branches, leaf area index, leaf
area duration and chlorophyll meter values were recorded with ZnO NPs seed treat-
ment (1 g/kg seeds) than seed priming with zinc NPs solution (1000 ppm) and
chelated ZnSO4 (4 g/kg seeds) treatment. Rizwan et al. (2019) investigated the effects
of seed priming with (Fe NPs) and (ZnO NPs) on the wheat (T. aestivum) growing
and cadmium (Cd) accumulation. The results showed that wheat photosynthesis
was positively impacted by NPs relative to control. On the other hand, decreased Cd
concentrations noticed in shoots, roots and grains which treatment with NPs. As well
as the amount of Cd in the grains was less than the verge level of Cd for cereals when
the seedswere touchedwith higher NPs. Generally, NPs play a vital role in increasing
biomass, nutrients and decrease the toxicity of Cd inwheat. Xiao et al. (2019) investi-
gated the toxicity ofMgOandZnONPs for pomelo (CitrusmaximaMerr.) by soaking
seedlings in hydroponic systems containing 0 (control), 250, 500 and 1000 mg/L of
MgO or ZnO NPs. Results showed that Mg2+ and MgO exposure at all concentra-
tions indicated extreme toxicity and high oxidative stress. Zinc oxide NPs showed
only mild toxicity. Whereas Zn2+ caused chlorosis of the vein in the leaf and heavy
oxidative stress in plant shoots. Several researchers have also examined the inhibitory
influence of NPs on seed germination of different plants. Silica, Pd, Au and Cu NPs
have been found to have a significant adverse germination effect of seed in cucumber
(Cucumis sativus L.) and lettuces lettuce (Lactuca sativa L.). In addition, silver, Au
and Fe3O4 NPs showed a moderate influence on seed germination in cucumber and
lettuce (Barrena et al. 2009). Shah and Belozerova (2009) studied the effects of NPs
on seed germination. Copper (Cu)NPs had somebeneficial effects on the germination
of lettuce and mung beans. Yet, they were phytotoxic to growing seedlings.

9.2.2 Foliar Fertilization

Nanofertilizers NFs have very useful in improving the growth, yield and health
of fruit crops. The application of NFs such as nitrogen (N), boron (B), Zn, ZnO,
chelate, Fe and its compounds and chitosan on different plants such as pomegranate
(Punica granatumL.), almond (Prunus amygdalusBatsch), grapes (Vitis viniferaL.),
mango (Mangifera indica L.), date palm (Phoenix dactylifera L.), coffee (Coffea
canephora Pierre ex A.Froehner) and strawberry (Fragaria sp L.) have positive
results. When sprayed at very low concentrations, these compounds have a straight



9 Applications of Plant-Derived Nanomaterials … 211

effect by improving the growth, final products and quality of fruits. Higher concentra-
tions of NFsmay have harmful effects and even toxicity (Zahedi et al. 2020). In order
to food safety, researchers seem to be finding ways to increase fertilizer productivity
without losing or polluting. Nanotechnology is a useful means of producing agricul-
tural products, especially in fertilization programs. Because nanoferta is an effective
alternative to traditional fertilizers. As it achieves many advantages due to its use of
low chemicals, fast absorption by the factory and its high stability under different
conditions. This increases the capacity it is stored for long-term use. Nanotechnology
can also be used to detect and treat plant diseases, increase crop yields, improve their
quality and ensure sustainable crops (Al-Hchami and Alrawi 2020). The require-
ments of macronutrients such as nitrogen (N), phosphorus (P), potassium (K) and to
a lesser degree from calcium (Ca), sulfur (S) and magnesium (Mg). Plants require
micronutrients such as copper (Cu), iron (Fe), zinc (Zn), boron (B) to ensure both crop
productivity and high-quality. Such elements behavior is significantly influenced by
very small changes in environmental factors such as pH, mechanical composition,
and soil organic matter. So, Phan et al. (2019) developed a new fertilizer to provide
nutrients more effectively (Ag, Zn, Cu, Co and Fe) with hydroxyapatite and studied
its impacts on asparagus (Asparagus officinalis L.) germination. The ten-day-long
seeds test proved a faster germination rate compared to that of normal treatment.
As well as asparagus was used the micronutrient nanosystem had grown faster than
unused. Also, the effect of nano-fertilization,mineral on growth and yield of sorghum
(Sorghum bicolor L. Moench) by the foliar sprayed method was studied by Rehab
et al. (2020). The study was about the weed control methods, mineral NPK, Nano
NPK and their interaction affected the yield and its sorghum components. The results
showed that the highest value of sorghum yield characters was achieved by applying
hand hoeing once with fertilizing herbicide by 50% NPK mineral and 50% NPK
NPs fertilization. As well as, these treatments minimizing the impact of weeds on
the field.Wasaya et al. (2020) suggested foliar application by 20 ppm silver NPs with
6 ppm Zn NPs on mung bean under the arid area. This level of application increased
the number of branches and pods per plant, chlorophyll amount and seed yield which
increased by 26%of seed yield. Abbasifar et al. (2020) used Zn andCuNPs as a foliar
spray on basil (Ocimum basilicum L.). Nutrient treatments with 4000 ppm Zn NPs
and 2000 ppm Cu NPs caused a significant increase in most morphological traits.
The application of the Zn and Cu NPs has significantly affected the concentration of
chlorophyll a, chlorophyll b and carotenoid in the leaves. The highest flavonoid and
phenolic content were obtained for 4000 ppm Zn NPs and 2000 ppm Cu NPs treat-
ment. Plants treated with 4000 ppm Zn NPs and 0 ppm Cu NPs showed the highest
antioxidant activity. Also, Bala et al. (2019) studied the impact of ZnO NPs foliar
spray on rice. The foliar application of ZnO NPs (5 g/L) significantly enhanced the
growth and yield parameters. However, root characteristics achieved the maximum
values at 1.0 g/L ZnO NPs. The soil microbial amounts and enzyme actions such
as total viable cell and dehydrogenase activity were detected to be the maximum
at 5.0 g/L ZnO NPs. Overall, ZnO NPs treatments successfully reverted the Zn-
deficiency symptoms, besides, improve plant Zn contents. Though the response was
concentration dependent. These results indicated that ZnO NPs can be successfully
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used for remediation and Zinc protection in rice cultivated under low soil Zn concen-
trations. Kahlel et al. (2020) studied the effect of spraying with some NPs fertilizer
on the vegetative growth of broad bean (V. faba L.). The result indicated that 50 ppm
zinc nanomaterials caused a significant increase in broad bean length, number of
branches, number of leaves and the leaf area. Noaema et al. (2019) found that boron
foliar spray by 10 mg.dm−3 increased the nitrogen, phosphorus, boron and chloro-
phyll content of faba bean leaves and plant dry matter compared to control. As well
as Poornima and Koti (2019) studied the effects of Nano ZnO and bulk ZnSO4 on
sorghum growth, yield and grain Zn content by two applicationmethods. Foliar spray
of 500 ppm ZnO was found more effective than 1000 ppm ZnSO4. Seed treatment
with bulk ZnSO4 gives high total dry matter and grain yield but grain zinc content
was highest in nano ZnO treatments. Among themethod of foliar spray application, it
was much better than seed priming. The inhibitory effect was observed at nano ZnO
concentration >1000 ppm, revealing the toxicity and need careful use of applications
foliar NPs. Abdel-Aziz et al. (2019) showed that nanochitosan (Cs) foliar application
or carbon nanotubes (CNTs) treatment on French bean increased all plant growth
parameters significantly compared with control. Foliar usage reduced the days to
harvest without reducing yield as compared with seed priming treatment. Of impor-
tance, Cs NPs acted to improve growth and yield parameters extra than CNTs in
foliar application treatment. Elshamy et al. (2019) studied the effect of foliar treat-
ment of chitosan CS NPs packed with nitrogen, phosphorus and potassium (NPK)
on the development and yielding traits, chemical metabolites and nutritional content
of potato (Solanum tuberosum L.) cultivar Spunta cultivated in sandy loam soil. It
was applied to leaf faces escaping straight contact with soil systems. The results
showed that NPs were taken up and transported within phloem tissues. Foliar use of
nano CS-NPK levels (10, 50 and 100%) significantly increased all the growth and
yield traits, photosynthetic pigments, chemical constituents of potato tuber at harvest
and macronutrients in potato leaves and tubers as compared with the control. In this
respect, the highest successful treatment was 10%Nano CS-NPK compared with the
other two treatments. Abdel-Aziz et al. (2018) found that the foliar application of
nano chitosan nitrogen, phosphorus and potassium (NPK) fertilizer decreased the life
cycle of wheat plants with the ratio of 23.5%. Treatment of wheat with nano chitosan
NPK fertilizer caused significant increases in all yield traits as compared with non-
fertilized and normal fertilized NPK. Transmission electron microscopy showed that
NPs were present in phloem tissues and transported through phloemway from leaves
to stem then to roots. Hussein et al. (2019) used (SeNPs) to induce growth enhance-
ments of groundnut (Arachis hypogaeaL.) cultivars (Gregory andGiza 6, NC) during
the vegetative stage, foliar application of SeNPs was applied in many concentrations
(0–40 ppm). The effect of selenium NPs on growth depends on its concentration and
cultivars used. Use of SeNPs improved Gerogory cultivar production and Giza 6,
while the cultivar NC growth parameters affected negatively by SeNP treatments.
The effects of SeNPs on groundnut cultivars growth were associated with biochem-
ical and physiological traits. The changes in photosynthetic pigments, antioxidants
enzymes (peroxidase, catalase and ascorbic acid peroxidase), lipid peroxidation, total
flavonoids, total phenols and total soluble sugars. In general, nano selenium acts as



9 Applications of Plant-Derived Nanomaterials … 213

a stimulant and/or stress or enhancing the antioxidant defense systems in groundnut
cultivars tested leads to improve the stress tolerance under sandy soil conditions.
Kheyri et al. (2019) proved that applied small amounts of Si and Zn (300 g/ha)
nano-scale as foliar spray fertilizers on rice (O. sativa L.) provided a benefit that
was similar or greater than large amounts of traditional fertilizers (9 kg/ha Zn and
392 kg/ha Si) which improved yield and element accumulation in rice grain.

9.2.3 Soil Fertilization

From the plant roots of the nanomaterials such as ZnO, TiO2, CeO2, Fe3O4, Ni(OH)2,
C70 fullerenes, Al, Cu, Ag and carbon nanotubes (CNT) are uptake and translocated
to plant stem where partly are deposited (C70, Fe3O4,CeO2, Ni(OH)2) or partly are
foliar deposited (Al, Ag, Cu, Zn, ZnO, CeO2, Fe3O4, C70) (Predoi et al. 2020). A
plant root cell has different absorption zones for various forms of nanomaterials. For
example, Fe3O4 has absorption areas in epidermis, cortex and cambium, Ni(OH)2
in the epidermis, cambium, cortex, and metaxylem, Ag in epidermis and cortex
and Ag2+ in epidermis, cortex, endodermis and metaxylem (Predoi et al. 2020).
Singh et al. (2019b) studied the effect of nano-zinc oxide (ZnO NPs) and zinc sulfate
(ZnSO4)which added in suspension and ionic form at various concentrations, respec-
tively on rice. The application of the ZnO NPs improved seed germination, root and
shoot growth, seedling vigor index, chlorophyll content, concentration and yield of
grain zinc. Grain yield was also increased over control and ZnSO4 by 8.84% and
3.89%, respectively. Right-dose delivery of Zn nutrient via ZnO NPs and of the right
size could be efficient and beneficial in enhancing rice crop growth and yield traits.
There is a possibility of reducing Zn dose with nanostructured fertilizer such as ZnO
NPs. A field experiment conducted to identify the effect of 20: 20: 20 NPK NPs
and mineral fertilizer adding methods and fertilizer levels on corn (Zea mays L.)
growth and productivity. Results showed that treatment with 1.5 g/L + 7.5 kg/ha
NPK NPs mixing with soil was significantly succeeded in vegetative growth and
yield by giving the maximum mean in plant height, total number of leaves, leaves
area index, total chlorophyll content and grain yield per plant. Moreover, spraying
treatment with NPK NPs 1.5 g/L + 7.5 kg/ha mixing with soil achieved signifi-
cantly increased and recorded the maximum means in root content of nutrients (N,
P, K) (Al-Gym and Al-Asady 2020). Abdelsalam et al. (2019) studied the effect of
a nanoparticular fertilizer compound on productivity and genotoxicity in two wheat
cultivars compared to traditional mineral fertilizer in field conditions. Fertilization
with NPK NPs caused an increase in yield. However, root-tip cells showed various
types of chromosomal aberrations compared with control treatments that showed
normal mitotic stages. The wheat root tip cells instantly internalize NPK NPs that
could interfere with normal cell function. The use of nanotechnologies in agriculture
is considered the best product for the plant resistance after the detection of different
biotic or abiotic indicators known as induced resistance. El-Sherif et al. (2019) exam-
ined the effect of three mineral and nano-fertilizer particles (mineral-Zn; nano-Zn
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oxide; mineral-Fe; nano-Fe oxide; mineral Fe-Zn oxide; nano-Fe-Zn oxide) as a soil
change in controlling root-knot nematode Meloidogyne incognita on tomato under
greenhouse conditions. The result showed that the application of nano-fertilizers was
more effective than mineral ones. Also, the Zn oxide nano fertilizer was the most
effective among all the treatments. Kachel et al. (2019) evaluated the quality of virgin
oil pressed from spring rape (Brassica napus L.) seeds which treatment with 0.01%
colloidal nanosilver and 0.005% nanocopper solutions as soaking seeds for one hour
and foliar fertilizer on florescence stage. The results showed increased the content
of carotenoid pigments in the oil. Both the acid and peroxide numbers values were
upper in the studied oils as compared to the control but did not out do the required
acceptable levels. Also, Mansoor et al. (2019) studied the effects of (ZnO NPs) and
ZnO bulk powder on seed germination and early growth parameters of bread wheat
(T. aestivum). The resulte proved that low concentration of 300 ppm ZnO NPs can
have stimulatory or more effect on wheat germination and seedling growth param-
eters (Shoot, root and seedling length). Salachna et al. (2019) studied the effects
of various concentrations of AgNPs (0, 25, 50, 100, and 150 ppm) and their appli-
cation methods (pre-planting bulb soaks, foliar sprays and substrate drenches) on
the growth, flowering, morphological traits, leaf photosynthetic pigments content,
basic macronutrients and complex biomolecules on lily (Lilium L.) cv. Mona Lisa.
Soaking the bulbs in a AgNPs solution turned out to be the most successful method
for growth and promotion of blooms. Silver NPs (100 ppm) stimulated plant growth,
which was evidenced by increased leaf and bulb biomass accumulation and acceler-
ated flowering. Plants treated with silver NPs also displayed a higher leaf greenness
index, flowers and flowered longer.

9.3 Mechanism of NPs Uptake and Accumulation in Crops

Efficacy of NPs usage in plants relies on their uptake and accumulation, which stays
to date under discussions. Usually, NPs concentrate on cells, or extracellular space
(Husen and Siddiqi 2014).

9.3.1 Root System

The absorption of NPs from soil begins when the roots absorb water. Afterward, they
transfer into the xylem tracheary elements which its structure controls the movement
of water and NPs (Fig. 9.5) (Mishra et al. 2014). Researches relating the possibility
of plant root uptake of engineered NPs (ENPs) indicated that soil type and chemistry
play the main role in the availability of nanoparticle uptake via roots. Zhu et al.
(2008) explained for the first-time details about plant root uptake of ENPs. Then
the accurate methods dealing with root uptake via pores were investigated by many
scientists (Feng et al. 2013; Judy and Bertsch 2014; Judy et al. 2015; Watts-Williams
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Fig. 9.5 Explains the root anatomical composition and the uptake of various NPs metal via plant
root (Source Mishra et al. 2014)

et al. 2014). The diameter of almost all roots pores is smaller than 8 nm, whereas
few pores described as mesopores with a diameter of 50 nm (Adani et al. 2011).
The nature of plants regarding the mechanism of absorption and uptake activity
should be well known before applying any type of nonmaterial. In addition, the level
of accumulation differs according to time exposure, size of NPs and plant species.
Many scientists evaluated the accessibility of several NPs to different species of
plants (Miralles et al. 2012; Rico et al. 2011). Nanoparticle nature and type affect the
roots ability to uptake. The absorbed metal oxide NPs via tomato roots remained in
roots and did not accumulate in shoots. While the uptake of other metal NPs like Co,
Ni and Ag revealed their accumulation in different parts of the plant (Antisari et al.
2014). As an example, the uptake, translocation and accumulation of Fe3O4 NPs
differ between crops and even species and its accumulation occur in different plant
tissues. As results of Van Aken (2015) revealed differentiation in the existence of
Fe3O4 NPs in the xylem vessels between lima beans and pumpkin. While results of
Corredor et al. (2010) illustrated that the presence of Fe3O4 NPs was distinguished
in the cytoplasm of pumpkin plants as well as outside the cell membrane in the
epidermis of the stem. After seven days of exposure, Fe3O4 NPs enhanced their
accumulation in Lemna gibba plants (Barhoumi et al. 2015). Numerus scientific
discussions reported howaplant absorbs and uptakesNPs. Some researchers declared
that NPs described with the high surface area absorbed by plant tissue because
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they attached easily to the organic chemicals or carrier proteins (Xu et al. 2011).
Rico et al. (2011) mentioned that the presence of ion transporters in the plasma
membrane facilitates plant absorption of the metal NPs. Zhu et al. (2008) mentioned
that the accumulation of Fe3O4 NPsby limabean andpumpkin plantsmostly occurred
close to the roots and move towards the leaf tissues. Hong et al. (2005) found that
the translocation of Fe3O4 NPs can easily happen in pumpkin plants. The NPs are
absorbed by roots with water, then gradient pressure drives the water transportation
to root apoplast. Whereas osmotic gradients, osmotic pressure and capillary action
are all involved in the transportation between surrounding membrane routes (Patrick
et al. 2015). According to Shankar et al. (2003), NPs move to the cortex after passing
the epidermis, then to the plant stele. Patrick et al. (2015) reported thatNPs sometimes
make a way into plasma membranes of each cell in the endoderm and move toward
the steel via the apoplast which is blocked by accumulated lignin in cell walls. While
passage cells which do not have lignin ease the movement of NPs (Fig. 9.6).

The accumulation of NPs in all parts of the plant depends also on their transporta-
tion through the phloem. Gonzalez-Melendi et al. (2008) confirmed the existence of
NPs inCucurbita plants inside cells and spaces between cells.White (2012) explained
about factors affecting the uptake of all compounds especially plant genotype and
nature of the absorbed component. Then declared that the accumulation of mineral
elements commonly found in cells. However, the findings of Lin et al. (2009) refereed
to the existence of engineered NPs in the apoplast (plasma membrane and cell wall).
Lin and Xing (2008) found NPs in the nuclei, apoplast and cytoplasm of ryegrass
endodermal cells. NPs could move to the endodermis with no need to cross the
cortical and epidermal cells borders, but in most cases, they finally accumulate in
the endodermis (Larue et al. 2012; Patrick et al. 2015; Zhao et al. 2012b).

9.3.2 Vegetative System

Root uptake is not the only way that plants use to accumulate the applied NPs, other
ways are available like foliar uptake via pores which occurs when NPs are applied on
leaves surfaces (Lin et al. 2009). The up-taken of NPs through the vegetative system
is conditioned by the relation between plants and the surrounding circumstances.
In general, the method of traversing the pores by NPs needs more clarification and
supportive scientific studies. However, researches afforded functional information
about the mechanism of nanomaterials NMs uptake and accumulation via the vege-
tative system. Stomata or cuticle are two routes. Where NPs enter the leaf in the
foliar application (Pérez-de-Luque 2017). Then distribute in the stem and move via
the phloem to root cells (Deepa et al. 2014). The entrance of NPs is controlled by
the cuticle according to the size of NPs. Concerning stomata, both symplastic and
apoplastic routes are the only ways for cellular transfer of NPs which size is more
than 10 nm (Pérez-de-Luque 2017). According to Tripathi et al. (2017) Transfer of
NPs with size 50–200 nm takes place in between cells (through apoplast). While
the transfer of smaller NPs 10–50 nm happens by symplastic road throughout the
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Fig. 9.6 Feasible paths of NPs uptake and transfer via xylem in a plant structure (containing
symplasmic, apoplastic, Casparian band,membrane and plasmodesmal transport, and transcellular).
a The illustration shows arranged root parts from hair to endoderm end with a stele. Transportation
routes of water and nutrient are considered as the main ways of transfer via plasma membranes
and plasmodesmata. Sometimes Casparian bands in cell walls consisted of lignin blocks the root
apoplast. In the endoderm, some cells called passage cells since they do not have lignin.b Illustration
indicates some thoughts about xylem parenchyma cells (XPCs) which loads tracheary elements in
xylem (TE) assisted by particular membrane carriers (Source Patrick et al. 2015)

cytoplasm of closest cells, then interior NPs move with sugar transportation via the
phloem and accumulates in the stem, roots, grains and other plant parts (Raliya
et al. 2016). Limitations due to stomata size affect the method of cuticular diffusion,
stomata size differs according to plant type from 0.6 nm in some plants to 4 nm in
Coffee arabica and could be more or less in other plants. Thus, cuticular diffusion is
considered by researchers as an exhausting way of entry due to variation of stomata
size (Schönherr 2006; Schreiber 2005). Some results revealed that the stomata pore
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size must be more than 40 nm to permit the uptake of fluorescent polystyrene NPs
of 43 nm size. While others showed that the usage of CeO2 NPs with a size of 37 nm
as spray or solution on maize leaves were remained by leaves and did not transfer to
stem (Birbaum et al. 2010). Eichert et al. (2008) considered the size of 43 nm as the
maximum expected limit size of NPs to make their entry available via leaves pores.
According to their results from using a specific microscope in V. faba, the poly-
meric NPs whose size is 43 nm entered leaf via pores. Whereas the size of 1.1 µm
was not able to enter pores and (Eichert and Goldbach 2008) agreed with them.
Wang et al. (2013) refereed to a number of essential factors that affect the efficient
uptake of NPs via vegetative parts such as methods of NPs application and concen-
tration and size of NPs. Researches indicated that the ecological circumstances like
temperature, sunlight and humidity could also affect the vegetative uptake of NPs
(Sharma et al. 2015). As they have effects on the nanoparticle capability to entre
plant via traversing the pores (Lin et al. 2009; Punshon et al. 2003; Schönherr 2006;
Schreiber 2005). NPs trapping on leaves surfaces depends on some important factors
concerning leaves like the existence of wax and exudates, chemical composition and
leaves morphology (Larue et al. 2014; Schreck et al. 2012). Different researches
were carried out to estimate the absorption, transportation and accumulation of NPs
capacity throughout the foliar uptake. Taiz and Zeiger (2010) found that the uptake
and accumulation via the foliar treatment of Fe, Mn and Cu nano-fertilizers through
leaf spores could be more efficient than by the soil treatment since some of these
elements are lost in the soil. Foliar application of some NPs like copper, TiO2, Iron
oxide and ZnO have been used (for their better accumulation) to fertilizing various
species of plant such as rape, bean and cucumber (Verma et al. 2018; Saharan et al.
2016). In order to control the releasing of phosphorus, potassium and nitrogen in
wheat, vegetative application of chitosan NPs (natural polymer) is used recently
(Abdel-Aziz et al. 2016). Larue et al. (2014) reported that NPs can enter the plant via
leaves pores. Hong et al. (2014) declared that the treated cucumber leaves of CeO2

NPs resulted in the accumulation of Ce in the roots. Results of Wang et al. (2012)
mentioned that copper oxide NPs accumulate in roots by phloem after applying it
on maize vegetative system (shoot). Many scientists confirmed according to their
researches the foliar application of NPs, for example, Wang et al. (2013) applied a
spray of (ZnO, Fe2O3, MgO, TiO2) NPs on watermelon plants, they concluded that
NPs equal or less than 100 nmwere up-taken by the leaves pores and transported and
accumulated in both stems and roots. Taran et al. (2014) applied Zn, Mn, and Fe NPs
solutions and examined the NPs concentration in wheat seedlings after germination
and after growth. Their results insured the uptake of Zn and Mn NPs from leaves
epidermis. Raliya et al. (2015) mentioned that NPs of TiO2 and ZnO can penetrate
tomato plants leaves only if their size is 25 nm (±3.5), whereas Adhikari et al. (2016)
found that CuO with the size of <50 nm enters via Z. mays leaves. Whereas, Deepa
et al. (2014) reported that calcium transfers from leaves to stem and roots via phloem
in groundnut crop when foliar applied with CaO NPs.
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9.4 Effect of NPs on Plant Growth Under Abiotic Stresses

Abiotic stress can be realized as the environmental condition which hinders the
plants’ normal functioning. The main abiotic stresses are salinity, drought, thermal,
flooding and heavy metals. The duration and intensity of stress were determined its
damage (Iyarin et al. 2019). Accumulation of heavy metals in soil due to contin-
uous anthropogenic activities (mining, vehicle exhaust, sewage disposal) is of global
concern consequent to their detrimental toxicity onplantswith subsequent soil quality
and fertility reduction (Azeez et al. 2019). It also constitutes burdens on human health
when eventually transferred throughplant uptake into the food chain (Lamhamdi et al.
2013; Liu et al. 2015; Azeez et al. 2019). Lead (Pb) and cadmium (Cd) are heavy
metals that are not usually required for any essential in plant cell activity but are highly
toxic. Various management systems for remediating contaminated heavy metal soil
such as soil replacement, surface capping, vitrification, chemical immobilization.
In contrast, encapsulation, phytoremediation, phytostabilization, soil flushing and
bioremediation were applied (Azeez et al. 2019; Liu et al. 2018; Rizwan et al. 2018).
These stress command to oxidative stress by forming reactive oxygen species (ROS)
excessive ROS formation leads to cyto and genotoxicity. with consequent physi-
ological and morphological changes affecting plant growth, germination, quantity,
fruiting, quality andnutrient translocation (Azeez et al. 2019). Likewise,major effects
of higher temperatures on plant include growth retardation by decreasing cell divi-
sion and cell elongation resulting in dwarf plants, as well as lowering root growth,
root number and root diameter (Iqbal et al. 2017). High temperatures are also respon-
sible for significant pre- and post-harvest damage, including leaf and twig scorching,
leaf sunburn, branches and stems, leaf senescence and abscission, root and shoot
growth inhibition, fruit discoloration, and damage (Wahid 2007). Plants face these
various environmental stresses through developing their defense at various levels by
biochemical, modulating the molecular and physiological pathways like enzymes
and antioxidants (Iqbal et al. 2017). One of the most pressing solutions is Nanomate-
rials that facilitate plant growth and potential plant tolerance to environmental stress.
Nanomaterials may imitate the role of antioxidant enzymes such as catalase, perox-
idase and superoxide dismutase (Iyarin et al. 2019). Due to its size larger surface
area and more reactive areas (Kasim et al. 2017). NPs assisted in enzyme activity
connected to tolerance stress. The negatively charged surfaces of metal NPs can help
accumulate within plants and show relatively less capacity for translocation than
nanomaterials based on carbon. Supporting plant growth and crop protection thereby
carbon nanotubes (CNTs) and graphene may permeate and move from root to shoot
and leaf into seed coat (Iyarin et al. 2019). NPs are appropriate adsorbents with
improved efficacy due to their morphological characteristics, quick soil dispersal,
ease of delivery, strong affinity and high target metal sorption capacity (Azeez et al.
2019). Moreover, their phytostimulatory, phytopathogenic and attributes regarding
the promotion of seed germination, growth enhancement, physiological tolerance,
nitrogen metabolism, photosynthesis and antifungal properties have increased their
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applications significantly (Azeez et al. 2017, 2019; Galdames et al. 2017; Gong et al.
2018; Li et al. 2017; Liu et al. 2015; Ochoa et al. 2018; Praveen et al. 2017). NPs
such as multi-walled carbon nanotube, carbon nanotube, graphene oxide, fullerene,
silver, titanium oxide, magnetite, iron phosphate, nickel oxide, magnesium oxide,
zero-valent iron, silicon, copper oxide, aluminum oxide and zinc NPs were used as
functional adsorbents and inactivating agents for the removal of phenanthrene, naph-
thalene, pesticides, Cd, As, Cr, Ni, Pb, Zn, Cu, Fe, Al, antibiotics and rhodamine B
in water and soil (Azeez et al. 2019; Galdames et al. 2017; Gong et al. 2018; Liu et al.
2015; Ochoa et al. 2018; Praveen et al. 2017; Venkatachalam et al. 2016) (Fig. 9.7).
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Fig. 9.7 The way nanoparticles (NPs) interact with the plants. NPs are different effectively with
shape, size, and concentration. Additionally, the plants response to NPs treatment varies depending
on species, age and external and internal conditions, some are inhibitory and others are growth
activation. The impact of various stresses on plant growth. NPs interact with various stresses and
how this reaction affects plants and soil. NPs reactive oxygen species (ROS) (Constructed by L.M.
Alnaddaf)
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9.4.1 Silicone NPs Nano-Sio2

Silicone NPs promote plant growth despite environmental stress and the use of nano-
SiO2 enhances proline accumulation, chlorophyll, leaves weight, nutrients, amino
acids and enzyme action (Siddiqui et al. 2014). Silicone becomes a vital plant protec-
tion factor against many biotic and abiotic stresses such as toxicity to diseases,
pests, drought, salinity and heavy metals (Alsaeedi et al. 2017, 2018). Silicon has
considerable potential improvements to soil characteristics such as soil texture, water
holding capacity, soil erosion, soil organic matter stability and cation exchange
capacity (Alsaeedi et al. 2019). The positive effect of silicon has been to induce
cucumber plant growth under water deficit and salinity stresses. Attributed to allevi-
ating oxidative stress by fostering antioxidant capacity and raising the concentration
of nutrients in the cucumber shoot (Alsaeedi et al. 2019). Jafari et al. (2012) noti-
fied that silicone decreased H2O2, lipid peroxidation levels, proline and ion leakage
in osmotic stressed cucumber plants. They also found silicon enhanced antioxidant
capacity of cucumber plants by increasing non-enzymatic antioxidants, flavonoids,
anthocyanins, total phenolic compounds and Ca2+, Si, K in the shoot and pheny-
lalanine lyase activity. Low silicone levels (1 g/kg added as SiO2) improved wheat
plant biomass production compared to control. However, higher silicon concentration
gradually decreased the shooting part of biomass production. In addition, the grain
yield increased significantly at a rate of 10 g/kg SiO2 (Neu et al. 2017). Similarly,
rice grain yields increased considerably when silicone was applied at a rate of 100–
400 kg/ha (Cuong et al. 2017). Cucumber fruit yields were higher for lower silicon
doses 200 mg/kg, while higher silicon levels decreased the fruit yield (Alsaeedi et al.
2019). In addition, enhancing the efficiency of nutrient use, silicon increases the rate
of photosynthesis by modifying the position and orientation of plant leaves due to
silicon precipitation in the cell wall, which makes leaves more erect and thereafter
improves the characteristics of light interception.Many researchers found that silicon
ameliorates the absorption of many nutrients such as phosphorus, nitrogen (Singh
et al. 2005), potassium (Singh et al. 2005; Pati et al. 2016), zinc (Curie and Briat
2003) and iron (Mali and Aery 2009). Greger et al. (2018) indicated that silicon not
only affected the availability and uptake of nutrients but also the moving of nutrients
from root to shoot. Since Mg is the main element in chlorophyll structure, silicon
increased the translocation ofMg into the shooting part improving the photosynthesis
rate (Alsaeedi et al. 2019). Many reports have referred that the uptake and accumu-
lation of potassium in plant tissues is strongly consistent with providing varying
rates of silicon to plants. Increased potassium intake by cucumber (Alsaeedi et al.
2018; Hasanuzzaman et al. 2018), tomato (Al-Aghabary et al. 2004), barley (Liang
et al. 2006), sugarcane (Ashraf 2009) resulting of silicon applied particularly under
salinity stress. This is explained as silicon rises the efficiency of the proton-pump
ATPase (H+-ATPase) located in the plasmamembrane through creating electrochem-
ical gradients in the plasma membrane which operatives K+ channels and carriers
across the plasma membrane which increases cellular uptake of potassium (Liang
et al. 2006). The mechanisms proposed to improve the absorption of water by plants
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treated with silicone are silicon improves aquaporin activity in the cell membrane by
upregulating aquaporin genes in addition to scavenging the reactive oxygen species
that inhibit aquaporin activity (Alsaeedi et al. 2019). Silicon increases root xylem
sap osmosis by increasing osmo regulators such as amino acids, soluble sugars and
potassium. Silicone increases the ratio of root to shoot due to root growth (Chen et al.
2018). Neu et al. (2017) observed that silicon is more deposited in old wheat plant
leaves compared to younger ones. It is precipitated by phytoliths in leaf blades of old
wheat plant leaves treated with silica NPs at a rate of 10 and 50 g/kg. Under salinity
condition, SiO2 nanofertilizer application can have a positive effect on plant growth
and cucumber yield by improving nitrogen and phosphorus uptake and reducing the
Na content (Alsaeedi et al. 2019). Zahedi et al. (2019) investigated the beneficial
role of SeNPs in mitigating the adverse effects of soil-salinity on growth and yield of
strawberry Fragaria ananassa. The foliar spray of 10 and 20 mg/L SeNPs enhanced
the strawberry growth and yield traits grown on different saline soils and non-saline
which was attributed to their ability to protect photosynthetic pigments. As well as
SeNPs improved fruit quality and nutritional values (Fig. 9.8). Zurccani (2008) also
established that Silicone’s application counteracts the adverse effects of salinity in
P. vulgaris as antioxidant enzyme activity rises and stomatal conductance decreases.
The SiO2 nanoparticle as a foliar application prevented the loss of leaching N and
helped to accumulate more nitrogen in the leaf (Siddique 2014), and help to increase
turgidity, strength and elasticity of the cell wall during growth extension (Yassen
et al. 2017). The silica presence on the epidermis of the leaf raises the tolerance
for ultraviolet (Goto et al. 2003) and reduces the damage caused by ultraviolet-B
on the cell membrane (Shen et al. 2010). In the case of rice, it increases resistance
to lodging by reinforcing the stems (Liang et al. 2013) resulting in reduced leaf
heat load, which provides an effective cooling mechanism and thus improves plant
tolerance at high temperatures. It is also important for plants growing under drought
conditions, as a double layer of silica cuticular is formed below the epidermis of
the leaf, which in turn reduces water loss due to cuticular transpiration (Snehal and
Lohani 2018). Foliar application with 2.5 mM nano-silicon reduced Cd stress in rice
seedlings as a result of increasing chlorophyll content, accessibility of nutrition for
Mg, Zn and Fe and decrease accumulation and translocation of Cd from root to shoot
(Wang et al. 2014b). However, those nano-Si handled plants had minimum malon-
dialdehyde (MDA) but greater glutathione (GSH) content and varied antioxidant
enzyme activities pointing a higher Cd tolerance in them (Shi et al. 2010; Zeng et al.
2011; Wang et al. 2011). Also, these plants are excreted phenolics such as quercetin
and catechins that have strong chelating abilities. These phenolic compounds, on
the other hand, Aluminum detoxify by forming hydroxyl-aluminum silicates in the
apoplast (Wang et al. 2004). Liu et al. (2015) demonstrated that silicon NPs eased the
phytotoxicity effects of Pb and increased growth and biomass of rice seedlings. Like-
wise, the extraction of water from deeper layers of soil increases, as silica promotes
root elongation (Hattori et al. 2005; Snehal and Lohani 2018). The soluble silicate
available in the soil becomes hydrolyzed and produces gelatinous metasilicic acid
which has the property of retaining heavy metals (Gu et al. 2011; Snehal and Lohani
2018).
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Fig. 9.8 The diagram explains the proposed salt stress tolerance mechanisms in strawberry plants
by using (Se-NPs). Se-NPs can be used to improve growth and yield by improving photosynthetic
capacity through protecting photosynthetic pigments, increased proline and total soluble carbo-
hydrates for enhanced osmoprotectant, antioxidant system activated to maintain efficient reactive
oxygen reaction homeostasis (ROS), improving the levels of indole-3-acetic acid (IAA) and abscisic
acid (ABA) to enhance root biomass and maintain the proper osmotic status of cells, glucose, GLU,
Chls, carotenoids, relative water content (RWC), chlorophylls (CARs), total soluble carbohydrates
(TSC), hydrogen peroxide (H2O2), root dry weight (RDW), malondialdehyde (MDA), proline
(PRO), sucrose (SUC), malic (MAL), succinic (SUCC), citric (CIT), shoot dry weight (SDW),
superoxide dismutase (SOD), peroxidase (POD), fructose (FRU) (Source Zahedi et al. 2019)

9.4.2 Zinc Oxide NPs

The NPs simplify fertilizer absorption and improve the impact of Hoagland solution
by raising the availability of Fe and Zn which are associated with the mechanism
of salt tolerance. Hussein and Abou Baker (2018) reported nano Zn application
increased root penetration and nutrient uptake, resulting in significant changes in
fresh and dry rice weight (Upadhyaya et al. 2015), sunflower biomass production
(Torabian et al. 2016), wheat grain yield under salt stress (Babaei et al. 2017) and
maize yield under drought stress (Farnia et al. 2015). Soliman et al. (2015) confirmed
that enhancing enzyme activity related to salt tolerancemay alleviate the salt stress in
moringa plants using foliar applications of ZnO and Fe3O4 NPs containing Hoagland
solution. An important indicator of salt tolerance in plants is the accumulation of less
Na. In addition, potassium (K) content reflects salt tolerance in plants that alleviates
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NaCl adverse effects on nutrient uptake by improving root growth, preventing nutri-
tional disorders and increasing root uptake of nutrients (El-Fouly et al. 2002). The
foliar application of 200 ppmZnO to the stressed cotton crop contributes to increasing
cotton growth and yield (Hussein andAbou-Baker 2018). Inmaize under water stress
conditions, foliar spraying of nano Zn increased yield and yield components (Amin
and Mohammad 2015). Green synthesis of the ZnO NPs using Sphagneticola trilo-
bata in aqueous root extract and evaluating their effect on germination, chromium
reduction activity and fenugreek seed growth promotion. The nitrogen-containing
phytochemical constituents are engaged in the creation of irregularly shapedNPs and
the size ranges from65–80 nm. The efficiency extraction ofNPs chromiummetal was
detected to be more than 80% with an 8 h interaction time. The percentage reduction
of chromium metal of 38.17, 53.33, 55.83 and 81.17%, respectively, was perceived
at 0.10, 0.25, 0.5 and 1 g/L dosage of NPs. The treatment of zinc NPs showed an
improvement in seed germination, root growth and plant growth compared to control
and zinc sulfate (Shaik et al. 2020). The ameliorative role of ZnO which prepared
from leaf extract of C. sativum and its effect on seed priming with different concen-
trations (10, 50,100 ppm) for different periods 3 and 6 h with 100 ppm ZnO for 6 h
mediated the alleviation of Cu toxicity by increasing growth criteria, chlorophyll b
(Chl b), chlorophyll a (Chl a), total soluble carbohydrates, carotenoids and protein
(Kasim et al. 2017). This improvement may be due to that Zn plays an important role
in chloroplast structure, photosynthetic electron transfer (Fathi et al. 2017), chloro-
phyll synthesis (Corredor et al. 2009) cell elongation and cell division, membrane
stability by Zn directing to rise in fresh and dry weights (Cakmak 2000; Sedghi et al.
2013). Likewise, Venkatachalam et al. (2016) communicated that biomass and the
plant growth tolerance index were promoted by ZnO nanoparticle under Cd and Pb
stress. The most favorable, efficient and cost-effective method for the priming of
V. faba seeds with ZnO which can be used to alleviate the inhibitory effects of Cu
stress. The 150 mM CuSO4 irrigation resulted in a remarkable reduction in fresh
and dry root and shoot weights, root length, leaf area, shooting height and photo-
synthetic pigments (carotenoids, Chl a and Chl b). Whereas the ratio Chl a/b under
treatmentwith Cuwas enhanced total soluble carbohydrates and protein content were
greatly depleted (Kasim et al. 2017). These reductions could evidence to inhibition
of Cu stress in cell division and cell elongation that is eventually translated into the
impaired shoot and root growth (Agami 2016). The chlorophyll reduction recorded
could be attributed to the Cu-induced Fe deficiency or Cu substitution of the central
Mg chlorophyll ion (Kasim et al. 2017).

9.4.3 Titanium Dioxide NPs

Using 0.02% of titanium dioxide TiO2 NPs enhanced wheat crop growth. So, it is
mentioned that titanium dioxide NPs must be applied under water deficit conditions
(Iyarin et al. 2019). Titanium enhances the activity of rubisco and increases the
metabolism of CO2, increases photosynthesis and improves yield (Gao et al. 2006).
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Gluten and starch content of wheat decreased under water stress conditions. So, the
application of nano TiO2 improves these contents due to the positive correlation
between titanium application and photosynthesis rate (Jaberzadeh et al. 2013; Zhao
et al. 2008). TitaniumNPs activate progressive growth, development and productivity
of T. aestivum under abiotic stress.

9.4.4 Silver NPs AgNPs

AgNPs that synthesized from cocoa pod extracts to demobilize, decontaminate and
adsorb Cd and Pb in addition to their photostimulation effects on M. oleifera for
heavy metal-induced toxicity attenuation. Silver NPs can accumulate heavy metals
by diminishing their mobility and absorption. And to foster the growth ofM. oleifera
exposed to stress heavy metals of Pb and Cd. Through the ability to scavenge free
radicals and inhibited physiological tolerance towards stress notable in their relative
water contents, root and shoot lengths, antioxidant activities, growth tolerance index,
photosynthetic, pigment contents and polyphenolic contents. Then the study has
shown that the biosynthesized AgNPs can be valuable in agrosystems to mitigate
the heavy metals deleterious effects in crop production. Moreover, may contribute to
the bioremediation of environments contaminated with heavy metals by boosting the
growth of remediating plants (Azeez et al. 2019). Silver NPs can be employed to find
metal ions in contaminated water with the addition of even the smallest amount of
35µl metal ion. Due to the variation in optical density (Kaur and Komal 2019). Iqbal
et al. (2017) used Moringa oleifera plant extract for AgNPs synthesis and its effect
on the regulation of wheat growth under heat stress. At the trifoliate stage, different
concentrations of 25, 50, 75 and 100 mg/L AgNPs were used on wheat. The stress of
heat was active in the range of 35–40 °C during 3 h/day for about three days. Silver
NPs contributed to improving the wheat morphological traits (root number, length
of root shoot, leaf area, leaf number, leaf fresh weight and dry weight). Effective
results were noticed for 50 and 75 mg/L AgNPs under heat stress.

9.5 Application of Biosynthesis NPs in Agriculture
for Sustainability Development

Modern agriculture relies on the application of nanotechnology (Parashuram et al.
2020). For sustainable development of agriculture, nanotechnology is widely used
to improve crop production for the growing population demands (Grillo et al. 2016).
NPs considered essential keys for sustainable development (Peralta-Videa et al.
2011). The green-based synthesized NPs are more suitable than other NPs (Vadla-
pudi and Kaladhar 2014). Nanotechnology applications are used in many fields to
sustain the development of agriculture in different types such as nanopesticides,
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Fig. 9.9 Some applications of biosynthesis nanotechnology for sustainable agriculture
(Constructed by M.M. Saleh)

nanoherbicides, nanofertilizers, nanobiosensors (Agrawal and Rathore 2014; Kah
2015; Servin et al. 2015; Tripathi et al. 2015, 2016) (Fig. 9.9). Nanosensors are one
of the nanotechnology applicationwhich developed to identify and investigate results
at the atomic level, used to detect chemicals like herbicides, pesticides, glucose and
urea, pathogens, analysis of metabolic products and enzymes (Rai and Ingle 2012),
even reduce pollution andmanagement of soil nutrients (Ingale andChaudhari 2013).
Production of green synthesizedNMs and appliances sustains agriculture (Bartolucci
et al. 2020), such as the production of reduced graphene oxide Gro/gold (Au) NPs
biosensor fromE. tereticornis leave for detecting tryptophan (Nazarpour et al. 2020).
Servin et al. (2015) reported that NPs were used to detect crop diseases caused by
microorganisms. Also, each of the silicon and Au NPs were used for pathogen detec-
tion on plants (Rico et al. 2011). Brock et al. (2011) refereed to the possibility of
using NPs in detecting plant viruses and fungi and in the analysis of soil nutrients
concentration. Concerning plant protection, applying nanopesticides in agriculture
avoid the reduction of soil biodiversity and birds’ habitats and other dangers that
could be caused by traditional pesticides (Ghormade et al. 2011). El-bendary and El-
Helaly (2013) mentioned that applying nanosilica on tomato was useful to destruct



9 Applications of Plant-Derived Nanomaterials … 227

the primary pest Spodoptera littoraliswhich is resistant to almost all pesticides. Rice
pests and silkworm disease were successfully controlled by usage of different NPs
such as titanium oxide, Ag and zinc oxide (Goswami et al. 2010). Nanoherbicides are
target distinctive that can kill weeds without and damage or reduction in crop yield
(Bickel and Killorn 2001), whereas the traditional herbicides may cause a reduc-
tion in crop yield (Deva and Kadiri 2016). The nano combination of silver-chitosan
proved its antifungal ability to prevent the mycelium growth of seed fungal pathogen
(Kaur et al. 2012). Usage of nanofertilizers is suggested by many scientists since
the applying of conventional fertilizers is in most cases unsafe for plant and nature
(Parashuram et al. 2020). For sustainable agriculture, it is better to use nanofertil-
izers for their effective role (El-Ramady 2014). The concept of using nanofertilizers
is raising in some countries, although their production is only available by regis-
tered companies (Dimkpa and Bindraban 2017). Nanofertilizers are characterized
as nature-friendly, with the ability to enhance the absorption of nutrients by plants
when they applied in an efficient encapsulated type (Mazzaglia et al. 2017). Naderi
et al. (2013) confirmed that nanofertilizers release nutrients in a controlled way and
gradually into the soil which makes nutrients more effective than the conventional
fertilizer and the application number of normal fertilizer, in addition to the toxicity
level of the soil may decline by the usage of nanofertilizers.

The scarcity of water becomes the most problem threatened agriculture in the
world accompanied by limited resources of pure water. So utilization of other water
sources like rainwater harvest, recycling water plus reuse of filtered brackish water,
seems to be a promising solution for irrigation (Ghermandi and Messalem 2009).
Nanofilters were used successfully to eliminate irrigation of organic particles and
turbidity (Mrayed et al. 2011; Riera et al. 2013) and to purify brackish and salty
water effectively (Sotto et al. 2013) and in the same time using of nanofilters to
ensure the preservation of essential ions for plant growth (Zhao et al. 2012a).

9.6 Conclusion and Prospects

Nanotechnology is a current revolution used in several sciences which started in
the 1990s. It was incorporated into all the sectors of medicine, industry, agriculture,
environment, water desalination and pharmaceutical. Except it has opponents like
the same as any modern technology, but other people believe it as a hope for a better
future. However, the fact is that if we use this technology well, it will transfer the
whole world to a new and favorable stage, especially as scientific development has
made this technology easy, simple and accessible to all. Several methods already
exist to produce NPs, scientific responsibility is to develop the processes which are
environment-friendly, more effective, affordable manufacture NPs. The world has
started investing billions of countries in all areas of nanotechnology, especially in
America, Germany, China, Russia and Japan. In addition, it may open broad horizons
for space conquest if used in a scientifically. On our part, we believe that we must
not neglect the safety and security side, by seeking the side effects neutrally, and
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publishing all research on safety and security based on correct scientific research.
Nanomaterials have various characteristics, such as their surface charges, shape, size
and chemical properties. NPs have influence plant growth through their ability to
translocate within the plant increases crop yields. In addition, it is functional to assist
plants to face different stresses and make it more tolerant by various mechanisms.
however, the effects phytotoxicity on plant growth need much research to determine
it. This depends on one of the factors such as nanomaterial size, concentration, and
shape. Additionally, plants and NPs interact and their mechanism could offer future
research prospects.

References

Abbasifar A, Shahrabadi F, ValizadehKaji B (2020) Effects of green synthesized zinc and copper
nano-fertilizers on the morphological and biochemical attributes of basil plant. J Plant Nutr
43:1104–1118

Abdel-AzizH (2019) Effect of primingwith chitosan nanoparticles on germination, seedling growth
and antioxidant enzymes of broad beans. Catrina 18:81–86

Abdel-Aziz HMM, Hasaneen MNA, Omer AM (2016) Nano chitosan-NPK fertilizer enhances the
growth and productivity of wheat plants grown in sandy soil. Spanish J Agric Res 14:1–9. https://
doi.org/10.5424/sjar/2016141-8205

Abdel-Aziz HMM, Hasaneen MNA-G, Omer AM (2018) Foliar application of nano chitosan NPK
fertilizer improves the yield of wheat plants grown on two different soils. Egypt J Exp Biol Bot
14:63–72

Abdel-Aziz HMM, Hasaneen MNA, Omer AM (2019) Impact of engineered nanomaterials either
alone or loaded with NPK on growth and productivity of French bean plants: Seed priming vs
foliar application. South Afr J Bot 125:102–108. https://doi.org/10.1016/j.sajb.2019.07.005

AbdelsalamNR,Kandil EE,Al-MsariMAFet al (2019) Effect of foliar application ofNPKnanopar-
ticle fertilization on yield and genotoxicity in wheat (Triticum aestivum L.). Sci Total Environ
653:1128–1139. https://doi.org/10.1016/j.scitotenv.2018.11.023

Acharya P, Jayaprakasha GK, Crosby KM et al (2020) Nanoparticle-mediated seed priming
improves germination, growth, yield, and quality of watermelons (Citrullus lanatus) at multi-
locations in texas. Sci Rep 10:1–16

Adani F, Papa G, Schievano A et al (2011) Nanoscale structure of the cell wall protecting cellulose
from enzyme attack. Environ Sci Technol 45:1107–1113

Adhikari T, Sarkar D, Mashayekhi H et al (2016) Growth and enzymatic activity of maize (Zea
mays L.) plant: solution culture test for copper dioxide nanoparticles. J Plant Nutr 39:99–115

Agami RA (2016) Pre-soaking in indole-3-acetic acid or spermidine enhances copper tolerance in
wheat seedlings. S Afr J Bot 104:167–174

Agrawal S, Rathore P (2014) Nanotechnology pros and cons to agriculture: a review. Int J Curr
Microbiol Appl Sci 3(3):43–55

Al-AghabaryK, Zhu Z, Shi Q (2004) Influence of silicon supply on chlorophyll content, chlorophyll
fluorescence and antioxidative enzyme activities in tomato plants under salt stress. J Plant Nutr
27(12):2101–2115

AL-Gym AJK, Al-Asady MHS (2020) Effect of the method and level of adding NPK nanoparticles
and mineral fertilizers on the growth and yield of yellow corn and the content of mineral nutrient
of some plant parts. Plant Arch 20:38–43

Al-Hchami SHJ, Alrawi TK (2020) Nano fertilizer, benefits and effects on fruit trees: a review.
Plant Arch 20:1085–1088

https://doi.org/10.5424/sjar/2016141-8205
https://doi.org/10.1016/j.sajb.2019.07.005
https://doi.org/10.1016/j.scitotenv.2018.11.023


9 Applications of Plant-Derived Nanomaterials … 229

Almalah HI, Alzahrani HA, Abdelkader HS (2019) Green synthesis of silver nanoparticles using
Cinnamomum Zylinicum and their synergistic effect against multi-drug resistance bacteria. J
Nanotechnol Res 1(3):95–107. https://doi.org/10.26502/jnr.2688-8521008

Alnaddaf L, Saleh M, Almuhammady A, Atiyeeh A (2019) Synthesis of silver nanoparticles from
Citrus limon juice and its effect on the germination and growth of durum wheat seedlings. Chal-
lenges and innovations in nanotechnology workshop, HIAST, 18–19 November 2019, Damascus,
Syria

Alsaeedi A, El-RamadyH, Alshaal T et al (2019) Silica nanoparticles boost growth and productivity
of cucumber under water deficit and salinity stresses by balancing nutrients uptake. Plant Physiol
Bioch 139:1–10

Alsaeedi A, El-Ramady H, Alshaal T, Almohsen M (2017) Enhancing seed germination and
seedlings development of common bean (Phaseolus vulgaris) by SiO2 nanoparticles. Egypt J
Soil Sci 57(4):407–415

Alsaeedi A, El-Ramady H, Alshaal T et al (2018) Exogenous nanosilica improves germination
and growth of cucumber by maintaining K+/Na+ ratio under elevated Na+ stress. Plant Physiol
Biochem 125:164–171

AminF,MohammadMO(2015)Effect of nano-zinc chelate and nano-biofertilizer on yield and yield
components of maize (Zea mays L.), underwater stress condition. Indian J Nat Sci 5(29):4614–
4620

Antisari LV, Carbone S, Gatti A et al (2014) Uptake and translocation of metals and nutrients in
tomato grown in soil polluted with metal oxide (CeO2, Fe3O4, SnO2, TiO2) or metallic (Ag
Co, Ni) engineered nanoparticles. Environ Sci Pollut Res 22(3):1–14. https://doi.org/10.1007/
s11356-014-3509-0

Ashraf M (2009) Biotechnological approach of improving plant salt tolerance using antioxidants
as markers. Biotechnol Adv 27:84–93

Azeez L, Adejumo AL, Lateef A et al (2019) Zero-valent silver nanoparticles attenuate Cd and Pb
toxicities onMoringa oleifera via immobilization and induction of phytochemicals. Plant Physiol
Bioch 139:283–292

Azeez L, Lateef A, Adebisi SA (2017) Silver nanoparticles (AgNPs) biosynthesized using
pod extract of Cola nitida enhances antioxidant activity and phytochemical composition of
Amaranthus caudatus Linn. Appl Nanosci 7(1–2):59–66

Babaei K, Sharifi RS, Pirzad A, Khalilzadeh R (2017) Effects of bio fertilizer and nano Zn-Fe oxide
on physiological traits, antioxidant enzymes activity and yield of wheat (Triticum aestivum L.)
under salinity stress. J Plant Interact 12:381–389

Bala R, Kalia A, Dhaliwal SS (2019) Evaluation of efficacy of ZnO nanoparticles as remedial zinc
nanofertilizer for rice. J Soil Sci Plant Nutr 19:379–389. https://doi.org/10.1007/s42729-019-000
40-z

Bamsaoud SF, Bahwirth MA (2017) The effect of biologically synthesized silver nanoparticles on
the germination and growth of Cucurbita pepo seedlings. J Arab American Uni 3:34–47

Banerjee P, Satapathy M, Mukhopahayay A, Das P (2014) Leaf extract mediated green synthesis of
silver nanoparticles fromwidely available Indian plants: synthesis, characterization, antimicrobial
property and toxicity analysis. Bioresour Bioprocess 1:3. https://doi.org/10.1186/s40643-014-
0003-y

Barhoumi L, OukarroumA, Taher LB et al (2015) Effects of super paramagnetic iron oxide nanopar-
ticles on photosynthesis and growth of the aquatic plant Lemna gibba. Arch Environ Contam
Toxicol 68(3):510–520

Barrena R, Casals E, Colón J et al (2009) Evaluation of the ecotoxicity of model nanoparticles.
Chemosphere 75:850–857. https://doi.org/10.1016/j.chemosphere.2009.01.078

Bartolucci C, Antonacci A, Arduini F et al (2020) Green nanomaterials fostering agrifood
sustainability. TrAC Trend Anal Chem 125: https://doi.org/10.1016/j.trac.2020.115840

Bickel A, Killorn R (2001) Spatial response of corn to banded zinc sulfate fertilizer in Iowa. In:
31st Northcentral extension industry soil fertility conference, 14–15 November 2001, Potash and
Phosphate Institute Avenue South Brookings, SD 57006, pp 144–155

https://doi.org/10.26502/jnr.2688-8521008
https://doi.org/10.1007/s11356-014-3509-0
https://doi.org/10.1007/s42729-019-00040-z
https://doi.org/10.1186/s40643-014-0003-y
https://doi.org/10.1016/j.chemosphere.2009.01.078
https://doi.org/10.1016/j.trac.2020.115840


230 M. M. Saleh et al.

Birbaum K, Brogioli R, Schellenberg M et al (2010) No evidence for cerium dioxide nanoparticle
translocation in maize plants. Environ Sci Technol 44:8718–8723

Boutchuen A, Zimmerman D, Aich N et al (2019) Increased plant growth with hematite nanopar-
ticle fertilizer drop and determining nanoparticle uptake in plants using multimodal approach. J
Nanomaterial 2019: ID6890572. https://doi.org/10.1155/2019/6890572

Bratovcic A (2019) Different applications of nanomaterials and their impact on the environment.
Inter J Mater Sci Eng 5:1–7

Brock DA, Douglas TE, Queller DC et al (2011) Primitive agriculture in a social amoeba. Nature
469:393–396

Cakmak I (2000) Role of zinc in protecting plant cells from reactive oxygen species. New Phytol
146:185–205

Chen D, Wang S, Yin L, Deng X (2018) How does silicon mediate plant water uptake and loss
under water deficiency? Front Plant Sci 9:281. https://doi.org/10.3389/fpls.00281

Chrysochoou M, McGuirea M, Dahalb G (2012) Transport characteristics of green-tea nano-scale
zero valent iron as a function of soil mineralogy. Chem Eng Trans 28:122–126

Corradini E, Moura MR, Mattoso LHC (2010) A preliminary study of the incorporation of NPK
fertilizer into chitosan nanoparticles. eXPRESS Polym Lett 4:509–515

Corredor E, Risueno MC, Testillano PS (2010) Carbon iron magnetic nanoparticles for agronomic
use in plants promising but still a long way to go. Plant Signal Behav 5:1295–1297

Corredor E, Testillano PS, Coronado MJ (2009) Nanoparticle penetration and transport in living
pumpkin plants: in situ subcellular identification. BMC Plant Biol 9:45–54

Cuong TX, Ullah H, atta A, Hanh TC (2017) Effects of silicon-based fertilizer on growth, yield and
nutrient uptake of rice in tropical zone of Vietnam. Rice Sci 24(5):283–290

Curie C, Briat JF (2003) Iron transport and signaling in plants. Annu Rev Plant Biol 54:183–206
Dawodu FA, Onuh CU, Akpomie KG et al (2019) Synthesis of silver nanoparticle from vigna
unguiculata stem as adsorbent for malachite green in a batch system. SN Appl Sci 1:346. https://
doi.org/10.1007/s42452-019-0353-3

Deepa K, Singha S, Panda T (2014) Doxorubicin nanoconjugates. J Nanosci Nanotechnol 14:892–
904

Deva S, Kadiri L (2016) A review on impact of nanoparticles on plant growth and development.
Adv Life Sci 5(1):16–21

Dhinek A, Vanitha S (2016) Synthesis and characterization of silver nanoparticle from Citrus limon
leaves and its antibacterial activity. Inter J Sci Res 7:2319–7064

Dimkpa CO, Bindraban PS (2017) Nanofertilizers: new products for the industry? J Agric Food
Chem 66(26):6462–6473. https://doi.org/10.1021/acs.jafc.7b02150

Duhan JS, Kumar R, Kumar N et al (2017) Nanotechnology: the new perspective in precision
agriculture. Plant Physiol Biochem 15:11–23

Eichert T,GoldbachHE (2008) Equivalent pore radii of hydrophilic foliar uptake routes in stomatous
and astomatous leaf surface–Further evidence for a stomatal pathway. Physiol Plant 132:491–502

Eichert T, Kurtz A, Steiner U et al (2008) Size exclusion limits and lateral heterogeneity of the
stomatal foliar uptake pathway for aqueous solutes and water-suspended nanoparticles. Physiol
Plan 134:151–160

El-bendary HM, El-Helaly AA (2013) First record nanotechnology in agricultural: silica nanopar-
ticles a potential new insecticide for pest control. Appl Sci Rep 4(3):241–246

El-FoulyMM,Mobarak ZM, Salsma ZA (2002) Micronutrient foliar application increase salt toler-
ance of tomato seedlings. Proceedings of the symposium on Techniques to control salination for
horticultural productivity. Acta Hortic 573:337–385

El-Ramady HR (2014) Integrated nutrient management and postharvest of crops. In: Lichtfouse E
(ed)SustainableAgricultureReviews, Springer International PublishingSwitzerland, 13:163–274

Elshamy MT, Husseiny SM, Farroh KY (2019) Application of nano-chitosan NPK fertilizer on
growth and productivity of potato plant. J Sci Res Sci 36:424–441

https://doi.org/10.1155/2019/6890572
https://doi.org/10.3389/fpls.00281
https://doi.org/10.1007/s42452-019-0353-3
https://doi.org/10.1021/acs.jafc.7b02150


9 Applications of Plant-Derived Nanomaterials … 231

El-Sherif AG, Gad SB, Megahed AA et al (2019) Induction of tomato plants resistance to
Meloidogyne incognita infection by mineral and nano-fertilizer. J Entomol Nematol 11(2):1–26.
https://doi.org/10.5897/jen2018.0224

Erdogan O, Abbak M, Demirbolat GM et al (2019) Green synthesis of silver nanoparticles via
Cynara scolymus leaf extracts: the characterization, anticancer potential with photodynamic
therapy in MCF7 cells. PLoS ONE 14(6): https://doi.org/10.1371/journal.pone.0216496

Fahimirad S, Hatami M (2019) Nanocarrier-based antimicrobial phytochemicals. Adv phytonan-
otechnology 12:299–314

Farghaly FA, Nafady NA (2015) Green synthesis of silver nanoparticles using leaf extract of
Rosmarinus officinalis and its effect on tomato and wheat plants. J Agric Sci 7(11):277–287

Farhan AM, Jassim RA, Kadhim NJ et al (2017) Synthesis of silver nanoparticles from Malva
parviflora extract and effect on Ecto-5’- Nucleotidase(5’-NT), ADA and AMPDA enzymes in
sera of Patients with arthrosclerosis. Baghdad Sci J 14(4):742–750. https://doi.org/10.21123/bsj.
2017.14.4.0742

Farhana MA, Meera VB (2016) Synthesis of nanosilver coated sand using plant extracts. Proc
Technol 24:188–195

Farnia A, Omidi MM, Farnia A (2015) Effect of nano-zinc chelate and nano-biofertilizer on yield
and yield components of maize (Zea mays L.) under water stress condition. Indian J Nat Sci
5:4614–4646

Fathi A, Zahedi M, Torabian S, Khoshgoftar A (2017) Response of wheat genotypes to foliar spray
of ZnO and Fe2O3 nanoparticles under salt stress. J Plant Nut 29:1543–1566

Feng Y, Cui X, He S et al (2013) The role of metal nanoparticles in influencing arbuscular
mycorrhizal fungi effects on plant growth. Environ Sci Technol 47:9496–9504

Galdames A, Mendoza A, Orueta M et al (2017) Development of new remediation technologies for
contaminated soils based on the application of zero-valent iron nanoparticles and bioremediation
with compost. Resour Effic Technol 3(2):166–176

Gao F, Hong F, Liu C et al (2006) Mechanism of nano-anatase TiO2 on promoting photosynthetic
carbon reaction of spinach. Biol Trace Elem Res 11(3):239–254

Ghermandi A, Messalem R (2009) Solar-driven desalination with reverse osmosis: the state of the
art. Desalin Water Treat 7(1–3):285–296

Ghormade V, Deshpande MV, Paknikar KM (2011) Perspectives for nano-biotechnology enabled
protection and nutrition of plants. Biotechnol Adv 29:792–803

Gonzalez-Melendi P, Fernandez Pacheco R, Coronado MJ et al (2008) Nanoparticles as smart
treatment-delivery systems in plants: assessment of different techniques of microscopy for their
visualization in plant tissues. Ann Bot 101:187–195

Gomathi M, Prakasam A, Rajkumar PV (2019) Green Synthesis, characterization and antibacterial
activity of silver nanoparticles using Amorphophallus paeoniifolius leaf extract. J Cluster Sci.
https://doi.org/10.1007/s10876-019-01559-y

Gong X, Huang D, Liu Y et al (2018) Remediation of contaminated soils by biotechnology with
nanomaterials: bio-behavior, applications and perspectives. Crit Rev Biotechnol 38(3):455–468

Gopalakrishnan K, Ramesh C, Ragunathan V, Thamilselvana M (2012) Antibacterial activity of
Cu2O nanoparticles on E. coli synthesized from Tridax procumbens leaf extract and surface
coating with polyaniline. Dig J Nanomater Bios 7:833–839

Gopinath K, Gowri S, Karthika V, Arumugam A (2014) Green synthesis of gold nanoparticles from
fruit extract of Terminalia arjuna, for the enhanced seed germination activity ofGloriosa superb.
J Nanostruct Chem 4:115. https://doi.org/10.1007/s40097-014-0115-0

Goswami A, Roy I, Sengupta S et al (2010) Novel applications of solid and liquid formulations of
nanoparticles against insect pests and pathogens. Thin Solid Films 519:1252–1257

Goswami P, Yadav S, Mathur J (2019) Positive and negative effects of nanoparticles on plants and
their applications in agriculture. Plant Science Today 6(2):232–242. https://doi.org/10.14719/pst.
2019.6.2.502

Goto M, Ehara H, Karita S, Takabe K (2003) Protective effect of silicon on phenolic biosynthesis
and ultraviolet spectral stress in rice crop. Plant Sci 164(3):349–356

https://doi.org/10.5897/jen2018.0224
https://doi.org/10.1371/journal.pone.0216496
https://doi.org/10.21123/bsj.2017.14.4.0742
https://doi.org/10.1007/s10876-019-01559-y
https://doi.org/10.1007/s40097-014-0115-0
https://doi.org/10.14719/pst.2019.6.2.502


232 M. M. Saleh et al.

Greger M, Landberg T, Vaculík M (2018) Silicon influences soil availability and accumulation of
mineral nutrients in various plant species. Plants 7(2):41. https://doi.org/10.3390/plants7020041

Grillo R, Abhilash PC, Fraceto LF (2016) Nanotechnology applied to bio-encapsulation of
pesticides. J Nanosci Nanotechnol 16:1231–1244

Gu HH, Qiu H, Tian T, Zhan SS et al (2011) Mitigation effects of silicon rich amendments on heavy
metal accumulation in rice (Oryza sativa L.) planted on multi-metal contaminated acidic soil.
Chemosphere 83:1234–1240. https://doi.org/10.1016/j.chemosphere.2011.03.014

Gupta M, Tomar RS, Kaushik S et al (2018) Effective antimicrobial activity of green ZnO nano
particles of Catharanthus roseus. Front Microbiol 9:2030. https://doi.org/10.3389/fmicb.2018.
02030

Hasanuzzaman M, Bhuyan MHMB, Nahar K et al (2018) Potassium: a vital regulator of plant
responses and tolerance to abiotic stresses. Agron 8:31

Hattori T, Inanaga S, Araki H, An P et al (2005) Application of silicon enhanced drought tolerance
in Sorghum bicolor. Physiol Plant 123:459–466. https://doi.org/10.1111/j.1399-3054.2005.004
81.x

He F, Zhao D (2005) Preparation and characterization of a new class of starch-stabilized bimetallic
nanoparticles for degradation of chlorinated hydrocarbons inwater. EnvironSci Technol 39:3314–
3320

Heydari MA, Mobini M, Salehi M (2017) The Synergic activity of eucalyptus leaf oil and silver
nanoparticles against some pathogenic bacteria. Arch Pediatr Infect Dis. https://doi.org/10.5812/
pedinfect.61654

Hong J, Peralta-Videa JR, Rico C et al (2014) Evidence of translocation and physiological impacts
of foliar applied CeO2 nanoparticles on cucumber (Cucumis sativus) plants. Environ Sci Technol
48(8):4376–4385. https://doi.org/10.1021/es404931g

Hua M, Zhang S, Pan B et al (2012) Heavy metal removal from water/wastewater by nanosized
metal oxides: a review. J Hazardous Mater 212:317–331

Hong TK, Yang HS, Choi CJ (2005) Study of the enhanced thermal conductivity of Fe nanofluids.
J Appl Phys 97:1–4

Husen A, Siddiqi KS (2014) Phytosynthesis of nanoparticles: concept, controversy and application.
Nanoscale Res Lett 9:229

Hussein H-AA, Darwesh OM, Mekki BB (2019) Environmentally friendly nano-selenium to
improve antioxidant system and growth of groundnut cultivars under sandy soil conditions.
Biocatal Agric Biotechnol 18:

Hussein MM, Abou-Baker NH (2018) The contribution of nanozinc to alleviate salinity stress on
cotton plants. R Soc Open Sci 5(8):

Ingale AG, Chaudhari AN (2013) Biogenic synthesis of nanoparticles and potential applications:
an eco-friendly approach. J Nanomed Nanotechol 4(165):1–7

Iqbal M, Raja NI, Mashwani ZU et al (2017) Effect of silver nanoparticles on growth of wheat
under heat stress. Iran J Sci Technol Trans Sci.

ItroutwarPD,GovindarajuK,TamilselvanSet al (2019)Seaweed-basedbiogenicZnOnanoparticles
for improving agro-morphological characteristics of rice (Oryza sativa L.). J Plant Growth Regul.
https://doi.org/10.1007/s00344-019-10012-3

Iyarin E, Mahil T, Kumar BNA (2019) Foliar application of nanofertilizers in agricultural crops-a
review. J Farm Sci 32(3):239–249

Jaberzadeh A, Moaveni P, Moghadam HRT, Zahedi H (2013) Influence of bulk and nanoparticles
titanium foliar application on some agronomic traits, seed gluten and starch contents of wheat
subjected to water deficit stress. Not Bot Horti Agrobot 41:201–207

Jafari M, Haghighi J, Zare H (2012) Mulching impact on plant growth and production of rainfed
fig orchards under drought conditions. J Food Agric Environ 10(1):428–433

Judy JD, Bertsch PM (2014) Bioavailability, toxicity and fate of manufactured nanomaterials
in terrestrial ecosystems. In: Sparks D (ed) Advances in Agronomy. Elsevier, Amsterdam,
Netherlands, pp 1–64

https://doi.org/10.3390/plants7020041
https://doi.org/10.1016/j.chemosphere.2011.03.014
https://doi.org/10.3389/fmicb.2018.02030
https://doi.org/10.1111/j.1399-3054.2005.00481.x
https://doi.org/10.5812/pedinfect.61654
https://doi.org/10.1021/es404931g
https://doi.org/10.1007/s00344-019-10012-3


9 Applications of Plant-Derived Nanomaterials … 233

Judy JD, Kirby JK, Creamer C et al (2015) Effects of silver sulfide nanomaterials on mycorrhizal
colonization of tomato plants and soil microbial communities in biosolid-amended soil. Environ
Pollut 206:256–263

Kachel M, Matwijczuk A, Sujak A et al (2019) The Influence of copper and silver nanocolloids
on the quality of pressed spring rapeseed oil. Agron 9:643. https://doi.org/10.3390/agronomy9
100643

Kah M (2015) Nanopesticides and nanofertilizers: emerging contaminants or opportunities for risk
mitigation. F Chem 3(64):1–6

Kahlel A, Ghidan A, Al-Antary TA et al (2020) Effects of nanotechnology liquid fertilizers on
certain vegetative growth of broad bean (Vicia faba L.). Fresen Env Bull 29:4763–4768

Kango S, Kumar R (2016) Magnetite nanoparticles coated sand for arsenic removal from drinking
water. Environ Earth Sci 75:381. https://doi.org/10.1007/s12665-016-5282-5

Kasim W A, Abokassem EM, Ragab GA (2017) Ameliorative effect of yeast extract, IAA and
green-synthesized nano Zinc oxide on the growth of Cu-stressed Vicia faba seedlings. The 7th
Inter Conference, Plant & Microbial Biotech & their Role in the Development of the Society, pp
1–16

Kaur P, Komal R (2019) Synthesis, analysis and application of noble metal nanoparticles by
Cucurbita pepo using different solvents. Asian J Nano Mat 2:376–398

Kaur P, Thakur R, Choudhary A (2012) An in vitro study of the antifungal activity of silver/chitosan
nanoformulations against important seed borne pathogens. Int J Sci Technol Res 1:83–86

Kheyri N, Norouzi HA, Mobasser HR et al (2019) Effects of silicon and zinc nanoparticles on
growth, yield, and biochemical characteristics of rice. Agron J 111:3084–3090

Lamhamdi M, ElGaliou O, Bakrim A et al (2013) Effect of lead stress on mineral content and
growth of wheat (Triticum aestivum) and spinach (Spinacia oleracea) seedlings. Saudi J Biol Sci
20:29–36

Larue C, Castillo-Michel H, Sobanska S et al (2014) Foliar exposure of the crop Lactuca sativa
to silver nanoparticles: evidence for internalization and changes in Ag speciation. J Haz Mat
264:98–106. https://doi.org/10.1016/j.jhazmat2013.10.053

Larue C, Laurette J, Herlin-Boime N (2012) Accumulation, translocation and impact of TiO2
nanoparticles in wheat Triticum aestivum spp.: influence of diameter and crystal phase. Sci Total
Environ 431:197–208

Li X, Ke M, Zhang M et al (2017) The interactive effects of diclofop-methyl and silver nanopar-
ticles on Arabidopsis thaliana: Growth, photosynthesis and antioxidant system. Environ Pollut
232:212–219

Liang SJ, Li ZQ, Li XJ et al (2013) Effects of stem structural characters and silicon content on
lodging resistance in rice (Oryza sativa L.). Res Crops 14:621–636

Liang YC, Zhang WH, Chen Q (2006) Effect of exogenous silicon (Si) on H+-ATPase activity,
phospholipids and fluidity of plasmamembrane in leaves of salt-stressed barley (Hordeumvulgare
L.). Environ Exp Bot 57:212–219

Lin D, Xing B (2008) Root uptake and phytotoxicity of ZnO nanoparticles. Environ Sci Technol
42:5580–5585

Lin S, Reppert J, Hu Q et al (2009) Uptake, translocation, and transmission of carbon nanomaterials
in rice plants. Small 5(10):1128–1132

Liu L, Li W, Song W, Guo M (2018) Remediation techniques for heavy metal contaminated soils:
principles and applicability. Sci Total Environ 633:206–219

LiuW, Tian S, Zhao X et al (2015) Application of stabilized nanoparticles for in situ remediation of
metal-contaminated soil and groundwater. Curr Pollut Rep 1:280–291. https://doi.org/10.1007/
s40726-015-0017-x

Lombardo D, Kiselev MA, CaccamoMT (2019) Smart nanoparticles for drug delivery application:
development of versatile nanocarrier platforms in biotechnology and nanomedicine. J Nanomater
3702518:1–26 p. https://doi.org/10.1155/2019/3702518

MaliM, Aery NC (2009) Effect of silicon on growth, biochemical constituents andmineral nutrition
of cowpea. Commun Soil Sci Plant Anal 40:1041–1052

https://doi.org/10.3390/agronomy9100643
https://doi.org/10.1007/s12665-016-5282-5
https://doi.org/10.1016/j.jhazmat2013.10.053
https://doi.org/10.1007/s40726-015-0017-x
https://doi.org/10.1155/2019/3702518


234 M. M. Saleh et al.

Mansoor N, Younus A, Jamil Y et al (2019) Impact of nanosized and bulk ZnO on germination and
early growth response of Triticum aestivum. Pak J Agric Sci 56(4):879–884

Mazzaglia A, Fortunati E, Kenny J et al (2017) Nanomaterials in plant protection. In: Axelos MAV,
Van de Voorde M (eds) Nanotechnology in agriculture and food science, pp 115–134

Miralles P, Church TL, Harris AT (2012) Toxicity, uptake, and translocation of engineered
nanomaterials in vascular plants. Environ Sci Technol 46(17):9224–9239

Mishra V, Mishra RK, Dikshit A, Pandey AC (2014) Interactions of nanoparticles with plants:
an emerging prospective in the agriculture industry. In: Ahmad P, Rasool S (eds) Emerging
technologies and management of crop stress tolerance: biological techniques, vol 1, pp 159–180

Mohamad NM, Abdul Razak SR, Ahmed MA et al (2019) Characterization, antimicrobial activity
of silver nanoparticles biosynthesized by Acanthus ilicifolius. American J Current App Res
Microbiol 1(1):9–16

MohammadDA, Al-Jubouri SHK (2019) Comparative antimicrobial activity of silver nanoparticles
synthesized by Corynebacterium glutamicum and plant extracts. Baghdad Sci J 16(3):689–696.
https://doi.org/10.21123/bsj.2019.16.3(Suppl.).0689

Mrayed SM, Sanciolo P, Zou I et al (2011) An alternative membrane treatment process to
produce low-salt and high-nutrient recycled water suitable for irrigation purposes. Desalination
274(19):144–149

Muniandy SS, Sasidharan S, Lee LH (2019) Green synthesis of ag nanoparticles and their perfor-
mance towards antimicrobial properties. Sains Malaysiana 48(4):851–860. https://doi.org/10.
17576/jsm-2019-4804-17
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Chapter 10
Biosynthesis and Characterization
of Microorganisms-Derived
Nanomaterials

Maysaa T. Alloosh, Maysoun M. Saleh, Lina M. Alnaddaf,
Abdulsalam K. Almuhammady, Khaled F. M. Salem,
and Jameel M. Al-Khayri

Abstract Nanotechnology is considered the newest advances in science that provide
different methods to manufacture and develop diverse nanoparticles (NPs). Different
metals can be prepared as NPs that can be used in various fields including biological
systems. Ongoing research focuses on developing green methods for synthesizing
NPs by using microorganisms. This chapter presents the importance of Nanotech-
nology. In addition to the different methods of synthesis NPs. Then emphasizes
the various biological methods responsible for producing (silver, gold, copper, zinc,
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iron, palladium and selenium) NPs including the diverse metallic NPs using various
promising microorganisms (virus, bacteria, actinomyces, algae, yeast and fungi) as a
biogenic approach. Moreover, it also highlights the related molecular aspects of NPs
that acted as reducing, capping and stabilizing agents togetherwith the various factors
influencing green syntheses like pH, temperature, as well as the concentrations of
metal salts and substrates.

Keywords Biological molecules · Biosynthesis ·Microorganisms · Nanoparticles
synthesis · Green nanoparticles synthesis

10.1 Introduction

Nanotechnology is one of the most important developments in all of technology
fields. It relies on the synthesis andmodulation of nanoparticles (NPs), which require
significant changes inmetal properties (Rao andGan 2015). In reality, NPs have been
used unknowingly for thousands of years for example, goldNPs used to stain drinking
glasses, also have cured other diseases (Singh et al. 2016). Research interest in metal
NPs, and their production has increased significantly in recent times due to their
groundbreaking applications in various fields. Metal NPs most important property is
their large surface area to volume ratio, which increases their interaction with other
molecules (Gahlawat et al. 2016). Chemical and physical methods for the synthesis
of NPs have been used. These methods have disadvantages like the use of harmful
materials, hazardous solvents and energy-intensive use (Azandehi and Moghaddam
2015;Yu et al 2016).NPs are usually developed and stabilized either by a technique of
top-down or bottom-up (Murphy 2002). NPs are synthesized in the bottom upstream
strategy via self-assembly of atoms into nuclei that further develop into particles of
the nanoscale. This technique involves chemical and biological processes, while bulk
materials are broken down into small particles in the top-down strategy (Shedbalkar
et al. 2014). Because of the increased demand synthesis NPs are being explored
from different sources and different methods. Among them, the biological method
of synthesizing NPs is highly cost-efficient and simpler in comparison with the
physical and chemical methods. The use of microorganisms in biological methods is
the commonly used source, which is highly effective for nano synthesis (Hari 2020).

Microbes are used as a promising biological source for metal NPs to be synthe-
sized. However, not all of the organisms show the ability to convert metals to
nanoforms (Roy et al. 2019). Microbial metal NPs can occur intracellularly or extra-
cellularly (Jain et al. 2011). Intracellular synthesis of NPs requires additional steps to
release synthesized NPs, such as ultrasound treatment or reactions with appropriate
detergents (Kalimuthu et al. 2008). While, extracellular biosynthesis is cheap, and
simple downstream processing is required. This favors large-scale NPs production to
explore its potential applications. Because of that, many studies focused on extracel-
lular methods for metal NPs synthesis (Prasad et al. 2016). This chapter highlights
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the use of diverse microorganisms for the synthesis of NPs together with the biolog-
ical molecules collaborating in the synthesis of green NPs and the factors influencing
them.

10.2 Biosynthesis of NPs Using Microorganisms

Biosynthesis was considered a practice that was efficient, safe and environment
friendly. These techniques employ living organisms such as bacteria, fungi, yeast,
algae and plants with their tissues and extracts (Fig. 10.1). Normal extract rich

FungiAlgae YeastBacteria Actiomyces

Intracellular or Extracellular Extraction

Metal
solution

Biosynthesis

Organism
extraction

virus

Fig. 10.1 Biosynthesis of NPs using several microorganisms (Constructed by M.T. Alloosh)
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in biomolecules such as proteins, flavonoids, phenols and terpenoids can be used
as reduction agents of metal ions to NPs (Attia and Elsheery 2020). The web of
science database contained more than 159 publications about the green synthesis of
NPs, which match the search criteria. The principal publication was in 2003, but
till 2009 there was just a limited numbers. The number of papers tripled in 2010
and increasing conduct was seen until 2017. Between 2015 and 2016, the greatest
impulse of published work was recorded, hitting a production peak in 2016 at 39
(Ribeiro et al. 2020).

10.2.1 Synthesis of NPs Using Bacteria

Bacteria are an extremely convenient target for green NPs synthesis, due to their
diverse variety and ability to adapt to different environmental conditions. There
are various bacterial cellular components such as enzymes, proteins, peptides and
pigments, which are playing as a factory of NPs. Bacteria used as nanofactories
can afford a new platform not only for the removal of metal or metalloid ions, but
also the production of materials with distinctive properties (Tsekhmistrenko et al.
2020). Metallic NPs can be made by bacteria both intracellularly and extracellularly.
Extracellular creation is more effective and easier for the extraction of NPs. In this
case, biosynthetic metal NPs are less affected by oxidation, which makes it possible
to use them in many fields (Gahlawat and Choudhury 2019). Some studies showed
that not only living bacteria, but also dead forms of those bacteria can be used for
NPs biosynthesis (Tsekhmistrenko et al. 2020).

Numerous studies used bacteria as a residual agent for the production of silver
NPs (AgNPs). Das et al. (2017) indicated the extracellular synthesis of AgNPswithin
24 h using (Bacillus cereus Frankland) isolated from heavy metal polluted soil.
Also, Ghiut,ă et al. (2018) reported biosynthesis AgNPs using AgNO3 as a precursor
to (Bacillus amyloliquefaciens Fukumoto) and (Bacillus subtillis Ehrenberg) with
spherical shape and 142 nm average diameter. Later, Allam et al. (2019) obtained
AgNPs by (Sphingomonas paucimobilisHolmes), AgNPs were spherical to oval (4–
20 nm), which can use as decontamination of wastewater from harmful dyes. As well
as, Divya et al. (2019) used (Alcaligenes sppCastellani andChalmers) as amediate to
synthesize AgNPs (30–50 nm). In this study, AgNPs displayed antimicrobial activity
against clinical microbe isolates such as Bacillus spp, (Escherichia coli Migula),
(Klebsiella pneumonia Schroeter), (Pseudomonas aeruginosa Schroeter), Staphy-
lococus aureus Rosenbach) and (Candida albicans Berkh). Ameen et al. (2020)
described synthesize spherical AgNPs (13 nm) by (Spirulina platensis Turpin ex
Gomont) extract by heating the mixture of cyanobacterial extract (1%) with 0.5%
AgNO3 solution at 40 °C for 7 h. Additionally, the antibacterial activity was consid-
ered against seven dissimilar species of clinical bacterial pathogens. In another
research work, Ahmed et al. (2020) synthesized AgNPs using B. cereus strain SZT1;
AgNPs obtained were a spherical shape, its sizes ranging from 18 to 39 nm. Also,
Ahsan (2020) employed (Pseudomonas fluorescens Flügge) to synthesis AgNPs by
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mix 90 ml of AgNO3 with 10 ml of extracted broth from P. fluorescens at 80 °C, the
mixture was kept at 5 pH and stirring for 2 h and then put it over one day. Scanning
ElectronMicroscope (SEM) images showed that AgNPswere spherical and irregular
(10–100 nm).

Other study was performed towards the synthesizing gold NPs (AuNPs) using
bacteria where Kunoh et al. (2018) used Pseudomonas stutzeri Lehmann and
Neumann for synthesis AuNPs by reducing gold salt in an aqueous medium. In this
study, spherical AuNPs (5 nm diameter) were obtained simply by adding guanine
to chloroauric acid (HAuCl4) solution at room temperature. San Diego et al. (2020)
utilized bacteria Lysinibacillus spp. and P. stutzeri for the extracellular synthesis of
AuNPs by reduction (HAuCl4) at pH 9, AuNPs were spherical and irregular shapes,
it showed no toxicity to P. aeruginosa, an increasing inhibition level of pyocyanin
production was observed with increasing volumes of NPs used.

Other metallic NPs were synthesized by bacteria where Noman et al. (2020)
proved the ability ofEscherichia sp. to synthesize copper NPs (CuNPs). The particles
were spherical shape with size ranging from 22.3 to 39 nm. On the other hand, Yusof
et al. (2020) used a strain of (Lactobacillus plantarum Orla Jensen) to manufacture
zinc oxideNPs (ZnONPs)with size about 124.2 nm. Sidkey et al. (2020) employedP.
stutzeri, which isolated from soil and wastewater samples to synthesize magnesium
NPs (MgNPs) by both extracellular and intracellular cases.MgNPs intracellular were
spherical, its size ranged from (229.3–553.2 nm). Fatemi et al. (2018) successfully
used extracellular method to synthesize spherical iron oxide NPs (29.3 nm) using B.
cereus, which isolated from soil. The experiment was done at the room temperature,
where magnetic iron oxide NPs were obtained quickly using FeCl3·6H2O after 5 min
and using FeCl2·4H2O after 30 min. This study also depicted that these NPs had
anticancer effects against some factores of breast cancer cell.

10.2.2 Synthesis of NPs Using Actinomycetes

Actinomycetes are fungi-like bacteria, it is gram-positive, with high G-C content
and have the suitability to produce metal NPs. They can produce several kinds of
bioactive compounds that have great beneficial values (Omar et al. 2019). Among
actinomycetes, species of (StreptomycesWaksman and Henrici) (Fig. 10.2) are most
generally used in medicinal and enzymatic applications because, out of more than
10,000 identified antibiotics, 55% are formed by them.

Actinomycetes synthesize NPs by both intracellular and extracellular ways,
although the extracellular reduction is themost commonway.Recently, it was discov-
ered that actinomycetes are capable of manufacturing NPs, which have antimicrobial
activities, and that was a milestone in the area of therapeutics. Gahlawat and Choud-
hury (2019) reviewed several studies, which had been perfprmed between 2012 and
2018 about the effectiveness of actinomycetes (Rhodococcus spp., Streptomyces spp.
and Streptacidiphilus spp.) as NPsmanufacturing agents, which includes the produc-
tion of silver, gold and copperNPs. Themore recent study of thesewas byWypij et al.
(2018), where they synthesized spherical and polydispersed AgNPs (5–20 nm) using
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Fig. 10.2 (a) Streptomyces spp. on a starch casein agar plate showing sporulating white color aerial
mycelia; (b) under a light microscope with 40× magnification (Source Omar et al. 2019)

(Streptomyces xinghaiensis Zhao) at room temperature within 2–3 days. Avilala and
Golla (2019) usedmarine actinomycete (Nocardiopsis albaKroppenstedt) to synthe-
size spherical AgNPs (20–60 nm) in bright conditions within 24 h, AgNPs have had
antiviral and antibacterial activities against E. coli, P. aeruginosa, K. pneumonia
and (Streptococcus aureus Rosenbach). Vairavel et al. (2020) synthesized spherical
AuNPs intracellularly by (Enterococcus sp. Thiercelin and Jouhaud).

Some studies were done about biosynthesis other NPs elements by actinomycetes
like titanium, tellurium, copper and selenium. Ağçeli et al. (2020) used Streptomyces
spp. to synthesis titaniumdioxideNPs (TiO2 NPs), these particleswere spherical (30–
70 nm) which have an effective against Staphylococcus aureus, E. coli, C. albicans
and (Aspergillus niger van Tieghem). On the other hand, El-Sayyad et al. (2020) used
(Streptomyces cyaneus Krasil’nikov) for biosynthesis tellurium dioxide NPs (TeO2

NPs) at room temperature, which were spherical (75 nm size), these TeO2 NPs cause
an antimicrobial activity towards (Aspergillus flavus Link), A. niger, (Aspergillus
fumigatus Fresenius), P. aeruginosa, S. aureus and K. pneumonia. Hassan et al.
(2019) proved the ability of two actinomycete strain (Streptomyces zaomyceticus
Oc-5Hinuma) and (Streptomyces pseudogriseolus Acv-11 Okami and Umezawa) to
synthesize CuONPs (size 78 and 80 nm, respectively). Ranjitha and Ravishankar
(2018) synthesized selenium NPs SeNPs (100–250 nm) by adding 5 ml of culture
(Streptomyces griseoruber Yamaguchi and Saburi) to 5 ml of 1 mMSodium Selenite
(Na2SeO3) and incubated the mixture at 37 °C for 72 h.
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10.2.3 Synthesis of NPs Using Yeast

Yeasts are eukaryotic, monocellular microbes classified in the kingdom of fungi.
They use organic compounds to take energy sources (Lachance 2016). The studies
on the biosynthesis of AgNPs using yeast strains have gained attention. The benefit
of using yeast strains for AgNPs manufacture is that they are easy to the controller in
laboratory environments, show quick growth, and are cheap to cultivate (Skalickova
et al. 2017). Sowbarnika et al. (2018) employed baker’s yeast (Saccharomyces cere-
visiae Meyen ex E.C. Hansen) to synthesis spherical AgNPs (10–60 nm), which
have significant antibacterial action against E. coli with an inhibition area of 21 mm.
Also, Jalal et al. (2018) used supernatant of (Candida glabrata S.A.Mey andYarrow)
isolated for extracellular biosynthesis of spherical AgNPs (2–15 nm).

Researchers also progressed towards the synthesis of different kinds ofNPs such as
tellurium, palladium and platinum. Sriramulu and Sumathi (2018) used S. cerevisiae
aqueous extract as a reducing agent of palladium NPs (PdNPs) with an average size
of 32 nm. In this study, dry yeast granules (5 g) was dissolved in 100 ml of water and
stirred at room temperature for 30 min, then 10 ml of the aqueous yeast extract was
added to 90ml of 1mMofpalladiumacetate solution andkept at room temperature for
24 h. Further, SEM images showed hexagonal-shaped of Pd NPs, while atomic force
microscopy (AFM) showed highly variable of shape with a rough surface. Faramarzi
et al. (2020) synthesized selenium NPs (Se NPs) using S. cerevisiae within 4 days
in which the size of Se NPs ranging from 75 to 709 nm. Other studies depicted
the importance of Se NPs as an antioxidant, anti-inflammatory, antimicrobial and
anticancer properties that have gained more attention in the medical field (Wadhwani
et al. 2017).

10.2.4 Synthesis of NPs Using Algae

Algae uses for metal NPs synthesizing, their abundance and easy discovery, cost-
effective and extensive synthesis highly stable and safe NPs with better biological
propertiesmake them a good source formetal NPs synthesis (Azizi et al. 2014). Addi-
tionally, the synthesis of NPs with algae occurs in a shorter time than other methods
of biosynthesis (Dağlıoğlu andÖztürk 2019). Algaewasmediated for biosynthesis of
gold (Au), silver (Ag), palladium (Pd), platinum (Pt), iron (Fe), cadmium (Cd), tita-
nium oxide (TiO2) and zinc oxide (ZnO) bimetallic NPs. Gahlawat and Choudhury
(2019) reviewed 23 studies that had been done between 2011 and 2018 concerning
algae species in the synthesis of Ag, Au, Pd and ZnONPs. Likewise, da Silva Ferreira
et al. (2017) employed green algae (Chlorella vulgaris Beijerinck) for the biosyn-
thesis of spherical silver chloride NPs (AgCl NPs) with the size of 9.8 ± 5.7 nm,
where improved effects as antimicrobial agents against S. aureus and K. pneumo-
niae were recorded. Also, Arsiya et al. (2017) used for the first time C. vulgaris
aqueous extract to synthesis PdNPs within 10 min. Transition electron microscope
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(TEM) images indicated that PdNPs were spherical and 5–20 nm in size. In other
study,Rajeshkumar (2018) employed twobrown seaweeds, such as (Padina tetrastro-
matica Hauck) and (Turbinaria conoid J. Agardh) algal formulation for ZnO NPs
biosynthesis and assessed their antimicrobial ability against fish pathogens.

Dağlıoğlu and Öztürk (2019) used green microalgae (Desmodesmus spp. Chodat)
as a reducing agent for manufacturing AgNPs intracellularly within 24 h without
any aggregates. Further, a TEM image of algae cells showed the presence of spher-
ical AgNPs (15–30 nm) inside them. Mishra et al. (2020) employed green algae
C. vulgaris extract to synthesis PdNPs, the solutions of palladium chloride (PdCl2)
aqueouswith algal extractwere adjusted at pH6–7 and stirreded at 60 °C for 2 h, solu-
tions color turned from yellow to dark brown, which indicated the formation of NPs.
SEM images showed spherical and triangular PdNPs, with an average size of 70 nm.
On the other hand, Yılmaz Öztürk et al. (2020) used extract of red algae (Gelidium
corneumHuds) as reducing agent for synthesis AgNPs, noticeable color change from
light red to dark brown indicated AgNPs formation, also TEM image confirmed that
AgNPs were spherical or angular with size ranged 20–40 nm. In this study, AgNPs
showed a great antimicrobial activity by very lowminimum inhibitory concentrations
(MIC) values for both yeast C. albicans and bacteria E. coli (Fig. 10.3).

In another study, Salaam et al. (2020) successfully synthesized AgNPs using
green algae C. vulgaris, where the best biosynthesizing conditions were pH 10 and

Fig. 10.3 Summarize the biosynthesis of AgNPs usingGelidiumcorneum. AgNPs characterization
and bacterial activity (Source Yılmaz Öztürk et al. 2020)
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37 °C. The AgNPs were not only spherical and sized to 10 µm, but also showed
antibacterial activity against particular (Citrobacter spp. Werkman and Gillen), S.
aureus, E. coli and P. aeruginosa strains. Thus these AgNPs can be used safely
alternative to antibiotics. Also, El-Naggar et al. (2020) employed C. vulgaris for
biosynthesized AgNPs in which the algae extract added to 100 mM of AgNO3 and
incubated in the dark, so that the pale green color turned brownwithin 24 h indicating
AgNP formation. TEM image showed that AgNPs were spherical with size 3.63–
8.68 nm. AgNPs produced in this study had antimicrobial activity against Bacillus
spp., (Erwinia spp Winslow) and Candida spp.

10.2.5 Synthesis of NPs Using Fungi

Biosynthesis of NPs by fungi known as mycosynthesis, it is a widespread way due
to well-defined dimensions, different chemical structures, sizes and great production
of synthesized NPs (Golhani et al. 2020). The mycosynthesis of metal NPs can be
occurred by different mechanisms, one of the most common is nitrate reductase by
fungal enzymes. Fungi are more versatile in growth and metal tolerance in contrast
to bacterial population (Sangappa and Thiagarajan 2012).

Barabadi et al. (2019) reviewed 59 papers about 25 Penicillium species that were
used as biosynthesis agents of NPs, the only biosynthesis of four kinds of NPs
described in all 59 studies including silver, gold, copper, and iron NPs. Meantime,
AgNPs with 70.76% of the studies were the first predominant produced by using
Penicillium species. Notably, a huge 91.22% study reported spherical NPs, while
just 8.77% reported other morphologies, including triangular, hexagonal, irregular,
cubical, ellipsoidal, and rod shapes. Hamad (2019) studied the synthesizedAgNPs by
using 50 ml of (5 mM) AgNO3 solution and mixed with 50 ml cell filtrate biomass of
(PenicilliumcitreonigrumC.Ramírez andA.T.Martínez) in dark at room temperature
until the color change. The color changed from wan yellow to light brown after
24 h of incubation. In other study, Hulikere and Joshi (2019) employed, for the first
time, endophytic fungus (Cladosporium cladosporioides Fresen), which isolated
from brown algae to synthesize AgNPs, the color of the reaction mixture (AgNO3

with aqueous fungi extract) progressively changed from colorless to dark brown, that
is confirmed AgNPs formation, SEM images showed that AgNPs were spherical, its
sizes ranged from30 to60nm. Interestingly, no aggregationor precipitationhappened
after two to threeweeksAgNPs incubation.According toNoshad et al. (2019)AgNPs
were produced by mix 1:1 fungal extracts of (Trichoderma harzianum Patouillard)
and A. fumigatus separately with AgNO3 and heated to 29 °C for 24 h, the change
of mixture color from yellowish to dark brown confirmed the formation of AgNPs.
In (Fig. 10.4) appeared the formation of AgNPs by the change in the color of the
cell-free extract from yellow to dark brown for Aspergillus spp. while Rhizopus spp.
showed a color change from colorless to dark yellow after 24 h (Fig. 10.5).

Salah et al. (2020) employed (Penicillium chrysogenum Thom) extract to synthe-
size AgNPs, SEM images showed that AgNPs were spherical, while AFM showed
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Fig. 10.4 The color change
after 24 h in culture filtration
of Aspergillus spp. a Culture
contain AgNPs, b Control.
(Photo by M. T. Alloosh)

Fig. 10.5 The color change
after 24 h in culture filtration
of Rhizopus spp. a Culture
contain AgNPs, b control.
(Photo by M. T. Alloosh)

that the particles size were 18.83 nm. This study proved the effect of AgNPs on some
Candida spp. Also, Noshad et al. (2020) employed mycelial aqueous extract of fungi
(Pythium oligandrum Dreschler) to synthesis AgNPs from AgNO3 using a magnetic
stirrer at 29 °C for 24 h, the X-ray images proved a crystalline structure of AgNPs
produced with an average size 12 nm.

Mycosynthesis studied other metal, Mahanty et al. (2019) biosynthesis iron oxide
NPs using three fungi (Trichoderma asperellum Samuels, Lieckf and Nirenberg),
(Fusarium incarnatum Desm) and (Phialemoniopsis ocularis Gen and Guarro). The
color of the reaction mixture (aqueous of three fungi extracts separately with 1: 2
ratio of FeCl2 and FeCl3) changed within 5 min (Fig. 10.6). The images of NPs by
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Fig. 10.6 Fungal isolates of Trichoderma asperellum (a), Phialemoniopsis ocularis (b) and
Fusarium incarnatum (c) showing color change during reaction with iron precursor salts. I =
(Positive control), II = Iron precursor salt (negative control), III = Appearance of black coloura-
tion due to addition of fungal extract to 1:2 ratio of FeCl2 and FeCl3 solution after 5 min incubation
(Source Mahanty et al. 2019)

both SEM and TEM showed that iron nanoparticle was spherical with an average
size ranging between 25 ± 3.94 nm for T. asperellum, 30.56 ± 8.68 nm for F.
incarnatum and 13.13± 4.32 nm forP. ocularis. Salem et al (2020) used (Penicillium
corylophilum Dierckx) as a reducing agent to synthesize selenium NPs(SeNPs).
Spherical shape with average size 29.1–48.9 nm of SeNPs was produced. Also, Abu-
Tahon et al. (2020) studied biosynthesis of AuNPs using A. flavus, the biosynthesize
was by adding 10 mL of HAuCl4 to 90 ml of A. flavus culture supernatant adjusted
at pH = 7 and heating to 30 °C with shaking for 2 h. AuNPs were producing within
2 min, TEM images indicated that AuNPs were spherical, an average size of 12 nm.

10.2.6 Synthesis of Nanoparticles Using Virus

The dense outer surface capsid coating is an interesting feature of viruses proteins,
which provide a highly appropriate platform for metal ion interaction (Kobayashi
et al. 2012). Nevertheless, the synthesis of NPs by viruses still faces numerous
disadvantages, such as involvement of the host organism for protein expression
which restricted research (Gahlawat and Choudhury 2019). Because of its structural
and biochemical stability, ease of cultivation, non-toxicity and non-pathogenicity in
animals and humans; plant viruses are considered safe for nanotechnology applica-
tions. One study indicated that low concentrations of tobacco mosaic virus (TMV
Adolf Mayer), which used as additives along with extracts of various plants for
example Nicotiana benthamiana Domin, Avena sativa L. and Musa pradisiaca L.
the TMV not only led to size reduction but also substantially increased the number of
NPs compared to non-virus control (Gahlawat and Choudhury 2019). Also, (Ahiwale
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et al. 2017) synthesized gold NPs (AuNPs) using bacteriophage. At different physi-
ological parameters, the reaction mixtures showed vivid colors. Au NPs were in the
range of 20–100 nm. SEM studies revealed the synthesis of diverse AuNPs such as
circles, hexagons, triangles, rhomboids and rectangles. Au NPs antibiofilm activity
was measured on a glass sheet, it was noted that P. aeruginosa biofilm formation was
inhibited at 0.2 mM concentration of these AuNPs induced around 80% inhibitation.
Le et al. (2017) employed potato virus X for synthesizing elongated filament NPs,
these NPs weremore penetration capability compared to spherical ones. In the indus-
trial field, Nam et al. (2006) used the viruses to synthesize and assemble cobalt oxide
nanowires at ambient temperature. By integrating gold-binding peptides into the fila-
ment coat, hybrid gold-cobalt oxide wires were developed to increase battery effi-
ciency. The combination of virus-templated peptide-level synthesis and methods for
controlling two-dimensional virus assembly on multilayer polyelectrolytes provides
a systematic framework for integrating such nanomaterials (NM) to form small and
flexible lithium-ion batteries.

10.3 The Role of Biological Molecules of Microorganisms
in Green NPs Synthesis

Biological extracts (plant extracts, microbial extracts and algal extracts) are generally
mixed with salt-metal solutions. Biocompounds (including phenolic compounds,
alkaloids, enzymes, terpenoids, co-enzymes, sugars andproteins) that exist in extracts
diminishmetal salts from positive state to zero states of oxidation. The distribution of
metallic NPs depends on the biocompounds in the extract. The presence of a strong
reducing agent in the extract fosters a rapid reaction rate and favors the formation of
smaller NPs (Roy et al. 2019).

The existence of biomolecules acts as a capping sheet, stabilizing agent and a
biologically active NPs layer (Ramya et al. 2015). Capping stratum characteris-
tics, clear identification of the capping agents (main peptides such as glutathione,
metallothioneins, membrane-associated proteins) and possible purification of NPs
are essential for different applications in the future (Prasad et al. 2016; Suresh et al.
2011; Voeikova et al. 2017).

Microorganism synthesis of NPs (in particular, actinomycetes, bacteria, viruses,
yeast and fungi) is classified as intracellular and extracellular (Shankar et al. 2016).
The intracellular synthesis procedure requires the trapping, capping of diverse NPs
and bioreduction (Li et al. 2011). Extracellular synthesis contains secretion of the
enzymes, bioreduction and capping of particles (Singh andSingh 2019).Most studied
works indicated that extracellular synthesis of NPs is preferable since downstream
and purification processes are easier than intracellular methods (Singh 2015). Micro-
bial enzymes changed metal ions to NPs and served to synthesize silver NPs through
actinomycetes (Roy et al. 2019). Fouda et al. (2019) succeeded in the biosynthesis of
AgNPs by secondary metabolites secreted by endophytic actinomycetes as reducing
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agents. These enzymes have a major role in electron transport positive ions such as
nitrate reductase (Siddiqi et al. 2018; Yin et al. 2016). Ghiut,ă et al. (2018) utilized
(B. subtillis Ehrenberg) and (B. amyloliquefaciens ex Fukumoto) which can generate
the alpha-amylase enzyme to synthesize AgNPs.

Certain functional bacterial protein groups (–OH, –NH2, – COOH and – SH) play
an important role in NPs formation and stabilization. These groups offer binding sites
for metal ion fixation, further reducing their extracellular concentration and location
on the cell wall or in periplasmic space (Tsekhmistrenko et al. 2020). Nangia et al.
(2009) indicated that (Lacto bacillus Beijerinck) mediated the synthesis of AgNPs
from probiotic tablets and yogurt. Two protons generate from NADH to assist in
the synthesis of NPs, depending on the lactate dehydrogenase and pyruvate and the
combination of thioredoxin and glutathione. The role of peptides and individual
amino acids in the microbial synthesis of AgNPs has been proven by Balachandran
et al. (2013) and Selvakannan et al. (2013). Peptides including cysteine, arginine,
methionine and lysine amino acids can attach to the surface of the nucleus and
be used in AgNP production. In alkaline conditions the amino acid tyrosine acts
as a reducer. That’s because the phenolic tyrosine group may be converted to the
quinone group (Dubey et al. 2015). In addition, at the free N-terminus, tyrosine-
containing oligopeptides provide stability for the NPs and promote the recovery
of metals. These results are coordinated with that tyrosine plays a key role in the
reductions (Ali et al. 2019; Daima et al. 2014; Shankar et al. 2016). The tryptophan
amino acid can synthesize NPs as a reduction agent due to it has the capability
to equip electrons. In this case, tryptophan develops into a tryptophol radical. The
presence of carboxyl groups of short yeast peptides of aspartic acid and glutamic acid
shares in the synthesis of Ag NPs (Tsekhmistrenko et al. 2020). The components of
cytoplasmic act as electron donors for Cu2+. Such as NADH/NADPH, vitamins, and
organic acids that exist in (Shewanella loihica PV-4 Gao) used to the biosynthesis of
extracellular Cu-NPs. Cytochrome C was the primary reduction factor for electron
transfer (Lv et al. 2018). In their study, Ahmed et al. (2020) revealed the presence
of coating proteins considered essential for the long-term stabilization of biogenic
nano-materials. Roy et al. (2019) indicated that (Bacillus licheniformis Weigmann)
use silver NPs synthesis at a concentration of 1 mMwithout cell death. The organism
undergoes cell death within minutes when increasing the concentration to 10 mM.

Algae assists to form NPs by the pigments, carbohydrates, fat, proteins, nucleic
acid and secondary metabolites that it contains. This synthesis does not fabricate
any toxic byproducts. Some agents such as ambient temperature, pH, ion concen-
tration and solution incubation time affect the NPs size (Nadaroğlu et al. 2017).
Numerous methodologies for synthesizing metallic NPs have been developed using
microalgae from their corresponding aqueous salt solutions. That has an impact on
the size and shape of superior quality nanocrystals. Microalgae NPs are synthe-
sized in four ways: a) Direct use of extracted biomolecules from torn microalgae
cells, b) Taking advantage of cell-free supernatants made from cultural microalgae
media, c) Biosynthesis of NPs of varying nature from whole microalgae cells and d)
Uses living microalgae cells. The microalgae biomass is first lyophilized to obtain
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gold nanoplates and then subjected to reverse-phase high-performance liquid chro-
matography (RP-HPLC) until it isolates the gold shape-directing protein (GSP). It is
absolutely vital for shaping NPs. This protein is then brought into contact with the
aqueous solution HAuCl4, thus producing gold NPs of various forms. Low molec-
ular weight proteins (PLW) and high molecular weight proteins (PHW) which exist
in microalgae biomass are responsible for the synthesis of silver NPs. Synthesis
of algal NPs takes a comparatively shorter time compared to other biosynthesizing
methods.Microalgae can be considered a powerful nanofactory capable of producing
not only silver ion NPs, as well as other metal ions such as gold, cadmium and plat-
inum (Agarwal et al. 2019). Ahmad et al. (2019) mentioned in their review that the
AgNPs can synthesize using microalgae (Tetraselmis gracilis F. Stein, Chaetoceros
calcitrans Paulsen, Isochrysis galbana Pascher).

Diatoms are called frustules, which considered unicellular microalgae. it has a
very peculiar biomineralized silica cell wall. The diatom frustules have fucoxanthin
xanthophyll pigment. Numerous studies have proven fucoxanthin’s active role in
stabilizing silver NPs. It behaviors as the photo-reducing agent of metal ions (Grasso
et al. 2020).

Filamentous fungi have some distinctive advantages over bacteria because of
their high metal tolerance, wall binding capacity and intracellular metal absorption
capabilities. The fungal mycelial mesh can resist flow, pressure, irritation and other
conditions as compared to plant materials and bacteria, in bioreactors or in other
chambers. These are fast to grow, fabricable and easy to handle (Velusamy et al.
2016). Therefore, competent fungi can synthesize greater quantities ofNPs compared
with bacteria (Singh et al. 2018). The fungi have specific enzymes like reductases
and secrete much higher protein amounts. Used during NPs biosynthesis. Banu and
Rathod (2011) provided information on the extracellular synthesis of silverNPs using
soil-isolated fungi. (Rhizopus Stolonifer Ehrenberg) efficiently produced silver NPs.
R. stolonifer has secreted protein to the cape and stabilized theAgNPs at alkaline (pH
7). However, NPs aggregation confirmed to acid (pH 4). likewise, the temperatures
impacted on silver nanoparticle production by R. stolonifer. The study temperature
range is from 25 to 45 °C maximum production was achieved at 40 °C.

Some factors impact the characteristics of microbial biosynthesized NM. These
include pH, microbial cell concentration, temperature and precursor concentration.
The optimum pH, temperature, and concentration of NaCl were studied with the
bacterium (P. aeruginosa Schroeter) strain RB to realize a high rate of synthesis of
cadmium selenide (CdSe)NPs and high purity. The data show that P. aeruginosa
strain RB has optimal growth conditions that do not fit the optimum conditions for
NPs synthesis (Ayano et al. 2015). The influence on the type of synthesized gold
nanostructures and their relative size in yeast (Yarrowia lipolytica Harrison) strain
NCIM 3589 by changing the concentration of gold precursor salt and the proportion
of cell concentration (Pimprikar et al. 2009). The impact of temperature on gold
nanostructures releasing from cell walls into the aqueous phase and to obtain shape
anisotropy of silver NPs the bacterial growth kinetics of the bacterium (Morganella
psychrotolerans Emborg) was controlled (Ramanathan et al. 2010). The temperature
impacted the NPs size, synthesis speed and stability when synthesis of silver NPs



10 Biosynthesis and Characterization … 253

through fungi (Elamawi et al. 2018). When the temperature rose to 40zC the rate of
synthesis increased by using (T. harzianum Patouillard) in synthesis (Ahluwalia et al.
2014). Whereas higher fungal biomass protein secretion was observed at tempera-
tures ranging from 60 to 80 °C, with radial increases in surface plasmon absorbance
and synthesis rate as the temperature increased when using (Fusarium oxysporum
Gordon) in some fungal species, high temperatures indicate by a NPs synthesis
that electrons can be transferred from free amino acids to silver ions. So, increasing
temperatures between 80 and 100 °C, cause denaturation of the proteins that compose
the nanoparticle capping. This denaturation leads to NPs aggregating, increasing in
size and changes the nucleation of Ag+ ions (Birla et al. 2013). This agrees with
Husseiny et al. (2015) which reported that the activity of the enzymes is come down
as a result of unsuitable temperatures. This leads to increased nanoparticle size and
loss of stability. Du et al. (2015) noticed that a more alkaline pH resulted in the
smaller distribution of the size of NPs, shorter synthesis time and the intensity of the
dispersion increased. Due to the electrostatic repulsion of anions present in disper-
sion, these characteristics indicate improved stability (Balakumaran et al. 2015). In
addition, Nayak et al. (2011) told that the conformation of nitrate reductase enzymes
could be adjusted by the concentration of protons in the reaction medium. Thus
changes in morphology and NPs size occur. At higher pH, there is greater compe-
tition between protons and metal ions to establish bonds with regions with negative
charges, resulting in greater success of synthesis at alkaline pH (Sintubin et al. 2009).
The concentration of metal salts has an impact on extracellular silver NPs synthesis
using fungi. To get NPs with favorable physicochemical properties. Most of the
studies used AgNO3 at a concentration of 1 mM (Saxena et al. 2016; Xue et al.
2016). Reduced metal salt concentration to better dispersion and smaller NPs size
(Kaviya et al. 2011; Phanjom and Ahmed 2017). By contrast, when the concentra-
tion of the metal precursor increased, this produced a high dispersion color intensity
and very huge, irregular forms of NPs due to the competition between the silver
ions and the available functional reaction groups. In addition, a higher concentration
of AgNO3 may cause greater toxicity (Phanjom and Ahmed 2017; Shahzad et al.
2019). Microorganism perhaps mediated biosynthesis of NPs. Thus it can describe
these NPs through growing conditions and the medium of culture. Changes in those
conditions result in the synthesis of various metabolites and proteins (Costa Silva
et al. 2017). When the culture medium containing a specific substrate which induces
the enzymes to produce and release a NPs. The NPs are synthesis with smaller sizes
and high concentrations (Husseiny et al. 2015). The amount of biomass utilized can
affect the synthesis and characteristics of silver NPs. Some studies have notified
that lower biomass concentrations give higher NPs production. While others have
found higher synthesis rates using higher concentrations (Elamawi et al. 2018). Birla
et al. (2013) showed that there was a relationship between the release of the synthe-
sizing biomolecules and the amount of biomass. Thus the successful synthesis of
NPs requires an adequate balance between the amount of metal and the amount of
organic material derived from the fungus.
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10.4 Conclusion and Prospects

Living organisms used to obtainmetal NPswith easy preparation protocols, less toxi-
city, and awidevariety of applications by size and shape. Further, seek should concen-
trate on an area that remains largely unexplored is the biosynthesis of metals and their
oxide materials/NPs using microorganisms. Accordingly, there remain ample oppor-
tunities to explore new green preparedness strategies based on biogenic synthesis.
Therefore it must be understanding the contribution of biological molecules in green
NPs synthesis. Unfortunately, NPs biosynthesis has some difficulties such as poor
product quality control, lowproduction, biological cell contamination and hard segre-
gationofNPs frombiologicalmaterials.Understandingof themechanisms associated
with NPs formation is necessary to reproduce biomaterials and control morphology,
size and dispersity. One of the main challenges in microbial nanobiosynthesis is
controlling the dispersity of nanostructured materials, which greatly influences elec-
tronic and optical properties as well as plural form isolation and purification. Biosyn-
thesis of microbial NPs could be improved by selecting suitable microbial strains (in
terms of growth rate and biocatalytic activity), optimizing crop conditions and using
genetic engineering tools could help overcome the disadvantages of slower produc-
tion rates and polydispersity. The properties of nanoparticles differ substantially from
similar macroparticles and from the substances were obtained from. These properties
depend on their composition, size, nature, charge, shape, structural, characteristics,
both the surface of the nanoproduct itself and themethods of preparation. Such unique
features make nanoparticles more practical in biology and medicine. Likewise, for
extending laboratory-basedwork to an industrial scale and to be applied extensively in
the field of agriculture, environmental, pharmaceutical, food and cosmetic industries,
there is need to know the interaction between nanoparticles and biological molecules
such as proteins, carbohydrates and lipids. Future research must, therefore, focus on
the various interactions between them. Also, it is promising to study the possibility of
using one type of microorganism to synthesize nanoparticles of different elements.
Furthermore, the subsequent studies should concern about production of nanopar-
ticles for biocompatible substances, not as a final product but as feedstock. These
have certain unique properties and can be used in many areas without side effects.
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Chapter 11
Utilization of Nanofertilizers in Crop
Tolerance to Abiotic Stress

Khaled F. M. Salem, Maysaa T. Alloosh, Maysoun M. Saleh,
Lina M. Alnaddaf, Abdulsalam K. Almuhammady,
and Jameel M. Al-Khayri

Abstract Abiotic stresses severely affect plant growth, development, production
and quality. These stresses are the main reason for decreased productivity worldwide
accompanied by an increasing human population. This necessitates developing novel
solutions to achieve sustainability and overcome these problems. Recently, a new era
has begun to emerge, the era of nanotechnology. It improved the ability crops to deal
with abiotic stress and primary or secondary metabolic function. The present chapter
provides insight on the relationship between abiotic stresses and nanotechnology
together with nanofertilizers, their characteristics/roles as well as their comparison
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with conventional fertilizers. Moreover, this chapter not only highlights the interac-
tion between NPs and plants on several growth stages, but also the importance of
nanotechnology in the purification of irrigation water, the effect of different nanopar-
ticles on crops cultivated under abiotic stress with their possible toxicity impact on
plants.

Keywords Abiotic stress · Biosynthesis ·Mitigation of abiotic stresses ·
Nanofertilizer · Nanoparticles · Sustainability development

11.1 Introduction

Plants are constantly subjected to various abiotic stress, from the germination of
seeds through to the entire life cycle. These stresses are generally divided into two
groups, biotic (biological) and abiotic (non-biological). The most significant abiotic
stresses are drought, salinity, temperatures and low soil fertility which limit agricul-
tural productivity, almost everywhere in the world (Hussain et al. 2020; Linh et al.
2020; Nawara et al. 2017; Salem and Matter 2014; Salem et al. 2007; Savita and
Singh 2020; Sun et al. 2020; Zhao et al. 2020). Among these problems, drought and
nutrient deficiency are major problems, mostly in developing countries, where the
income of rural people depends on agriculture (Verma 2016). Farooq et al. (2009)
reported that drought caused the yield to decrease between 13 and 94% in many
crops. Depending on future scenarios, adaptation and mitigation are necessary to
increase the resilience of agricultural systems and ensure crop productivity and
quality (Mariani and Ferrante 2017). Food production needs to be increased to meet
the demands of an increasing population (Population Institute 2017), so there is a
need to use new methods in small concentrations to overcome all these challenges.

Nanotechnology seems to be the best solution (Panwar et al. 2012). As a result
of their distinctive properties, NPs emphasize crop growth even in harsh conditions
(Giraldo et al. 2014). In general, NPs are materials with dimensions ranging from 1
to 100 nm (Ali et al. 2017; Ball 2002; Khan et al. 2017). The size of NPs that passes
and accumulates within plant cells is often between 40 and 50 nm (Corredor et al.
2009; González-Melendi et al. 2008; Sabo-Attwood et al. 2012; Taylor et al. 2014).
It happens in the transition region between individual and bulk materials, and hence
the NPs have uniquely different properties from their molecular and bulk counterpart
(Campbell et al. 1996; Kroto et al. 1985; Taylor and Walton 1993). However, NPs
shape and chemical composition are factors that affect absorption (Ma et al. 2010;
Pérez-de-Luque 2017; Rico et al. 2011), while in some cases morphology is consid-
ered specific (Cunningham et al. 2018; Pérez-de-Luque 2017; Raliya et al. 2016).
Nanomaterial versatility and surface coating can change and modify the properties
of plant absorption and accumulation (García-Gómez et al. 2018; Judy et al. 2012;
Moon et al. 2016; Song et al. 2013; Vidyalakshmi et al. 2017; Zhu et al. 2012).
As a result, nanomaterials have special properties such as large specific surface
area, high surface energy and quantitative restriction. These improve the solubility
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properties of biologically active components in the cellular matrix. The use of nano-
materials in agriculture improves agricultural practices efficiency and sustainability
by adding fewer chemicals and creating less waste compared to traditional products
and approaches.

More interest is devoted to the role of nano-fertilizers in rising nutrient use effi-
ciency and purification of water (Rasouli et al. 2013), in addition to their positive
roles in reducing the negative effects on a plant caused by different abiotic stresses,
resulting in rising crop yields. Defining the exact benefit concentration of NPs is
very important to avoid their toxicity on plants Landa et al. (2012), which differs
according to the type ofNPs itself, plant stage during the application and nanoparticle
concentration.

This chapter presents an overview of the applications of nanoparticles under
abiotic stress as nanofertilizers, characteristics of nanofertilizer, responses of
different crop growth stages to nanoparticles, purification of irrigation water, the
toxicity of nanomaterials to crops and its effects on different growth stages of plants
under abiotic stresses.

11.2 Nano Fertilizers

11.2.1 Nanofertilizers Role

Plants essentially require sunlight, water (H2O), carbon dioxide (CO2) and numerous
chemical elements to grow and develop. The plant may acquire chemical elements
from the soil through roots or shoots between those components (Marschner 1995).
Those obtained from the soil are considered nutrients in mineral form. Some gaseous
form mineral nutrients, ammonia (NH3) or sulfur dioxide (SO2) join the leaves
through the stomata. Carbon (C), hydrogen (H) and oxygen (O) are CO2 and
H2O derived and are not regarded as mineral nutrients. Of sixteen critical plant
growth elements, those needed at low concentrations are referred to as micronutri-
ents (<0.5 g/kg of plant dry weight), iron (Fe), copper (Cu), zinc (Zn), manganese
(Mn), boron (B), molybdenum (Mo), nickel (Ni), sodium (Na), chlorine (Cl) and
silicon (Si) and those necessary at high concentrations are referred to as macronu-
trients (>0.5 g/kg of plant dry weight), nitrogen (N), phosphorus (P), potassium
(K), magnesium (Mg), calcium (Ca) and sulfur (S) (Fig. 11.1). After reaching the
plant cell, its metabolism involves the translocation of mineral nutrients to different
locations. The list of all macro and micronutrients and their roles and deficiency
symptoms within the plant system are summarized in (Tables 11.1 and 11.2). It can
apply chemical fertilization to provide the plant with the macro and micronutri-
ents it needs. This chemical fertilization may increase pollution of the environment
once overuse. These include leaching, runoff, emission and eutrophication of aquatic
ecosystems (Adesemoye and Kloepper 2009; Adesemoye et al. 2009; Flessa et al.
2002; Ma et al. 2007; Vessey 2003; Yang et al. 2009).
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Mineral Nutrient-Based 
Nanofertilizers

Macro-nanofertilizers
> 0.5/kg dry weight

Primary
macro-

nanofertilizers

Nitrogen (N)

Phosphorus (P)

Potassium (K)

Secondary
macro-

nanofertilizers

Calcium (ca)

Sulfur (S)

Magnesium (Mg)

Micro-nanofertilizers
< 0.5/kg dry weight 

Micro-nutrients 
nanofertilizers

Iron (Fe)

Zinc (Zn)

Manganese (Mn)

Copper (Cu)

Boron (B)

Molybdenum 
(Mo)

Micro-nutrients 
non

nanofertilizers

Chlorine (Cl)

Nickel (Ni)

Sodium (Na)

Fig. 11.1 List of all macro and micronutrients (Constructed by K.F.M. Salem)

Nanofertilizers can surpass conventional fertilizers, as nutrients are encapsu-
lated/coated with a thin film of nanomaterials in nanofertilizers or provided as
emulsions or as NPs (Derosa et al. 2010). Nanomaterials, particularly metallic and
carbon-based NPs, aremanufactured for improved crop growth and development and
high yield. Also, these are used for assimilation purposes, nutrient translocation and
compound storage (Nair et al. 2010). Positive effects of nanotechnology have been
documented on many crops, including wheat (Triticum aestivum L.) (Storozhenko
et al. 2019), soybean (Glycine max L.) (Agrawal and Rathore 2014; Linh et al. 2020),
spinach (Spinacia oleracea L.) (Gao et al. 2006), maize (Zea mays L.) (Sun et al.
2020) and peanut (Arachis hypogaea L.) (Giraldo et al. 2014), both physiological
and morphological. Some impacts of nano-fertilizers can be through: (a) Increase
germination level by raising its ability to absorb water, (b) Improve root and shoot
length, (c) Establish vegetative biomass, (d) Greater photosynthetic efficiency due
to increased light retention and light diffusion in the plant and (e) Assimilation of
nitrogen enhanced by nitrate reductase action.
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Table 11.1 Role of different macronutrients and their roles and their scarcity indicators

Mineral Mineral available type Mineral roles Scarcity indicators

Nitrogen (N) Found in soils in organic
type (98%), and both of
(immo−4 bile) NH+, and
(highly mobile) NO3 types
as inorganic types.
When plants are harvested,
nitrogen is often lost
(Preetha and Balakrishnan
2017)

An essential element of
genetic material and
proteins, so plant require
it in high quantity

Falling yellowish
leaves, stunted
growth, low Protein
level, poor fruit
development

Phosphorous
(P)

Found in soils as organic
and mineral types.
According to Preetha and
Balakrishnan (2017), Plants
attain Phosphorous as HPO4
and H2PO4 which are found
in small quantities in soils

Essential element
membranes, nucleic acid,
ATP and phospholipids

Uncompleted growth,
Necrotic spots and
leaves changes to
purple

Potassium
(K)

Preetha and Balakrishnan
(2017) mentioned that
potassium consider as an
essential mineral in plants
which play the main role in
biochemical and
Physiological processes to
keep a plant alive, since it
maintains water use
efficiency, enzymatic
functions, synthesis of
protein, photosynthesis and
carbohydrates translocation

Enhance cell turgor
pressure, increase plant
resistance to some
diseases, maintain
photosynthesis enzymes,
play a role in proteins,
starch and simple sugar
synthesis, carbohydrates
translocation, stomatal
movements and nitrates
reduction

Mottle spots lead to
increase of plant
susceptibility to
diseases

Calcium (Ca) Found as Ca+2 ions Control membrane
function and structure,
and play role in cell
division, cell wall
synthesis and
intracellular messenger in
the cytosol

If deficient, leads to
curled leaves,
reduction in root
growth, cracked fruits
and insufficient fruit
storage

Magnesium
(Mg)

Found as Mg+2 (divalent
cation), chlorophyll
molecule element

Many functions in plant
respiration,
photosynthesis and other
biochemical and
physiological processes,
and enzymes activations

Leaves Chlorosis,
mostly in the older
ones

(continued)
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Table 11.1 (continued)

Mineral Mineral available type Mineral roles Scarcity indicators

Sulfur (S) Found in many types: basic
sulfur (S), sulfides (S−), and
sulfate (SO−

2 ) types in 4 soil

where SO−
2 types are 4 up

taken by plants

The element of vitamin A
and amino acids

Reduction in the
synthesis of protein
and content of leaf
chlorophyll

Source Solanki et al. (2015)

11.2.2 Characteristics of Nanofertilizer

Some of the properties of nanofertilizers that make it useful and beneficial over
conventional fertilizers are:

(a) Higher surface area: Improvingnutrient absorption andnutrient efficiency.This
is a result of increased surface area and enhancing nanofertilizer reactivity with
other compounds.

(b) High solubility: The nanofertilizer is highly soluble in a variety of solvents
including water. This nanofertilizer property assists in the solubilization
and dispersion of insoluble nutrients in the soil and thus increases nutrient
bioavailability (Singh et al. 2017).

(c) Small particle size: The particle size of nanofertilizers is less than 100 nm,
which increases the ability of nanofertilizers to penetrate plants from applied
surfaces such as soil or leaves and thus increases plant nutrient absorption
(Liscano et al. 2000).

(d) Fertilizer encapsulation at NPs: There is an increase in nutrient availability and
uptake in crop plants (Tarafdar et al. 2012a, b), zeolite-based nanofertilizers
increase nutrient availability in crops during the growth cycle and prevent
nutrient loss through denitrification, volatilization and leaching and fix nutrient
in the soil.

(e) Fast penetration and controlled fertilizer release: Due to the high penetration
rate, nanofertilizers play an important role in increased plant nutrient avail-
ability, subsequently, healthy growth of seedlings and minimizes fertilizer
toxicity. Nano-ZnO usage provides a higher percentage of germination and
root growth peanut seed compared to zinc sulfate in bulk (Prasad et al. 2012).

(f) Nanofertilizers efficiency of nutrient absorption: This improves the proportion
of soil nutrient absorption in crop production. Also, nano-fertilizers reduce
fertilizer leaching loss (Cui et al. 2010).

(g) Nanofertilizers release period: The activated nutrient release period in bulk
fertilizers are effective in the short-term; however, the nutrient release period
may be extended with nanofertilizers.



11 Utilization of Nanofertilizers in Crop Tolerance … 267

Table 11.2 Role of different micronutrients and their roles and their deficiency symptoms

Mineral Mineral nutrient and
its availability

Physiological role Mineral deficiency
symptoms

Iron (Fe) Present as Fe+2

(ferrous) and Fe+3

(ferric) ions

Involved in redox
reactions, required for
the synthesis of
chloroplast protein
complexes in
chloroplast

Intravenous chlorosis,
whitening of leaves

Zinc (Zn) Present as Zn+2 ions An important element of
many enzymes (alkaline
phosphatase, alcohol
dehydrogenase and
carbonic anhydrase),
consider as a structural
factor of ribosomes,
enhance the
bio-membranes integrity

Reduction in internodes,
and leave area which
leads to stunted growth,
death of shoot apices
when zinc is extremely
insufficient

Manganese (Mn) Ions of Mn+2 The enzymes of
photosynthetic reactions
and Krebs cycle are
activated by manganese

Necrotic spots with
chlorosis between veins

Copper (Cu) Found as Cu+2 Bound with enzymes of
redox reactions
(plastocyanin)

Dark green leaves,
necrotic spots arising
from the tip and
extending toward the
margin

Silicon (Si) Found in soils as
SiO2

The hydrated
amorphous form of
silica (SiO2·NH2O)
plays an important role
in the cell wall,
intercellular spaces and
endoplasmic reticulum

Fungal infection and
lodging susceptibility are
increased

Chlorine (Cl) (Cl−) chlorine ions Necessary for both
photosynthesis and cell
division

Leads rarely to wilted
leaf and later necrosis
and chlorosis

Boron (B) Found as boric acid
(H3BO3) and borate
(H2BO3)

Enhance many
processes like cell
elongation, synthesis of
nucleic acid and
membrane functions,
regulate cell cycle

Immature leaves with
black necrosis, loss of
apical dominance is lost
gradually leads to raise
the number of branches

(continued)



268 K. F. M. Salem et al.

Table 11.2 (continued)

Mineral Mineral nutrient and
its availability

Physiological role Mineral deficiency
symptoms

Sodium (Na) Found as Na+ ion Stimulates growth by
affecting cell expansion
and water balance of
plants replaces
potassium (K+) as a
solute, participates in
C4 and crassulacean
acid meta bolism CAM
pathways

Chlorosis, necrosis

Molybdenum (Mo) Found as Ions of
MoO4

−
Play role in assimilation
of nitrate and fixation of
nitrogen via being a
constituent of
nitrogenase and nitrate
reductase enzymes

Necrosis, abscission of
flowers and chlorosis

Nickel (Ni) Predominantly
found as Ni+2

Urease component Urea accumulates in leaf
and then necrosis

Source Solanki et al. (2015)

11.2.3 Comparison Between Nanofertilizers
and Conventional Fertilizers

Nanofertilizers are utilized to increase nutrient efficiency and to reduce pollution
(Chinnamuthu and Boopathi 2009). Using nanofertilizers appears to be an important
option for satisfying the nutritional needs of field crops. This provides for the gradual
release of plant-absorbed nutrients. Nanofertilizer types include nano-coated nutrient
encapsulations, or nano-material emulsions (DeRosa et al. 2010). NPs are more
efficient in nutrient retention because of their unique surface properties than those
of the usual materials used in chemical fertilizer manufacturing (Sasson et al. 2007)
(Table 11.3).

11.3 Responses of Crop Growth Stages to Nanoparticles

The interaction between NPs and plants causes several modifications in plant struc-
tures (Cox et al. 2017) which differ according to some factors like NPs efficient
concentration, reactivity and plant stage (Khodakovskaya et al. 2012).
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Table 11.3 Comparison of
the use of conventional
fertilizers and nanofertilizers

No Properties Nano-fertilizers Conventional
fertilizers

1 Solubility High Low

2 Adsorption
capacity

Low High

3 Bioavailability High Low

4 Nutrient uptake
efficiency

High Low

5 Release of
nutrients

Slow Rapid

6 Loss rate Low High

Source Miransari (2011)

11.3.1 Germination

The usage of iron oxide (Fe2O3) NPs enhances the root germination and growth of
plants (Liu et al. 2016; Sarvendra-Kumar et al. 2015). Also, lettuce and cucumber
germination rate were increased by iron oxide NPs usage (Antisari et al. 2015),
as well as for each of barley and ryegrass (El-Temsah and Joner 2012). The NPs of
Fe2O3 reduced the roots conductivity in sunflower (Helianthus annuus L.) (Martínez-
Fernández et al. 2015). The treatment of maize with TiO2 NPs resulted in better root
growth (Andersen et al. 2016). Boonyanitipong et al. (2011) reported that titanium
dioxide (TiO2) NPs had a better positive effect than zinc oxide (ZnO) NPs on rice
roots number and root length. Ruffini Castiglione et al. (2011) mentioned that grains
of maize treated with high doses of TiO2 NPs solutions caused root elongation.
Also, Feizi et al. (2012) declared that TiO2 NPs in specific concentrations supported
wheat grains germination. Seedling development of broad bean (Vicia faba L.) was
enhanced with the applying of TiO2 NPs (Ruffini Castiglione et al. 2016). Larue et al.
(2013) studied the effects of TiO2 NPs on wheat plant growth, they found that root
elongation was motivated. Mattiello et al. (2015) found that the barley germination
was not influenced by applying cerium oxide (CeO2) NPs even at high levels, and
the roots elongation of the treated seedling was reduced (Fig. 11.2). López-Moreno
et al. (2010b) reported a reduction in root elongation in alfalfa (Medicago sativa
L.) and the germination of corn plants treated with moderate concentrations of CeO2

NPs. According to López-Moreno et al. (2010a), the root growth of soybean plantlets
increased in treated plants with cubic CeO2 NPs.



270 K. F. M. Salem et al.

Fig. 11.2 Impact of CeO2 NPs on barley germination (Source Mattiello et al. [2015])

11.3.2 Vegetative Stage

Plant shoot growth can be improved when using iron oxide NPs (Wang et al. 2011).
Scientist results indicated a positive impact of applying iron oxide NPs in specific
concentrations for vegetative growth in many plants (Bombin et al. 2015). Results of
Asli andNeumann (2009) indicated negative effects on leave growth and transpiration
after applying TiO2 NPs to maize. An investigation about the impact of using TiO2

NPs on mung bean (Vigna radiata L.) revealed a significant increase in plant growth,
stem length, proteins and chlorophyll content (Raliyaa et al. 2015). Some scientists
examined the potential impact ofTiO2 NPs relating to symbiotic systems inmedic and
pea plants responsible for nitrogen fixation which leads to improving total biomass
(Chen et al. 2015; Fan et al. 2014). Chlorophyll content in corn plants was increased
by using Fe2O3 NPs (Li et al. 2016). The usage of Fe2O3 in transgenic wheat led to
an increase in the antioxidant enzyme activities (Gui et al. 2015). The chlorophyll
content, plant height, total biomass and the accumulated nutrients (copper, zinc,
magnesium, iron, phosphorus and potassium) were all increased in barley treated
with CeO2 NPs (Rico et al. 2015a).
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11.3.3 Reproduction Stage

Total biomass of many crops like wheat, rice, soybean and peanut, is raised as a result
of applying iron oxide NPs (Chittaranjan et al. 2013). Regarding barley, the result
revealed increasing the synthesis of both lysine and proline due to the formation of
the high level of amino acids in grains grown in soil amended with a specific concen-
tration of CeO2 NPs, while the higher concentration of CeO2 NPs harmed grains
formation (Rico et al. 2015b), accompanying with the reduction of amylase content
(Pošćić et al. 2016). Changes in wheat nutritional value concerning the number and
size of the endosperm starch granules confirmed the impact of CeO2 NPs on final
wheat quality (Du et al. 2015). Regarding maize (Zea mays L.) the final yield (quan-
tity and quality) was negatively affected by adding CeO2 NPS (Zhao et al. 2015).
The results of Majumdar et al. (2015) clarify the possible negative effects of CeO2

NPs on kidney beans quality.

11.4 Purification of Irrigation Water

Inadequate sources of pure water, with the increasing demand for some sectors to
water, affect agriculture sustainability. Applying new irrigation methods to reduce
water loss is not always an effective way to overcomewater shortage especially in the
dry areas, the purification of non-traditional water sources seems to be a promising
solution (Ghermandi and Messalem 2009). NPs are used in purifying water and in
environmental management (Chekli et al. 2013; Zuverza-Mena et al. 2017).

For sufficient irrigation, NPs can be implemented as nanofilters to eliminate
turbidity, unsafemicroorganisms (fungi, viruses, bacteria) organic solids and specific
ions to avoid their negative impacts on crops like yield reduction (Rasouli et al.
2013), unfavorable crop quality (Bernstein et al. 2011), damaging crop adaptability
(Liu et al. 2013) and decreasing cultivation choices of crops (Levy and Tai 2013)
with no need to use any disinfectants (Mrayed et al. 2011; Riera et al. 2013). Sharma
et al. (2009) referred to the green synthesized silver (Ag) NPs, which can be used to
filter water from pollinated materials.

Also,many scientists declared thatwastewater used for irrigation could be purified
by applying specific NPs (Li et al. 2014; Zhao et al. 2013). The natural pollutants
could be perfectly thrown away fromwaterwhen treatedwith iron oxideNPs (Li et al.
2015; Zhao et al. 2015). NPs of TiO2 and Fe are both used to purify contaminated
water (Mc Murray et al. 2006; Mueller et al. 2012). Heavy metals accumulate in
water cause a risk of contamination (Rastmanesh et al. 2018), which threatens the
entire environment (Santhosh et al. 2016) as well as all creatures (Dalzochio et al.
2018).

For water purification, the usage of conventional methods is not sufficient
anymore, Qu et al. (2013) and Zhang et al. (2016) declared that nanomaterials can
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purify water successfully because of their high reactivity and large surface area. The
oxidized carbon nanotubes have a good ability to adsorb heavy metals from polluted
water (Lau et al. 2015; Liu et al. 2012).

11.5 Nanomaterials Toxicity to Crops

According to many scientists, NPs may revise the plant physiology, morphology,
biochemistry and modify gene expression (Shweta et al. 2016; Siddiqui et al. 2015;
Singh et al. 2016; Tripathi et al. 2016) (Fig. 11.3).

DeRosa et al. (2010) proved that carbon nanotubes and NPs disrupting the plant
surface tissues of tomato (Solanum lycopersicum L.) roots and seeds. Also, the toxi-
city of copper oxide (CuO)NPs in pea (Pisum sativum L.) was documented byOchoa
et al. (2017). Tripathi et al. (2017) found in pea (Pisum sativum L.), that the invest-
ment of nitric oxide could ameliorate the toxicity of (ZnO and Ag) NPs. Growth of

Single-walled carbon nanotube (SWCNT), Multi-walled carbon nanotube (MWCNT), Iron (Fe), Gold 

(Au), Cerium oxide (CeO2), Iron oxide (Fe2O3), Zinc oxide (ZnO), Titanium oxide (TiO2), Fullerene, 

Graphene etc.

Seed germination 

inhibited

Reduced root and

shoot length

Reduced

biomass

More uptake of nutrients
Induction of several

anti-oxidative enzymes

Upregulation of stress

related genes

Imbalanced photosynthesis and 

transpiration

Highly condensation of 

chromosomes

leads to call death

Others like: Lipid peroxidation, 

non cyclic photophosphorylation

Fig. 11.3 The toxicity of different NPs in the plant (Source Adapted from Shweta et al. [2018])
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Fig. 11.4 The toxicity of NPs in the entire plant (Source Shweta et al. [2018])

maize root hairs is inhibited when treated with single-walled carbon nanotubes (Yan
et al. 2013). Also, Aken (2015) mentioned the effect of NPs on the photosynthetic
pathway genes. Shweta et al. (2016) discovered the effect of both gold (Au) and
Ag NPs on the reaction center of photosynthesis and quantum yield (Fig. 11.4). A
significant reduction in (Arabidopsis thaliana L.) growth was observed when treated
by Ag NPs at specific doses (Kaveh et al. 2013). Results of genome analysis by
Landa et al. (2012) revealed that the usage of 100 mg/L of ZnO NPs on (Arabidopsis
thaliana L.) reduced the biomass and resulted in phytotoxic effects. Carbon NPs
raised the plant susceptibility to some abiotic stresses (Wang et al. 2014).

Growth of wheat (Triticum aestivum L.) was disrupted, and gene expression was
modified in the presence of Ag NPs (Dimkpa et al. 2013). In broad bean (Vicia faba
L.), the ascorbate peroxidase and glutathione reductase activities were declined in
the existence of TiO2 NPs (Foltête et al. 2011; Rico et al. 2015b). Shen et al. (2010)
noticed that treating the cells of the rice plant to single-walled NPs caused the death
of cells and DNA damage. Homologous recombination, mutation and DNA damage
were observed by López-Moreno et al. (2010a) when he treated soybean with CeO2

and ZnO NPs. Increasing in chromosomal aberrations and reduction of the mitotic
index was noticed by Patlolla et al. (2012) in broad bean (Vicia faba L.) after the
treatment of Ag NPs.
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11.6 Effect of Nanofertilizers on Different Growth Stages
of Plants Under Abiotic Stresses

Nanofertilizers (NFs) are widely used as soil and spray-based applications in fruit
crop nutrition which provide high-efficiency nutrients and low waste due to their
faster and higher translocation to different parts of plants. NFsmove through different
pathways (apoplastic, symplastic, lipophilic, and hydrophilic) after penetration of
the leaf or root tissue, affecting their efficacy, final fate and may also change their
properties and thus they communicate, distribute andmove inside plant tissues,which
may result in different reactions of different plant sections of the same NP. Mineral
nutrients play an important role in plant growth andmetabolism. There are twomajor
nanonutrient fertilizer types: (a) macronanofertilizers and (b) micronanofertilizers.
Recent studies in which positive effects of nanonutrients fertilizer on plants were
observed under different abiotic stresses (Table 11.4).

Drought, salinity, heat and toxic metals are considered as main threatened factors
for plants and food security (Calanca 2017; Sha Valli Khan et al. 2018) and had
effects on the extent and structure of minor metabolism in crops (Javed et al. 2017;
Masarovičovà et al. 2019) (Fig. 11.5). Improvement of crop tolerance to specific
abiotic stress is an essential objective for breeders (Bechtold and Field 2018; Sha
Valli Khan et al. 2018). To alleviate the effects of abiotic stresses on crops, the usage
of metal NPs can be a successful solution (Khan et al. 2017).

11.6.1 Drought

Water shortage, water deficit or inadequate available water, are all refer to drought
which causes morphological, physiological and biochemical changes ending with
decreasing in the final crop yield (Kumar et al. 2018). Ghassemi and Farahvash
(2018) found in the wheat flowering stage, that the usage of Zn NPs on leaves, had
an affirmative result on plant height, and led to rising the relative water content in
wheat, yield and yield traits. Mozafari et al. (2018) reported the possibility of using
a combination of salicylic acid and Fe NPs to guarantee better quality and higher
quantity in the strawberries in vitro culture and improve strawberry adaptation to
drought in the first stages of life. Cotton traits and productivity under drought stress
can be emphasized by foliar usage of selenium oxide (SiO2) and TiO2 NPs (Shallan
et al. 2016). The usage of CeO2 NPs increased the rates of carbon assimilation and
grain yield under drought stress in sorghum (Sorghum bicolor L.) (Djanaguiraman
et al. 2018b). Results of Haghighi et al. (2013) indicated the improvement of the
germination rate of tomato cultivated under water stress when using Si NPs.
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Table 11.4 Some recent studies in which positive effects of NPs on plants were observed under
different abiotic stresses

Abiotic stress Crop NPs used Reference

Post-harvest Parsley (Petroselinum
crispum L.)

Copper (Cu) Ouzounidou and Gaitis
(2011)

Salinity Tomato (Lycopersicon
esculentum L.)

Silicon (SiO2) Haghighi et al. (2012)

Chilling Wheat (Triticum
aestivum L.)

Biogenic silver NPs Bhati-Kushwaha et al.
(2013)

Cold Chickpea (Cicer
arietinum L.)

Titanium dioxide
(TiO2)

Mohammadi et al.
(2013a, b)

Drought Soybean (Glycine max
L.)

Zinc oxide (ZnO) Sedghi et al. (2013)

Drought Safflower (Carthamus
tinctorious L.)

Iron (Fe) Davar et al. (2014)

Heat and cold Tomato (Lycopersicon
esculentum L.)

Sodium selenate
(Na2SeO4)

Haghighi et al. (2014)

Mineral nutrient Pearl millet
(Pennisetum
americanum L.)

Zinc oxide (ZnO) Tarafdar et al. (2014)

Drought Maize (Zea mays L.)
and Wheat (Triticum
aestivum L.)

NPs of analcite Zaimenko et al. (2014)

Waterlogging Soybean (Glycine max
L.)

Al2O3 Mustafa et al. (2015)

UV radiation Waterweed (Elodea
nuttallii (Planch.) H.
St. John)

Copper (Cu) Regier et al. (2015)

Salinity Maize (Zea mays L.) Nitric oxide-releasing
chitosan

Bruna et al. (2016)

Drought Lentil (Lens culinaris
L.)

Silver (AgNPs) Hojjat (2016)

High CO2 Rice (Oryza sativa L.) Titanium dioxide
(TiO2)

Du et al. (2017)

Salinity Wheat (Triticum
aestivum L.)

Zinc oxide (ZnO) Fathi et al. (2017b)

Salinity Fenugreek (Trigonella
foenum-graecum)

Silver (AgNPs) Hojjat and Kamyab
(2017)

Heat Wheat (Triticum
aestivum L.)

Silver (AgNPs) Iqbal et al. (2017)

Mineral nutrient Rice (Oryza sativa L.) Nano-potassium Lemraski et al. (2017)

Drought Wheat (Triticum
aestivum L.)

Zinc and Copper Taran et al. (2017)

(continued)
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Table 11.4 (continued)

Abiotic stress Crop NPs used Reference

Salinity Broad bean (Vicia
faba L.)

Titanium dioxide
(TiO2)

Abdel Latef et al. (2018)

High temperature Sorghum (Sorghum
bicolor L.)

Selenium
(Se)

Djanaguiraman et al.
(2018a)

Heavy metals Wheat (Triticum
aestivum L.)

Zinc oxide (ZnO) Hussain et al. (2018)

Drought Wheat (Triticum
aestivum L.)

Zinc and Copper Storozhenko et al.
(2019)

Drought Maize (Zea mays L.) Zinc oxide (ZnO) Sun et al. (2020)

Abiotic Stresses

Fig. 11.5 Main types of abiotic stress that threaten plants (Constructed by M.M. Saleh)
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11.6.2 Salinity

Globally, soil salinity puts the most important food crops in danger (Majeed et al.
2018) (Fig. 11.6). Salinity inhibits plant ability to absorb water and reduces plant
growth (Parihar et al. 2015). Babaei et al. (2017) found that grain yield of treated
wheat plants with (Zn, Fe) oxide NPs under salt stress was increased. The negative
effects of salinity were reducedwhenAlharby et al. (2016) applied ZnONPs in callus
culture of five tomato varieties exposed to NaCl stress. Thuesombat et al. (2016)
concluded that the treatment of rice (Oryza sativa L.) grains with Ag NPs revealed
an increase in root growth after the cultivation of plantlets in a salty nutrient solution.
In tomato, the usage of CuNPs can enhance salinity tolerance Hernandez-Hernandez
et al. (2018).

Results of Farhangi-Abriz and Torabian (2018) indicated that applying SiO2 NPs
to soybean was useful in enhancing plant growth under salt stress. Alsaeedi et al.
(2017) alleviated the negative effects of salinity on bean plantlets when they used
SiO2 NPs. Hussein and Abou-Baker (2018) reported that fertilizing cotton with Zn
NPs led to the mitigation of salinity influence.

Latef et al. (2017) found that the usage of ZnO NPs insured the best development
of (Lupinus termis L.) plants under salt stress. Concerning maize (Zea mays L.),
the foliar applying of Fe2O3 and ZnO improved root growth and played a role in
mitigation salinity effects (Fathi et al. 2017a). Almutairi (2016) suggested using of Si
NPs as a contributor factor to increase tomato salinity tolerance. Siddiqui et al. (2014)
applied SiO2 NPs on squash plants to develop their resistance to salinity. Concerning
sunflower crop, Torabian et al. (2017) found that FeSO4 NPs could increase plant
biomass under saline conditions. Usage of TiO2 NPs led to enhancing root and shoot
length in cultivatedmaize (ZeamaysL.) under salinity conditions (Mutlu et al. 2018).
Rossi et al. (2016) declared that despite the salinity could not reduce, but the applied
CeO2 NPs in (Brassica napus L.) plants improved their response to salt stress.

Fig. 11.6 Distribution of affected lands by salinity in the world (This diagram was constructed by
M.M. Saleh based on FAO data 2015)



278 K. F. M. Salem et al.

11.6.3 Heavy Metals

Higher concentrations of heavy metals in agricultural soils (like arsenic As,
chromium Cr, lead Pb, Cadmium Cd) are destructive to plants and all living system
and lead to raising their uptake by crops resulting in economic losses, yield reduc-
tion, and significant risks concerning food safety (Kràľovà et al. 2019). Specialists
affirmed the effective utilization of NPs to counteract the various effects of heavy
metals on crops (Liu et al. 2018; Rizwan et al. 2018). Huang et al. (2018) declared
that Fe3O4 NPs caused an effective reduction in As absorption of rice under low As
concentrations. According to Mohammadi et al. (2018) reduction of the uptake of
Cr in sunflower root and shoot can be achieved when using Fe NPs. The reduction
of accumulated Ca in rice be attained when using Fe3O4 NPs (Sebastian et al. 2017).

The harmful impact of rice Japonica seedlings had mitigated by applying CuO
NPs (Liu et al. 2018). A spray of Si NPs to rice variety Xiangzaoxian diminished
the accumulated Cd in grains and decreased its accumulation in roots (Chen et al.
2018). Optimistic effects of ZnO NPs foliar usage on the wheat planted under Cd
stress were noticed by Hussain et al. (2018). CeO2 NPs reduced Cd translocation
from roots to vegetative parts of soybean crop (Rossi et al. 2018). Levels of absorbed
Cd in the root, shoot and grains of wheat cultivated in high concentration Cd soil,
were significantly reduced when priming wheat seeds with ZnO NPs (Rizwan et al.
2018).

Cai et al. (2017) applied 1000 mg/L of TiO2 NPs to rice plants exposed to a high
concentration of Pb, their results referred to the reduction of Pb in roots and shoots.
Relating to rice, the TiO2 NPs considerably diminished Cd in plants and enriched
each of plant growth, photosynthesis, and decreased Cd absorption and translocation
in all plant parts (Ji et al. 2017). Results of Tripathi et al. (2015) clarified the role
of Si NPs in protecting pea (Pisum sativum L.) seedlings from the harmful impact
of Cr via decreasing its accumulations in plant and increasing plant growth. Singh
and Lee (2016) confirmed the function of TiO2 NPs in declining the Cd toxicity and
enhancement growth parameters in soybean.

11.6.4 Heat

Some variations in plant traits occur under heat stress (Waraich et al. 2012), besides
modification in lipids structure and proteins-lipids relations (Yue and Yun 2018).
Plants regulate their physiological response and homeostasis during their adaptation
procedures when exposed to high temperatures stress (Nievola et al. 2017).

Valuable results were indicated by Iqbal et al. (2017) about the availability of
protection wheat plants under high-temperature stress up by using Ag NPs which
improved root and shoot length and other traits. Djanaguiraman et al. (2018a)
indicated that the foliar treatment of Se NPs on sorghum cultivated under high-
temperature stress 38 days/28 °C night improved the activity of antioxidant enzymes
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and diminished the oxidants content, which led to protect plants from negative effects
of oxidative destruction as a result of high-temperature stress.

López-Moreno et al. (2017) referred that although heat may revise the interaction
between plant and applied NPs, root growth in maize increased when applying ZnO
NPs which enhances their plant response to heat stress. In tomato leaves, Qi et al.
(2013) guarantied the beneficial effect of TiO2 NPs in protecting the photosynthesis
process under mild high temperatures stress.

11.7 Conclusion and Prospects

There is no doubt that nanotechnology is an emerging field. The use of nanotech-
nology technology and NPs in various agricultural fields are still in the initial stage,
especially in bearing different environmental stresses. Also, due to the unique prop-
erties of NPs, the poisonous effects of some NPs have been confirmed on different
crops. But so far, research focusing on understanding the positive effects of NPs on
economic crops grown as an alternative to chemical fertilizers used in agriculture
remains unfinished. Although, in recent studies, several preliminary studies have
been conducted on this subject that has given many hopes to agricultural scientists
of the possibility of using nanotechnology to improve the production of economic
crops under normal and stress conditions. However, more important studies are still
needed to know the different important applications of NPs and to understand the
way NPs work and their effects on the genetic expression of economic crops grown
in the presence of abiotic stresses.More stringent work regarding plans to understand
their physiological, biochemical and molecular mechanisms in plant economic crops
cultivated in the presence of non-vital environmental pressures is needed. Moreover,
additional studies are needed to explore the way NPs work. NP’s also face possible
biological challenges. Consequently, the harmful impact assessment of using this
technology should not be fully overlooked to avoid risks to the environment with
increasing use in agriculture. There are currently few reports of NPs toxic to plants.
Numerous research indicated both the positive and negative effects of NPs on growth,
germination, high yields, increased abiotic stress tolerance and reduced chemical
fertilizer pollution. Thus further studies at the molecular level need to realize the
role of NPs. Furthermore, know the size, shape and concentrations of NPs which are
extremely important for understanding the interaction between economic crops and
NPs before recommending their field applications.
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Chapter 12
Role of Nanomaterials in Regulating
Reactive Species as a Signaling Molecule
of Abiotic Stress in Plants

Syed Uzma Jalil and Mohammad Israil Ansari

Abstract Nanotechnology is a promising field of science that contributes innovative
approach to understand and develop suitable mechanisms to regulate the production
of reactive species in plants based on nanoparticles. During abiotic stress condi-
tion, reactive oxygen species (ROS) are constantly produced in the cell organelles
viz. mitochondria, peroxisomes and cytoplasm that can devastate the metabolism by
oxidative damage of macromolecules such as lipids, proteins and nucleic acids.The
distinctive physiochemical properties of nanoparticles have numerous applications in
agricultural sector. Abiotic stress conditions present severe problems limiting crop
productivity. Abiotic stresses can cause nutrient deficiency or toxicity symptoms
leading to modification of normal processes of plants. This increases the production
of reactive species, which leads to oxidative damage in the cells. Plants regulate
various metabolic pathways to alleviate the generation of ROS inside the plant cell
for improving the abiotic stress tolerance in plants. Antioxidant enzymes are impor-
tant for the defense system in respond to reactive species in plants. Nanoparticles
treatment provides enhanced performance of tolerance in plants against adverse envi-
ronmental conditions through enhancing the free radical scavenging potential and
antioxidant enzymatic activity. This chapter emphasizes the mechanism of nanopar-
ticles involved in regulating stress tolerance to minimize the implications of abiotic
stress in plants.
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12.1 Introduction

Adequate abiotic environment are required by the plants for epigenetic mechanisms
to mediate plant physiology and developmental progression. Unfavorable abiotic
conditions are that set of abiotic stresses, which restrict plant production. Plants
sense and respond to the stress conditions by several manners that maintain their
sustenance (He et al. 2018; Jiang et al. 2016). Plants perceive the prior experience of
stresses as well as the metabolism engaged with stress tolerance, and again when a
similar stress exposed, they can adjusted accordingly (Hilker et al. 2016).The utmost
apparent effect of unfavorable environmental conditions primarily appeared at the
cell levels and then adverse physiological effects are observable.Water-logging stress
destructively impacts on physiological parameters of plants including the photosyn-
thetic complex (Ansari and Lin 2010; Xu and Zhou 2006). In plants, prolong expo-
sure of water-logging stress impacts on morphological and physiological characters
of plants (Xu et al. 2016).Therefore, plants can delicately improve the characteristic
mechanisms to reduce the utilization of optimumwater resources and regulated their
growth prior to the exposure of abiotic stresses (Ansari and Silva da 2012; Genc
et al. 2019; Iqbal et al. 2020; Osakabe et al. 2013, 2014; Yolcu et al. 2016). Exposure
of dark stress slower down the physiological processes and negatively effects on
plant development. High light intensity encourages photooxidation that elevates the
generation of ROS that influences enzymes and other macromolecules (Pareek et al.
2010).

Plants acclimatize with the sudden changes and difficulty of environmental condi-
tions by their metabolic systems (Simontacchi et al. 2015). Variation in environ-
mental conditions prepared the plants metabolism accessible for homeostasis (Foyer
and Noctor 2005). Plants maintain various defense mechanisms for mitigating with
adverse environmental effects (Gill and Tuteja 2010) bymetabolic reprogramming of
cellular systems to facilitate the physicochemical process of the peripheral conditions
(Mickelbart et al. 2015).

Nanoparticles are range of 1–100 nm dimensions particles (Kah et al. 2019;
Roco 2003), with various physiochemical characteristics including highly reactive,
high surface area, acquiescent pore size and varied shapes (Nel et al. 2006). In
current era, nanotechnology is achieving momentum to involve the promising situ-
ation to alleviate the limitations related with adverse environmental conditions to
acquire protected future of agriculture around the globe (Zhao et al. 2020). Plants
are frequently exposed to ecological variations and different adverse environment
in their life span (Torney et al. 2007). However, plants activates different mecha-
nism to develop resistance against adverse environmental conditions,while responses
might be differ significantly even in the similar plant varieties. Thus, classification of
tolerant plants or improvement of resistance in plants is constantly a primary concern
in agricultural sector as well as crops productivity. Nanobiotechnology includes
advanced approaches, which allows pioneering studies in different extents, and nano
technological researches pave newway in the area of agricultural sector (Lowry et al.
2019; Siddiqui et al. 2015). In the current consequence, nanoparticles are probable
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to improves plant’s growth (Giraldo et al. 2019; Kah et al. 2019), and are involved in
ROS scavengingmechanism that help in protecting plant from adverse environmental
environment (Jalil and Ansari 2019; Zhao et al. 2020).

12.2 Production of ROS During Stress Conditions

Various abiotic stresses affected plants’ development and decreases crops prof-
itability (Jalil and Ansari 2020a), acidic condition horribly impact on soil supple-
ments, which results to lacking of essential supplements in plants and disturb phys-
iological metabolism (Bromham et al. 2013; Emamverdian et al. 2015). Prolonged
exposure to extreme salinity environment leads to harmful effects in the cells and
interference of osmotic regulation (Fig. 12.1). Outcome of ionic followed with
osmotic stresses results to hamper plant development (Munns and Tester 2008).
Tolerance to salt stress required to control ionic and osmotic condition in the plant
cell (Jalil and Ansari 2020b). Additionally, plants protect weak plants’ tissues from
extreme salt condition by emitting ions from roots (Silva et al. 2010). Under chilling
environment, various plants activated the system for combating cold temperatures

Fig. 12.1 Effect of abiotic stress on plant cell and mechanism of nanoparticles in the regulation of
ROS in mitigation of influence of abiotic stress conditions
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by increasing their defense ability by cold acclimation (Thomashow 2010). Subse-
quent to detecting the stresses, plants express an instant and convincing response to
start complexed stress-specific signaling via producing phytohormones (Tiwari et al.
2011).

Production of reactive species is the primary reaction of abiotic stresses in plants.
The production and annihilation of reactive species are at equilibrium in favorable
environment, whereas under adverse environmental condition, it hinders this balance
via enhancing the generation of reactive species that are harmful for the plants as they
unfavorably affect themacromolecules. The ROS produced in different compartment
of plant’s cell amongst them chloroplast it the main site for the production of ROS
(Davletova et al. 2005), because of elevated oxygen pressure and decreased atomic
oxygen in different site of electron transport chain inside photosystem-I. ROS involve
in the degradation of the macromolecules, for example, proteins, fats and sugars,
which causes cell damage and ultimately diminished the crops production (Foyer
and Noctor 2005).

12.3 Process of Nanoparticles Mechanism Under Stress
Conditions

Treatment of toxic level of nanoparticles causes oxidative stress in plants (Xia et al.
2015). Treatment of different nanoparticles, viz. Silver, Zinc oxide and Aluminum
oxide, also produced reactive species in duckweed (Thwala et al. 2013) and maize
(Zhao et al. 2012). Al2O3nanoparticles also provoked highly reactive forms of reac-
tive oxygen intermediates i.e. superoxide anion in tobacco cells (Poborilova et al.
2013).Despite of the fact that it is discussed that ROS production caused from
intact nanoparticles or, relatively, from ions released from nanoparticles. It has
been reported that in Spirodela polyrhiza, internalized Ag, whether or not the intro-
duction was Ag+ particles or Silver nanoparticles, had a similar ability to create
ROS supporting the theory that intracellular silver nanoparticles dissociates into
profoundly harmful Ag+ particles (Jiang et al. 2017). Additionally, the accumulation
of Zinc oxide, copper oxide as well as cerium oxide and their ions has been recog-
nized from the exposure of metal oxide nanoparticles in carrot (Ebbs et al. 2016) and
sweet potato (Bradfield et al. 2017).

The mechanism of nanoparticles by that they produced reactive species and
caused oxidative pressure at cell level has been studied. Silver nanoparticles enacted
calcium ions and ROS signaling by regulating the Calcium ions channels as well as
direct oxidation of apoplastic L-ascorbic acid (Sosan et al. 2016). Arabidopsis root
hair defective 2 (rhd2) mutant deficient NADPH oxidase-Respiratory burst oxidase
homolog protein C (RBOHC) gene showed a fundamentally lower level of reactive
species production as comparison to wild type plants after the application of silver
nanoparticles (Sosan et al. 2016). This is revealing that the enhanced level of reactive
species into the cells is interceded via plasma membrane bound NADPH oxidases
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(RBOH) enzyme, which produced reactive species in the apoplast (Mittler 2017).
Whereas, the production of reactive species in chloroplast was seen in Spirodela
polyrhiza, in light of the capability of silver nanoparticles to hinder photosynthetic
system (Jiang et al. 2017).

The destructive levels of reactive species are the reason of degradation of macro-
molecules as well as depletion membrane lipids which leads to cell damage (Van
Breusegem and Dat 2006). Exposure of different concentration of Copper oxide
nanoparticles (CuONPs) causes growth restriction followed by lipid peroxidation
in Oryza sativa (Shaw and Husain 2013) and exposure of Titanium oxide nanopar-
ticles (TiO2NPs) in Nitzschia closterium (Xia et al. 2015). Nanoparticles may also
degradenucleic acids and proteins of plant cells. Silver and Gold nanoparticles influ-
enced cell division in onion root tip cells (Rajeshwari et al. 2016), and causes chro-
mosomal changes in cells (Kumari et al. 2009). DNA degradation, deterioration
of mitochondria, and cell death were reported in eggplants due to oxidative stress
provoked by Cobalt oxide (Co3O4) (Faisal et al. 2016).

Plants activated enzymatic aswell as non enzymatic antioxidant defense responses
for scavenging excessive reactive species to alleviate the oxidative stress on plants
(Sewelam et al. 2016; Jalil and Ansari 2020c). Furthermore, nanoparticles induced
stresses and also initiate antioxidant defense mechanism in plants (Fig. 12.1).
It has been studied that exposure of nanoparticles on plants involve in the up-
regulation/downregulation of some antioxidant enzymes such as superoxide dismu-
tase (SOD),which detoxifies superoxides into oxygen andwater and ascorbate perox-
idase (APX) that detoxifies peroxides by ascorbic acid (Asc) were upregulated (Fu
et al. 2014). While, dehydro ascorbate reductase (DHAR) and monodehydro ascor-
bate reductase (MDAR) that regulated the Asc redox reaction in cells were down-
regulated (Fu et al. 2014). It has been observed that the exposure of silver nanopar-
ticles on rice shows enhanced activities of SOD, APX as well as glutathione trans-
ferase by proteomic analysis (Mirzajani et al. 2014). In Pea seedlings, application of
silver nanoparticles increases SODandAPXactivitieswhereas hindering glutathione
reductase (GR) and DHAR activities (Tripathi et al. 2017). Catalase, which prevents
the cells from oxidative stress, was increased after the exposure of copper oxide
nanoparticles on wheat roots (Dimkpa et al. 2012). Dose dependent increase in the
reactive species has been observed in Maize plants grown on soils supplemented
with different concentration of cerium oxide nanoparticles after 10 days whereas
after 20 days did not show any distinction (Zhao et al. 2012). Similarly, cerium oxide
nanoparticles treated maize seedlings shows increased antioxidant enzyme activities
that protect the plants from lipid per oxidation (Zhao et al. 2012).

The disturbance of generation of reactive species, hinders plants growth, while
balancing of reactive species concentration in proportional manners support plant
physical condition (Mittler 2017), it has been reported in several studies that it is
promising to stimulates the antioxidant machinery by nanoparticles may encourage
plant growth condition (Kumar et al. 2013) as long as the toxic level of reactive
species is not get to the cells, while, it enters, which can prompt to disturbed organelle
functions, membranes harm, and finally causes toxicity in plants.
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12.4 Effect of Nanomaterials on Plants During Abiotic
Stresses

Plants are able to adjust or adapt up to abiotic stress conditions viz. chilling, salt, heat,
and drought stress and so forth. The plant responses at cell andmolecular level against
these abiotic stresses (Duque et al. 2013; Jalil and Ansari 2020b, c). The fundamental
responses of plants for stress tolerance contains the temporary acceleration of Ca2+

in cytoplasm that increases the intracellular secondary messengers, reactive species,
abscisic acid (ABA) and acceleration in signaling pathways (Baxter et al. 2013).
The developmental stage of stresses response regulated the proteins that engaged
inprevention from cell death, and regulated the stresses specific-gene expressions
(Mahalingam and Fedoroff 2003). Secondary metabolites significantly involves in
stress tolerance in plants by maintaining cell structure, protection of photo-system
from reactive species aswell as signalingmechanism (Oh et al. 2009).During adverse
environmental conditions, plant cell play role as physical obstruction against stresses
and involvesin plant adaptation for adverse environmental conditions (Degenhardt
andGimmler 2000). Extracellular peroxidasesmodified cellwall, involve in the accu-
mulation of reactive species and causes oxidative stress while experiencing adverse
environmental conditions (Daudi et al. 2012; Rouet et al. 2006).

The effect of nanoparticles treatment over plants metabolism is based on its
concentration used that was demonstrated in a few investigations. A nanoparticle
also involves in the upregulation of the antioxidant activities as shown in Fig. 12.2
(Laware and Raskar 2014). Furthermore, it has been reported that the application of
TiO2 nanoparticles on onion seedlings increased the superoxide dismutase enzyme
activity as increased concentration of nanoparticles whereas, there were significant
generation of other enzymes such as amylase, catalase and peroxidase activities
were higher at low dose of TiO2 nanoparticles and declined at higher concentration.
Conversely, germination and seedlings development in onionwere enhanced in lower

Fig. 12.2 Role of nanoparticle in abiotic stress tolerance in plants
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dose of TiO2 nanoparticles while suppressed at higher concentrations. A few investi-
gations recommended that application of TiO2 and SiO2 nanoparticles can possibly
improve the germination and development of Glycine max (Lu et al. 2002).

12.5 Regulation of Reactive Species Signaling
by Nanoparticles Under Abiotic Stresses

As indicated by the current information on nanoparticles-plant communication and
translocation in plant development and during abiotic stress conditions (Avellan et al.
2019), it revealed that generation of reactive species is a typical counter of plants
to the adverse environmental condition. Plants have defense system for recognition
and stimulation of specific stress. ROS involved in stress signaling to activate plants
defense system and elevate cell death. (Dat et al. 2000). However, nanoparticles just
prompted the production of reactive species (Simon et al. 2013; Qi et al. 2013), yet
additionallymimicking antioxidants enzymes activity for scavenging reactive species
(Wei and Wang 2013).Treatment of biochemically synthesized Gold Nanoparticles
on Tobacco seedlings involved in improving plant development and ROS scavenging
responses under different stress conditions (Jalil and Ansari 2018).

The different studies on role of nanoparticles reported that nanoparticles involved
in defense mechanism against reactive species and also causes oxidative stress in
plant cells. This study may be dealt by investigating about the role of nanoparticles
in plant signaling under adverse environmental conditions. While, the mechanism of
nanoparticles in reactive species signaling during stress condition is not well known,
however, by means of proteomic and genomic studies it will be possible to compre-
hend the mechanisms of nanoparticles in plant under different stresses. Treatment
of Silicon Dioxide nanoparticles enhanced salt stress resistance in Strawberry plants
(Avestan et al. 2019). Furthermore, the exposure of silver and silver nitrate nanoparti-
clesmodified the proteins that regulated the redox inEruca sativa roots (Vannini et al.
2013).Treatment of silver and silver nanoparticles imbibed with polyvinylpyrroli-
done (PVP) controlled stress responsive genes expressions in Arabidopsis (Kaveh
et al. 2013). Exposure of zinc and iron oxide nanoparticles on wheat enhanced the
plant growth and decreased the oxidative stress and cadmium concentration (Rizwan
et al. 2019). In another study application of silica nanoparticles inhibited the uptake
of arsenic uptake in rice suspension cells by improving pectin synthesis and the
mechanical strength of the cell wall (Cui et al. 2020).

The miRNA regulated the biological metabolism in organisms as well as also
involved in plant responses against adverse environmental conditions (Macovei
et al. 2012). Relationship of nanoparticles with miRNAs uncovers the mechanism of
nanoparticles during abiotic stresses. It has been observed that the miRNAs upreg-
ulated in response to heavy metal stress on tobacco plants after the application of
TiO2 and Al2O3 nanoparticles, however high concentration of these nanoparticles
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shown negative effect on physiological traits of plants (Frazier et al. 2014). Simi-
larly, the exposure of FeNPs on Arabidopsis involved in upregulation of the AHA2
(associated with stomatal opening procedure) gene that improved the tolerance of
plants against drought stresses (Kim et al. 2015). Moreover, the application of TiO2,
and silver nanoparticle on Arabidopsis downregulated the genes involved in roots
growth and phosphate starvation during adverse environmental conditions (García-
S-anchez et al. 2015). It has been observed in the study that application of nano-
NiO on Hordeum vulgare actuates the overproduction of reactive species, which
elevates the lipid peroxidation and leads to oxidative stress in plants. However, co-
treatment of SiO2nanoparticle on nano-NiO exposed plants prompted antioxidant
potential, decreases the lipid peroxidation, regulated the redox reactions that involve
in the mitigation of toxicity of nano-NiO on plants. This investigation suggested
that SiO2 nanoparticles act as a protective agent against the stress caused by the
exposure of nano-NiO on Hordeum vulgare (Soares et al. 2018). In another study,
it has been observed that Zinc oxide nanoparticles alleviate drought-induced modi-
fication in sorghum by improving the plant development, nutrient acquisition, and
grain enrichment (Dimpka et al. 2019).

Signaling networks involves in triggering of defense mechanism, which acti-
vates the molecular mechanism against specific stresses. Ca+ associated with signal
transduction as secondary messenger during adverse environmental conditions.
Affectability of stress signals prompts themobilization of Ca+ to cytosol through Ca+

channels, which increases the level of Ca+ in the cytosol to recognize by Ca+ binding
proteins which involved in the regulation of gene expression and plants tolerance
against adverse environmental conditions (Khan et al. 2014). Moreover, the nitric
oxide (NO) increases the level of Ca+ in cytosol of the plants under different stresses
and consequently, Ca+ involve in the synthesis of NO (Corpas et al. 2004). The expo-
sure of silver nanoparticle on rice roots shows regulation and signaling of Ca+ and
others metabolic pathways by nanoparticle responsive genes (Mirzajani et al. 2014).
Moreover, silver nanoparticles binds with Ca+ channel or Ca+/Na+ pump by Ca+

receptors, which influence metabolism of cells (Mirzajani et al. 2014). Similarly, the
C60 nanoparticles prompt the activity of (Calcium/calmudulin) CAMprotein kinases
(Miao et al. 2014). Additionally, the exposure of CdSQuantum dots on Arabidopsis,
over-expressed the Ca+ binding protein and CAM kinase (Marmiroli et al. 2015).
These Ca+ binding proteins engaged in the regulation of stress responses and over-
expression of these genes improved different stress resistance in plants (Boudsocq
and Sheen 2013).

Nanoparticles increase the nitrate reductase activities in plants that elevate the
nitric oxide level in cells formodulating stress tolerance (Chandra et al. 2015). There-
fore, a study reported that NO induces nanoparticles associated toxicity as well as
expressed antioxidants enzyme encoded genes followed by reducing the lipid perox-
idation and the production of reactive species. Study of correlation between Ca+ and
nanoparticles revealed that nanoparticlesmimicked asCa+ and bindwithCa+ binding
proteins, which activates cascade of stress responsive genes (Mirzajani et al. 2014).
Moreover, exposure of nanoparticles increases the gene expressions of stress related
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genes, cell elongation and cell division (Almutairi 2016). Furthermore, the multi-
wall carbon nanotubes enters into the cell of the plants because of that plants senses
carbon nanotubes as stress stimulus as like as biotic stress (Kwak et al. 2019). In this
way, it is important to study further on the mechanism of involvement of nanopar-
ticles in signal transduction in plants (Khodakovskaya et al. 2012). Furthermore,
it has been reported that the exposure of nanoparticles increases the production of
reactive species that causes phytotoxicity, which act as toxic substance or signaling
compound in plant cells.

The diverse function of reactive species represented by their fabrication and scav-
enging activity; disparity in any of these functionwill results to increase fabrication or
reduction in accessibility of ROS that prompts oxidative stress and disturb signaling
respectively. Therefore, this regularity is supported through continuous generation
or scavenging of ROS. Furthermore, it has been observed that the exposure of high
concentration of nanoparticles causes toxicity in plants, while low concentration
showed positive or no effect on the plants. It presumes that low concentration of
nanoparticles activates antioxidant system which regulates the production of ROS in
defined concentration that sufficient for signaling however inadequate to cause harm
(Syu et al. 2014; Zhao et al. 2020).

12.6 Conclusion and Prospects

Abiotic stress are the main existing forms of environmental hazard that results to
negative effects in plants and causes foremost environmental problems globally.
Abiotic stresses are the key source in accumulation of reactive species that prompts
oxidative stress and disturb signaling mechanism in plant cells. Higher plants have
evolved an intricate antioxidant defense system to scavenge reactive species during
abiotic stress conditions. Nanotechnology incorporate in agriculture can pave the
way to modernized agricultural practices promoted by the advances made in the
crop protection research, particularly in the abiotic stress tolerance. Nanoparticles
improving the stress resistance by enhancing the root hydraulic conductivity and
water uptake capacity of plants and increasing differential proteins that regulates
oxidation–reduction, detoxification of reactive oxygen species, stress signaling and
hormonal pathways. Nanoparticles interact with plant cells, which modified the gene
expression and metabolic pathways that involve in plant development. Nanomate-
rials activate antioxidant system that involves in the regulation of the generation of
reactive species in defined concentration that adequate for signaling mechanism. In
current era, crop protection research has been focusing more so on approaches to
use of nanomaterials empowers its utilization for the management of abiotic stresses
that affects agricultural crops. Application of nanotechnology in agricultural field
leading to the progress of several inexpensive approaches in agriculture. It required
advance research on synthesis, characterization, standardization, biodegradability,
ecofriendly nature and uptake and translocation of nanoparticles by plants.
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Chapter 13
Role of Nanomaterials in Regulating
Oxidative Stress in Plants

Swati Sachdev and Shamshad Ahmad

Abstract Production of reactive oxygen species (ROS) in living cells or tissue is a
normal and an important phenomenon. However, in routine life plants encounter
various abiotic and biotic stresses such as extreme temperature events, salinity,
drought, pathogenic attack that trigger excess production of ROS. The exponen-
tial increase in ROS over scavenging antioxidants disturbs cellular homeostasis and
induces oxidative stress. Oxidative stress damages biomolecules including proteins,
DNA and lipids that causes lipid peroxidation, electrolyte leakage, denaturation
of proteins, enzymes inactivation, inhibition of replication of genetic material and
finally cell death under severe conditions. Nanomaterials (NMs) are small parti-
cles with a size range of 1–100 nm. Due to their small size and high surface area
to volume ratio they show unique properties. NMs display ambiguous effects on
plants i.e. either trigger or mitigate oxidative stress. NMs regulate ROS production
in stressed cell by mimicking ROS quenching antioxidants or eliciting antioxidants
production. These properties of NMs can be efficiently utilized to alleviate impacts of
abiotic stress. The present chapter discusses how different NMs demonstrate regu-
lating effect on production of ROS in cells, thereby modulate oxidative stress. It
also outlines the factors such as particle size, coating materials, concentration that
governs NMs activity and plant interaction.

Keywords Abiotic stress · Antioxidants · Electrolyte leakage · Lipid
peroxidation · Reactive oxygen species

13.1 Introduction

Nanomaterials (NMs) are ultrafine structure with at least one dimension size ranging
from 1 to 100 nm (Zhao et al. 2020). NMs on the basis of origin are categorized as
natural, incidental and engineered NMs. Natural NMs (soot, volcanic dust, viruses)
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are structures, which are originated through natural processes or activities such as
forest fires, volcanic eruptions, ocean spray, weathering ofmetallic rocks, radioactive
decay of radon gas, etc. (Khan et al. 2017; Monica and Cremonini 2009). Incidental
NMs are produced unintentionally as a byproduct of intentional activities or oper-
ations including combustion of fossil fuel; burning of candles as well as biomass;
wearing, tearing and corrosionofmaterials and industrial operations producing fumes
(Khanet al. 2017;Monica andCremonini 2009).EngineeredNMs (carbonnanotubes,
quantum dots, nanorods) are nano-scale structures that synthesized deliberately by
humans to modify the existing characteristic of materials and produce new ones
(Khan et al. 2017). Engineered NMs possess unique and novel physical, chemical,
magnetic, electronic and optical properties relative to bulk material and have very
high surface area to volume ratio therefore research and use of NMs has gained much
focus in last decade (Ghosh et al. 2016; Jefferson 2000; Kumar et al. 2018). NMs
found their application in field of biomedical (drug delivery, as biosensor), food
industries, cosmetics, textile, electronics as well as in agriculture (Fu et al. 2014;
Kumar et al. 2018).

The nano-scale size and large surface to volume ratio of NMs increase their
scope for multifarious application, while on other hand these properties makes them
highly reactive and enhances penetration power in living cells rendering nanotoxi-
city (Kumar et al. 2018). The phytotoxicity associated with NMs is of great concerns
in terms of plant growth, food productivity and human health and is also a major
challenge for the advancement of nanotechnology. Agricultural crops get exposed
to NMs directly on application of nano-based fertilizers and pesticides and/or indi-
rectly through leaching from landfills, atmospheric fallout, NMs used for remedia-
tion process and contaminated water used for irrigation (Kumar et al. 2018; Rizwan
et al. 2017; Tripathi et al. 2017). The NMs present in agricultural soil interact with
plant and either act as precursor of reactive oxygen species (ROS) production in
cells that induce oxidative stress (Iqbal et al. 2020; Ma et al. 2015; Siddiqui et al.
2015) or provide protection against oxidative stress induced by other factors such
as temperature, salinity, etc. (Khan et al. 2017). Onset of oxidative stress in plants
affect structural and functional property of biomolecules, which causes membrane
and tissue damage, alteration of geneticmaterial and plantmetabolism and ultimately
leads to cell death (Kumar et al. 2017, 2018; Wani et al. 2016).

NMs have become integral part of our daily life from industries to home, from
medical practices to agriculture activities (Nile et al. 2020). Plants being sessile
organisms have no choice other than being exposed to NMs that have controversial
effect on living cells. At some instance, NMs alleviates oxidative stress (Zhao et al.
2020), while in some cases trigger oxidative stress (Prasad et al. 2017) leading to
phytotoxicity (Zhang et al. 2020). Due to the extensive potential of nanotechnology
to assist plant to cope abiotic stress, it become extremely important to decipher
and understand the mechanism as well as fate of NMs in plants at cellular and
molecular level to minimize the potential risk and make maximum use of this new
and advance technology (Tian et al. 2020) to render the effect of abiotic stress on
plants in a sustainable and efficient modus operandi. The present chapter is dedicated
to explore the insight on instrumental role of NMs towards regulation of oxidative
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stress in plants and the degree of intrinsic or induced (by NMs) defense strategies
(antioxidants) deployed by plants for detoxification of oxidative stress.

13.2 Nanomaterials and Oxidative Stress

Oxidative stress is a phenomenon that occurs due imbalance in equilibrium between
ROS (free radicals) and antioxidants in cellular compartment where production of
ROS exceeds dramatically to that of antioxidants possessing potential to detoxify
these free radicals (Pizzino et al. 2017; Sharma et al. 2012) (Fig. 13.1). ROS are
oxygen containing molecules that include free radicals and non-radicals such as
superoxide radical (O2

−), hydrogen peroxide (H2O2), hydroxyl radical (·OH), singlet
oxygen (1O2) (Dumont and Rivoal 2019; Kumar et al. 2018; Sharma et al. 2012).
These molecules have uneven electron numbers that increases their reactivity and
causes oxidation of large number of other molecules. ROS are produced as a by-
product of oxygenmetabolism or cellular activities of biological system such as elec-
tron transport chain ofmitochondria, chloroplast, plasmamembrane and endoplasmic
reticulum; photorespiration; enzymatic activity of lipoxygenases and cyclooxyge-
nases during metabolism of fatty acid like arachidonic acid and NADPH oxidase
during plant development (Dumont and Rivoal 2019; Marino et al. 2012; Pizzino

Normal 
Condition

Antioxidants ROS 
production

Abiotic 
stress 

Balance maintained between ROS production 
and antioxidants under normal conditions

Imbalance  between excess ROS production and 
antioxidants in plant cells under abiotic stress

Fig. 13.1 Abiotic stress induced imbalance between ROS and antioxidants trigger oxidative stress
in plants (Figure constructed by: Swati Sachdev and Shamshad Ahmad)
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et al. 2017; Sharma et al. 2012). External stimuli including UV and ionizing radia-
tion, heavy metals, xenobiotic compounds, heat shock, pathogens and so forth result
in generation of ROS in plant cells due to disruption of cellular homeostasis (Sharma
et al. 2012).

ROS show both beneficial and detrimental effect on living cells and tissues
(Pizzino et al. 2017; Sharma et al. 2012). Production of ROS in cellular compart-
ment in low or moderate level is essential and inevitable part of aerobic organisms
(Pizzino et al. 2017). They actively participate in regulation of several processes
such as cell signaling, protection against pathogens, apoptosis, protein phospho-
rylation, activation of various transcriptional factors and many more (Ismail et al.
2014; Pizzino et al. 2017; Rajendran et al. 2014). However, overproduction of these
molecules on exposure to external stress stimuli, negatively affects macromolecules
(proteins, lipids, carbohydrates and nucleic acids) causing lipid peroxidation, change
in membrane fluidity and ion exchange, functional and structural loss of proteins,
alteration in gene expression, inhibition of enzymatic activity, apoptosis, which
subsequently leads to cell death (Dumont and Rivoal 2019; Pizzino et al. 2017;
Sharma et al. 2012). Biological system deploys antioxidant based defense system to
scavenge free radicals. The antioxidant system comprises two types of components:
(a) Enzymatic including superoxide dismutase (SOD), catalase (CAT), ascorbate
peroxidase (APX), guaiacol peroxidase (GPX) and glutathione reductase (GR); (b)
Non-enzymatic such as flavonoids, tocopherol, carotenoids, polyamines, phenolic
compounds, and glutathione (Dumont and Rivoal 2019; Pizzino et al. 2017).

During oxidative stress situation, ROS generated for instance hydroxyl radical
(·OH) act as major initiator of lipid peroxidation, which damages lipoproteins and
cell membrane through a series of chain reaction and eventually leads to the forma-
tion of malondialdehyde (MDA) and other end products such as conjugated dienes
(Sharma et al. 2012). These end products are responsible for cytotoxic andmutagenic
effects. Similarly, in presences of free radicals, protein molecules show conforma-
tional modification that ultimately impairs their enzymatic activity (Pizzino et al.
2017). ROS cause protein oxidation via four possible pathways: Oxidation of protein
backbone; protein-protein cross linkage; oxidation of amino acid residue side chain;
and oxidative cleavage of peptide bonds, resulting in protein fragmentation (Sitte
2003). Alteration in protein structure due to oxidation causes protein unfolding
with increase hydrophobicity of its surface that in turn increases degradation prop-
erty as compared to non-oxidized protein (Sharma et al. 2012; Sitte 2003). Nucleic
acids are also prone to oxidative stress. Free radicals result in base lesions; break in
DNA strands; and cross-linkages. A base lesion of DNA is a phenomenon, which
commonly occurs as a part of normal biological functioning (Sharma et al. 2012).
Cells have an intrinsic mechanism of base excision repair for defense against DNA
lesions, however during oxidative stress conditions, such activity exceeds to a level
beyond control and result in mutagenesis (Nishida et al. 2013; Pizzino et al. 2017).
Oxidation also causes impairment of CpG island methylation in gene promoter that
leads to loss of epigenetic information (Yasui et al. 2014). Analogous to MDA
production as end product of lipid peroxidation, oxidation of protein and DNA
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result in formation of carbonyl derivatives (Sharma et al. 2012; Sitte 2003) and
8-hydroxydeoxyguanosine (8-OHdG) (Fu et al. 2014), respectively.

Metals (Au-gold, Ag-silver), metallic oxides (CuO-copper oxide, Fe2O3/Fe3O4-
iron oxides, CeO2-cerium oxide, TiO2-titanium dioxide, MgO-magnesium oxide,
SiO2-silicon oxide, Al2O3-aluminium oxide), carbon (carbon nanotubes, fullerenes)
and Quantum dots (cadmium selenide and cadmium sulfide) are four categories
of NMs that are used in wide array of applications (Fu et al. 2014; Ju-Nam and
Lead 2008). Nanotechnology has emerged as effective tool for managing agricul-
ture related activities (Tripathi et al. 2015). Nanoformulations of ZnO, Ag, SiO2

and many others are used in agriculture as fungicides, pesticides, herbicides, fertil-
izers, and abiotic stress regulators; nanosensor for identification of diseases such as
CdSe/ZnSquantumdots (Santos et al. 2010), soil condition including residue concen-
tration, etc., and nanodevices (carbon nanotubes) for genetic engineering (Demirer
et al. 2018; Marslin et al. 2017). Due to advancement of nanotechnology in agri-
culture plants often get directly exposed to NMs, but they are also encounter with
nano-scale materials through indirect means. The NMs waste generated from elec-
tronics, household and healthcare products, textile, food packaging and medicines
released into environmental components (air, water and soil) and reaches to agricul-
tural ecosystem (Marslin et al. 2017). Exploitation of nano-fertilizers in agriculture
is encouraged as large surface area facilitates absorption of fertilizers by plants and
reduces their leaching or emission into air or water ecosystem (Khan et al. 2017).
Regulation of oxidative stress elicited by abiotic stresses in various plants mediated
through NMs is presented in Table 13.1.

Impact of NMs on plants is very complicated and contradictory (Tripathi et al.
2015). NMs show ambiguous effect on plant growth and productivity. Some NMs
participate in regulation of oxidative stress in plants, while other induces oxidative
stress. Several studies have clearly illustrated effective role of NMs in alleviating
oxidative stress in plant induced by abiotic factors such as UV-B radiation, heavy
metals, drought, salinity, temperature, etc. (Jalil and Ansari 2019; Khan et al. 2017;
Tripathi et al. 2017). Disruption of ROS homeostasis triggers oxidative stress that
results in reduced plant growth and productivity, whereas its maintenance promotes
plant growth (Mittler 2017). Few studies have reported that NMs mimic as antioxi-
dants such as CAT, POX, SOD (Khan et al. 2017) or elevate production of antiox-
idants such as phenolics (Comotto et al. 2014; Marslin et al. 2017; Vecerova et al.
2016), which scavenge ROS (Marslin et al. 2017) and regulate oxidative stress, which
in turn promote plant growth and development (Burman et al. 2013; Kumar et al.
2013). Treatment of wheat seedlings with silicon (Si) and silicon nanoparticle (SiNp)
were observed to alleviate oxidative stress induced by UV-B radiation by stimulating
production of antioxidants (Tripathi et al. 2017). Tomato (Lycopersicon esculentum
Mill.) growing under Cadmium (Cd) stress on treatment with Zinc oxide nanoparti-
cles (ZnO-NPs) displayed significant increase in plant growth and biomass, SPAD
chlorophyll and photosynthetic activities with reduce metal toxicity and alleviation
in oxidative stress which was evident from reduce H2O2, O2

−· and malondialde-
hyde (MDA) content (Faizan et al. 2020). Similarly, amendment of ZnO-NP at 10–
100mg/L alleviated arsenic (As) induced oxidative stress in rice (Oryza sativa L.) by
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reducingMDA content (17.5–30.8% in shoot) and As accumulation in root and shoot
by 8.4–72.3 and 10.2–56.6%, respectively by adsorption of ZnO-NP and increasing
antioxidant (SOD and CAT) content (Wu et al. 2020). SiNp had more pronounced
protecting effect against UV-B as compared to silicon, which was probably due to
nitric oxide mediated triggering of antioxidant defense system. Similarly, treatment
of squash seeds with nano-silicon dioxide reduced oxidative damage in presence of
salt stress by lowering MDA and H2O2 concentration and electrolyte leakage; and
enhancing antioxidant (SOD,CAT, POX,APXandGR) system (Siddiqui et al. 2014).
Engineered NMs due to their small size and large surface area have good affinity for
metals and proactively penetrate in contaminated zones, thus highly effective in alle-
viation of metal induce toxicity in plants (Khan et al. 2017). Tripathi and co-workers
(2015) documented role of SiNp in alleviating oxidative stress and phytotoxicity in
pea seedling in presence of Cr (VI). The possible mechanism involved by SiNp was
up-regulation of antioxidant based defense system, reduced accumulation of Cr (VI)
and enhanced uptake of nutrients, thereby reducing generation of ROS.

The process of photosynthesis is highly susceptible to abiotic stresses especially
temperature and radiation or light stress (Shen et al. 2010). Continuous exposure of
plants toUV-B, chilling and high temperature stresses induce generation and accumu-
lation of ROS in plant cells that damages PS (photosystem) II, disturbs electron trans-
port chain, reduces thylakoid membrane stability (Eva 1999), decrease chlorophyll
content and rate of photosynthesis (Prasad et al. 2011), disintegrate lipid membrane
and denature macromolecules (Karuppanapandian et al. 2011; Moller et al. 2007).
NMs have been reported to protect photosynthetic machinery by rendering oxidative
and osmotic stress (Haghighi and Pessarakli 2013; Khan et al. 2017; Siddiqui et al.
2014) increasing chlorophyll biosynthesis, Rubisco activity, transfer and transporta-
tion of light energy and absorbance of harmful radiation without scattering useful
visible radiations (Gao et al. 2006; Hong et al. 2005; Sicard et al. 2011). The threefold
increase in photosynthetic activity and improved maximum electron transport rate
with reduced ROS generation in chloroplast by single-walled carbon nanotubes was
reported by Giraldo et al. (2014). Analogously, TiO2 nanoparticles enhanced activity
of antioxidant SOD, APX and CAT in plants experiencing cold stress (Mohammadi
et al. 2014).

NMs have been reported to alleviate oxidative stress in plants, but on contrary
many cases have shown NMs triggered oxidative stress responsible for phytotoxicity
(Begum and Fugetsu 2012; Khan et al. 2017) (Fig. 13.2). Studies have demon-
strated that presence of NMs in plant growth medium reduce rate of seed germi-
nation, photosynthetic activity, chlorophyll content, plant biomass and qualitative
production (Barhoumi et al. 2015; Da Costa and Sharma 2016; Khan et al. 2017;
Peralta-Videa et al. 2014). Yanik and Vardar (2018) demonstrated Al2O3 induced
oxidative stress in wheat after 96 h of exposure. The effect was dose dependent
that elevated hydrogen peroxide and proline content, lipid peroxidation and super-
oxide dismutase activity with decreased catalase activity. Reduced photosynthetic
activity by TiO2 was reported in Ulmus elongata L. K. Fu & C. S. Ding seedlings
(Gao et al. 2013). Some workers have suggested that application of high concentra-
tion of NMs corresponds to nanotoxicity, while low concentration alleviate various
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Fig. 13.2 Ambiguous activity of nanomaterials demonstrating both beneficial and detrimental
effects on plant either by alleviating oxidative and abiotic stress or by inducing oxidative stress and
phytotoxicity (Figure constructed by Swati Sachdev and Shamshad Ahmad)

abiotic stresses and also promote plant growth and development (Khan et al. 2017;
Soliman et al. 2015). Chen et al. (2014) studied effect of Cadmium telluride quantum
dots (CdTe-QD) alone and in combination with UV-B radiation on wheat seedlings.
The findings showed, CdTe-QD was accumulated in roots and resulted in apoptosis.
Further exposure of seedling to CdTe-QD in combination with UV-B resulted in
synergistic inhibitory effects.

13.3 Mechanism Implicated by NMs to Alleviate Oxidative
Burst in Plants

Plants have intrinsic defense system that fights against oxidative stress, known as
antioxidant system (Denaxa et al. 2020).Antioxidants help plants to quench excessive
level of ROS generated and withstand under stressful situations (Denaxa et al. 2020).
Under extreme circumstances, plants are unable to cope up with existing conditions
due to increase concentration of ROS than antioxidants, which create imbalance
and hinder plant growth, development and productivity ultimately leading to plant
death in many cases (Denaxa et al. 2020; Taha et al. 2020). NMs have demonstrated
their significant role in mitigation of stress in plants, possessing abilities to alleviate
deteriorating effects and enhancing plant health (Adrees et al. 2020; Noman et al.
2020). NMs as discussed earlier have ambiguous identity in plant system. On one
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Fig. 13.3 Mechanism of alleviation of oxidative stress in plant by nanomaterials. Amendment
of Nanomaterials induces Nitric oxide (NO) production that initiate signal and trigger generation
of enzymatic and non-enzymatic antioxidant superoxide dismutase (SOD), guaiacol peroxidase
(GPX), catalase (CAT) and phenols that scavenge ROS (O2

−·, H2O2, OH−) generated in different
cell organelles due to abiotic stress. SOD dismutate superoxide radical (O2

−·) into hydrogen
peroxide (H2O2), which on action of CAT and GPX converted into water molecule (H2O) and
molecular oxygen (O2), thereby reducing ROS concentration and oxidative damage to proteins,
lipids and nucleic acid (Figure constructed by Swati Sachdev and Shamshad Ahmad)

hand, NMs mitigate oxidative stress induced via other stresses by mimicking as
antioxidant or enhancing production of antioxidant (Zhao et al. 2020). On the other
hand, they act as oxidative stress inducers (Prasad et al. 2017). Both protection
and predation are unique traits of NMs. Due to this dual characteristic, it becomes
extremely important to understand the mechanism deployed by NMs on interaction
with plants. The exact mechanism of NMs induced cell signaling is not yet fully
deciphered as limited number of studies has been carried out in order to deduce the
underlying mechanistic action of NMs in alleviation of oxidative stress induced by
abiotic stress.

Treatment of wheat seedlings exposed to UV-B radiation with SiNP resulted in
reducedoxidative damage and improvedphotosynthetic activity (Tripathi et al. 2017).
SiNP alleviated oxidative damage via production of NO (nitric oxide) in stressed
seedlings. NO act as a signaling molecule that trigger antioxidant defense system
in plant. Tripathi et al. (2017) reported SiNP induced NO generation which in turn
triggered production of enzymatic antioxidant SOD and APX and non-enzymatic
antioxidants flavonoid and phenolic in leaves. The antioxidants were generated that
quenched ROS level, thereby reducing lipid peroxidation and electrolyte leakage.
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Similar results were obtained in a study conducted by Rizwan et al. (2019) who
reported alleviated oxidative stress in rice under Cd stress on foliar application of Si-
and TiO2-NPs that reduced lipid peroxidation and electrolyte leakage by enhancing
antioxidant enzyme (SOD, POX, CAT and APX) activities. Analogously, Singh et al.
(2020) reported alleviation of Cd toxicity and oxidative stress in T. aestivum L.
exposed to Cd stress on treatment of SiNP in combination with NO via triggered
antioxidant defense system. Figure 13.3 depicts the mechanism of alleviation of
oxidative stress in plant by NMs.

13.4 Attributes Governing Activities of Nanomaterials

The potential of NMs to alleviate oxidative burst in plants induced by abiotic stress
depend on physico-chemical properties, which in turn govern by factors such as
particle size, shape, surface chemistry, coating material, dissolution potential and
degree of aggregation/agglomeration (Aslani et al. 2014; Cui et al. 2017; Fu et al.
2014;Nair andChung 2014; Perez-Labrada et al. 2020). Plantmaterial, concentration
of NMs in growth media/soil and external environmental stimuli (abiotic stress, soil
microbial communities and other soil characteristics) also contributes to activity of
NMs (Aslani et al. 2014; Fu et al. 2014; Reddy et al. 2016). The factors that affect
activity of NMs on interaction with plants are represented in Fig. 13.4. The effect of
TiO2NP on two different genotypes ILC533 and Sel 11439 of chickpea seedlings was
studied by Mohammadi et al. (2014), where it was reported that NPs caused decline
in production of H2O2 in Sel 11439 genotype under cold storage stress condition,
while no effect on genotype ILC533 was documented in comparison to control.
Considering this, it can be deduce that alleviation of oxidative stress by NMs is
genotype specific characteristic.

Effect of different size of SiNP (19, 48 and 202 nm) on toxicity induced by Cd
(VI) in rice was studied by Cui et al. (2017). They reported ameliorating effect of
SiNP on number of cells living with increase in particle size in presence of Cd
stress. The proportion of live cells as well as decrease in movement of Cd2+ in
cells on treatment with 19, 48 and 202 nm size of SiNP was recorded as 95.4, 78.6
and 66.2% and 15.7, 11.1 and 4.6 times, respectively. Reduced influx of Cd2+was
influenced by the presence of SiNP, which improved Cd transporter activity. The
surface of nanoceria (nanoparticle of cerium oxide) consists of Ce3+and Ce4+ oxida-
tion states and oxygen vacancy in lattices (Djanaguiraman et al. 2018). The ratio of
Ce3+/Ce4+ sites on nanoceria determines its antioxidant-enzymemimicking potential
(Djanaguiraman et al. 2018). The large surface area increase its redox potential that
facilitates redox reaction and scavenging of ROS generated during stress conditions
(Djanaguiraman et al. 2018). Similarly the oxygen vacancy in lattice structure of
nanoceria catalyzes scavenging of ROS in chloroplast, thereby improving photosyn-
thetic activity (Djanaguiraman et al. 2018). Parallelly, Pulido-Reyes et al. (2015)
reported that nanoceria with low Ce3+/Ce4+ ratio exhibit catalase and superoxide
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Fig. 13.4 Physical, chemical and biological factors that govern ambiguous activity of nanomaterials
(stress inducer or stress regulator) on interaction with plants (Figure constructed by Swati Sachdev
and Shamshad Ahmad)

dismutase antioxidant enzyme mimetic activities and participate in quenching of
superoxide and H2O2 radicals.

The cell damaging effect of several NMs at high concentration via production
of ROS has been reported in several studies (Cox et al. 2016; Laware and Raskar
2014; Mohammadi et al. 2013). Such studies have demonstrated that interaction of
NMs beyond certain threshold concentration induce toxic impact on plant growth and
activity. On the other hand, the study conducted byMohammadi et al. (2013) outlined
that TiO2NPs at concentration ~ 5mg/l alleviated oxidative damages induced by cold
storage in chickpea seedlings. However, increase in doses of TiO2, i.e., 10 mg/l was
found to induce oxidative stress in seedling, suggesting concentration dependent
effect of NMs in plants. Nair and Chung (2014) observed similar concentration
dependent oxidative burst in root of Vigna radiata (L.) R. Wilczek (mung bean). The
exposure of mung bean to AgNPs induced production of H2O2 and lipid peroxidation
in roots at concentration 20 and 50 mg/l, however no significant change in two
parameters was observed at 5 and 10 mg/l of AgNPs as compared to control. Further,
increase in AgNP concentration was documented to be positively correlated with
production of superoxide radical and change in mitochondrial membrane potential
in plant roots over control. The gene expression studies revealed no significant change
in gene expression level of CuZn-SOD and CAT in roots at 5 mg/l AgNPs, although
exposure of AgNPs at 10 and 20mg/l upregulated expression of CuZn-SOD andCAT
gene. Further increase in concentration i.e., at 50 mg/l CuZn-SOD expression was
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upregulated and CAT gene expression downregulated. Correspondingly, negative
correlation between TiO2 concentration and activity of antioxidant (CAT and POX)
enzymes in onion seedlings was reported by Laware and Raskar (2014). Exposure
of onion seeds with graded concentration of TiO2 (0, 10, 20, 30, 40 and 50 μl/ml),
initially at lower concentration, improved germination rate, seedling growth, activity
of hydrolytic enzymes (amylase and protease) and antioxidants (SOD, CAT and
POX), butwith increase in concentration (30μl/ml or above depending on parameter)
showed declined trend in aforementioned activities except SOD,which found highest
at maximum concentration of TiO2.

13.5 Conclusions and Prospects

Nanotechnology is an emerging field of science that growing its application in every
nook and corner. Use of NMs in agriculture is the most trending and beneficial
approach for smart crop cultivation. Engineered NMs of essential metals and other
materials not only fulfill the demand of nutrients in plants, but also aid in protec-
tion against several biotic and abiotic stresses. Though, NMs are efficient player in
area of agriculture, still their implementation in actual sites possess dilemma due to
ambiguity in their activities. Being an efficient oxidative stress regulator, sometimes
NMs themselves act as precursor of oxidative stress in plants. Additional, infor-
mation on long term exposure or residence time of most of the NMs in different
ecosystems is still lacking. Therefore, before entering into new advanced phase of
agrotechnology based on NMs, it is essentially important to clearly and precisely
understand the mechanism or events that occur on interaction of NMs with plants
under different existing natural conditions, their residence time in various ecological
compartments and effects on long term exposure. Beside this, characteristics of engi-
neered NMs governing their activity on living cells are the overall concern of agro-
nanotechnology. Thus, decoding different mechanisms of NMs at cellular/molecular
level and factors governing their activities enable us to avoid production and use of
NMs with undesirable effects on plants, ecosystem and human beings. Though, it is
difficult to assess the actual toxicological implications of NMs by inspecting mecha-
nisms under influence of individual or couple of physical, chemical and/or biological
variables nevertheless, scrutinizing actual field simulations considering all possible
variables can help to deduce quite accurate impact of NMs. Thus it necessitates future
research to recognize and design such models immediately to advance knowledge
on NMs induced phytotoxicity and plant growth promoting attributes. Further, there
is also a need to formulate stringent regulatory guidelines for proper and safe use as
well as disposal of NMs to reduce their ecotoxicological imprints.
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Chapter 14
Plant Stress Enzymes Nanobiotechnology

Paras Porwal, Sashi Sonkar, and Akhilesh Kumar Singh

Abstract Abiotic and biotic stresses are significantly affects the plant growth,
thereby limiting agricultural productivity of crops. Agricultural plants/crops should
be able to cope-up with both biotic and abiotic stresses by their innate biological
mechanisms, failing which affect their growth, development and productivity. As
per FAO, there is a need to foster the crop productivity factor greater than 70% by
2050 to feed additional 2.3 billion people worldwide. Moreover, sustainable agricul-
ture acts as amain pillar for the development of themankind and national economy as
well as fulfills the food demand in developing countries. Realizing these critical facts,
it becomes necessary for the scientific arena to generate harmless stress-mitigating
mechanisms in plants, so that the plants/crop productivity is improved. In today’s
world, nanobiotechnology receiving an increasing attention towards the mitigation
of biotic and/or abiotic stresses of agricultural plants/crops including the challenges
in the yield barriers with the development of eco-friendly technologies. Although,
there exists a huge gap in our understanding of the eco-toxicity, tolerable limit, and
uptake capability of various nanoparticles in plants. This chapter encapsulates the
promises as well as progress in plant nanobiotechnology especially with respect to
promoting plant growth factors and ways to overcome abiotic stresses.
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14.1 Introduction

Sustainable agriculture acts as a backbone for the development of the national
economy as well as fulfills the aspiration of food demand in developing countries.
To satisfy the demand for food supply for the upcoming future with the changing
environmental conditions as well as rapidly increasing population, there is urgent
need to increase crop yield and stability of plants in adverse conditions by exploiting
the advance approaches like nanobiotechnology (Eckardt et al. 2009; Zhang 2007).
Agricultural plants/production of crops together with their protection are reliant on
the various parameters such as type as well as the quantity of applied fertilizers and
pesticides. The growth and development of agricultural plants/crops entirely depend
on ease of availability of optimal environmental as well as nutritional factors and any
deviation from it leads to plant stress. Stress is a condition in which plants are not
able to fully express their genetic potential for growth, development, and reproduc-
tion, thereby limits productivity owing to damage to biomass. Being sessile, plants
cannot escape from adverse climatic conditions and, thus have to meet both the
stresses, i.e., biotic stresses, for instance, interactions among organisms like micro-
bial pathogens and so on and abiotic stresses that involve interactions among organ-
ismswith their physical environment. Abiotic (physical) stresses include temperature
alteration (high or low), nutrient starvation, water deficit (drought), anoxia (during
the flood), salinity and alkalinity of the soil, light intensity, submergence, mineral,
andmetal toxicity/deficiency (Cramer et al. 2011;Hirel et al. 2007;Wang et al. 2003).
These stresses are unpredictable in nature in terms of their intensity, duration, and
occurrence, so sustaining the development and survival of plants in an unfavorable
environment turns out to be a difficult task. So, plants need to respond distinctly
to protect themselves from physical stresses like cold, drought, heat, etc., that ulti-
mately lead to the development of some adaptative mechanism in plants (Mittler
2002). Plants have the ability to sense abiotic stress and respond accordingly as per
their past exposure so that in further repetitive stress can be adjusted (Ahmad et al.
2015; Hilker et al. 2015; Jiang et al. 2016). However, on the other hand, transgenic
plants/crops are still not popular among the grower or farmers owing to their high
level of safety concern. Therefore, in the current scenario, plant nanobiotechnology
offers promising technological approaches for achieving food safety and security
by increasing the efficiency of plants/crops, protecting them from different types of
biotic as well as abiotic stresses via. modulating the mechanisms of different path-
ways, apart from those achieved through genetic and chemical production (Giraldo
et al. 2019; Iqbal et al. 2020; Kah et al. 2019). Nanobiotechnology involves the
cutting edge application-oriented research in the area of Nanoscience together with
biotechnology. Nanomaterials (NMs) can be defined as materials depicting diameter
in the range of 1–100 nm (Porwal and Sharma 2016; Pandey et al. 2018; Porwal et al.
2020; Rani et al. 2020; Singh and Porwal 2020; Singh, Pal, et al. 2018; Singh, Yadav,
et al. 2018; Singh et al. 2020). The effect of various kinds of nanomaterials on plants
under normal and/or abiotic stressed environment is presented in Table 14.1.
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Table 14.1 Impact of nanomaterials on plants under normal and/or abiotic stressed condition

Nanoparticle
type

Abiotic stress Plant name Impact Reference

Ag Dark stress Horseshoe
pelargonium
(Pelargonium zonale
(L.) L’Hér. ex Aiton)

Elevated antioxidative
enzymes activities, petal
longevity, leaf
carotenoids and
chlorophyll content.
Decreased the
peroxidation of lipid and
petal abscission

Ghorbanpour and
Hatami (2014)

Ag Flooding Soybean (Glycine
max (L.) Merr.)

Promotes seedling
growth and abundance of
stress-related proteins.
Decreases the cytotoxic
by-products of
glycolysis

Mustafa et al.
(2015b)

Ag Flooding Saffron (Crocus
sativus L.)

Promotes root growth.
Blocks signaling
pathway of ethylene

Rezvani et al.
(2012)

Al2O3 Flooding Soybean (Glycine
max (L.) Merr.)

Controls energy
metabolism and cell
death

Mustafa et al.
(2015a)

Al2O3 Nanotoxicity Onion (Allium cepa
L.)

Increases the activities
of CAT and SOD

Rajeshwari et al.
(2015),
Riahi-Madvar
et al. (2012)

CeO2 Nanotoxicity Maize (Zea mays L.) Up-regulation of heat
shock protein such as
HSP70 and improved
generation of H2O2

CeO2 Nanotoxicity Soybean (Glycine
max (L.) Merr.)

Stimulates plant growth.
Rubisco carboxylase
activity and
photosynthesis rate
increases

Zhao et al. (2012)

CuO Nanotoxicity Chickpea (Cicer
arietinum L.)

Increase the activity of
POD

Nair and Chung
(2015)

CuO Nanotoxicity Wheat (Triticum
aestivum L.)

Increase the activity of
CAT and POD

Dimkpa et al.
(2012)

Fe2O3 Nanotoxicity Watermelon Citrullus
lanatus (Thunb.)
Matsum & Nakai

Increase the activities of
CAT, POD, and SOD.
Changes in the root
activity, ferric reductase
activity as well as
chlorophyll, root
apoplastic iron, and
MDA contents were
observed

Li et al. (2013)

(continued)
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Table 14.1 (continued)

Nanoparticle
type

Abiotic stress Plant name Impact Reference

Fe3O4 Nanotoxicity Wheat (Triticum
aestivum L.)

Increases the activities
of CAT, APX, GPOX,
and SOD

Iannone et al.
(2016)

SiO2 Cold Tall wheatgrass
(Agropyron
elongatum L.)

Overcome seed
dormancy. Improved
seed germination and
seedling weight

Azimi et al.
(2014)

SiO2 Drought Hawthorn (Crataegus
sp.)

Increase photosynthetic
rate, plant biomass, and
stomatal conductance
while insignificant effect
on carotenoid and
chlorophyll content

Ashkavand et al.
(2015)

SiO2 Salinity Basil (Ocimum
basilicum L.)

Increased chlorophyll
and proline content.
Improves dry and fresh
weight

Kalteh et al.
(2014)

SiO2 Salinity Broad bean (Vicia
faba L.)

Increased the activity of
antioxidant enzymes.
Stimulates seed
germination, water
content and total yield

Qados and
Moftah (2015),
Qados (2015)

SiO2 Salinity Tomato
(Lycopersicon
esculentum Mill.)

Nano-SiO2 at low
concentration improved
seed germination, dry
weight, and root length
whereas at higher
concentration suppressed
seed germination

Haghighi et al.
(2012)

SiO2 Salinity Tomato (Solanum
lycopersicum L.)

Downregulation of six
genes RBOH1, APX2,
MAPK2, ERF5,
MAPK3, and DDF2 and
upregulation of four salt
stress genes AREB,
TAS14, NCED3, and
CRK1 thereby
suppressing the effect of
salinity stress on seed
germination rate, root
length, and fresh weight

Almutairi (2016)

SiO2 Salinity Tomato (Solanum
lycopersicum L.)

Eliminate the effect of
stress on photosynthetic
rate, leaf water, and
chlorophyll content

Haghighi and
Pessarakli (2013)

(continued)
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Table 14.1 (continued)

Nanoparticle
type

Abiotic stress Plant name Impact Reference

TiO2 Drought Basil (Ocimum
basilicum L.)

Ameliorate negative
effects of stress on the
plant

Kiapour et al.
(2015)

TiO2 Drought Flax (Linum
usitatissimum L.)

Improve growth,
carotenoids, and
chlorophyll contents.
Reduces H2O2 and
MDA contents

Aghdam et al.
(2016)

TiO2 Drought Wheat (Triticum
aestivum L.)

Increase in gluten and
starch content. Improves
the overall growth and
yield of the plant

Jaberzadeh et al.
(2013)

TiO2 Cold Chickpea (Cicer
arietinum L.)

Enhanced the activity of
antioxidant enzymes,
phosphoenolpyruvate
carboxylase, and
expression of Rubisco
and chlorophyll-binding
protein genes. Decreased
in H2O2 content and
electrolyte leakage

Hasanpour et al.
(2015),
Mohammadi
et al. (2013,
2014)

TiO2 Heat Tomato
(Lycopersicon
esculentum Mill.)

Induced stomatal
opening and cooling of
leaves

Qi et al. (2013)

TiO2 Nanotoxicity Broad bean (Vicia
faba L.)

Decreased the activity of
GR and APX

Foltete et al.
(2011)

TiO2 Nanotoxicity Duckweed (Lemna
minor L.)

Increased the activity of
SOD, CAT, and POD

Song et al. (2012)

TiO2 Nanotoxicity Hydrilla (Hydrilla
verticillata (L.f.)
Royle)

The activity of enzymes
such as CAT and GR are
increased

Okupnik and
Pflugmacher
(2016)

TiO2 Nanotoxicity Peppermint (Mentha
piperita L.)

Increase the amount of
chlorophyll (a and b) and
carotenoid

Samadi et al.
(2014)

TiO2 Nanotoxicity Spinach (Spinacia
oleracea L.)

Increased the activity of
SOD, CAT, APX, and
GPOX↑

Lei et al. (2008)

ZnO and
Fe3O4

Salinity Ben tree Moringa
peregrine (Forssk.)
Fiori

Increased enzymatic and
non-enzymatic
antioxidants. Promotes
the chlorophyll,
carotenoids, proline, N,
P, K, Ca2+, Mg2+

carbohydrates, and crude
protein content.
Decreased Na+ and Cl
content

Soliman et al.
(2015)

(continued)
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Table 14.1 (continued)

Nanoparticle
type

Abiotic stress Plant name Impact Reference

ZnO Nanotoxicity Green pea (Pisum
sativum L.)

Increased the elongation
of root

Mukherjee et al.
(2014)

ZnO Nanotoxicity Mouse-ear cress
(Arabidopsis thaliana
(L.) Heynh.)

Increase in lateral root
formation.

Nair and Chung
(2017)

ZnO Nanotoxicity Wheat (Triticum
aestivum L.)

Reduced the activity of
CAT

Dimkpa et al.
(2012)

ZnO Salinity White lupin (Lupinus
termis L.)

Increased the activity of
ascorbic acid, phenols,
organic solutes, and
SOD, CAT, POD, and
APX whereas decreased
the content of MDA

Latef et al.
(2017)

APX: Ascorbate peroxidase; CAT: Catalase; GPOX: Guaiacol peroxidase; GR: Glutathione reductase;
MDA: Malondialdehyde; POD: Peroxidase; SOD: Superoxide dismutase

14.2 ROS Scrounging Antioxidants of Plants

ROS (reactive oxygen species) are short-lived, unstable, and reactive (Halliwell
2006), which includes singlet oxygen (1O2), hydroxyl radical (OH·), superoxide
radical (O2·−) as well as hydrogen peroxide (H2O2), etc. These are generated in
different cellular compartments such as chloroplast, mitochondria, peroxisomes,
plasma membrane (Apel and Hirt 2004) as a regular (unavoidable) by-product of
aerobic metabolism such as photosynthesis and respiration in plants (Miller et al.
2010; You and Chan 2015) which is regulated by both enzymatic and non-enzymatic
antioxidant defense system of the plant. The low or moderate level of ROS is respon-
sible for plant growth (reproductive and senescence) and development including leaf
shape, root hair elongation, trichome development (Gapper and Dolan 2006), stom-
atal closure, programmed cell death (Petrov et al. 2015), gravitropism (Wassim et al.
2013) as well as act as the secondmessenger inmediating different series of reactions
in plant cells, and promotes the tolerance from biotic and abiotic stress conditions
(Nath et al. 2017). However, excessive production of ROS due to both biotic and
abiotic stresses (Bhattacharjee 2012; Khare et al. 2014; Kumar and Khare 2014) was
not removed then results in damage to cell membranes (lipid peroxidation), proteins,
nucleic acid (DNA as well as RNA), and several other cellular components of the
plants, thereby affecting plant growth including development and ultimately yield
(Demidchik 2015; Mittler 2002). Various abiotic stresses induced ROS generation
and the role of nanomaterials enhancing stress tolerance in the plant is depicted in
Fig. 14.1.
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Fig. 14.1 An overview of the abiotic stress-induced ROS generation in agricultural plants/crops
and the role of nanomaterials in improving stress tolerance (Source Modified from Meena et al.
2017; Xie et al. 2019)

14.3 Stimulation of Antioxidant Mechanism in Response
to Nanoparticle Exposure

Plants make use of enzymatic and non-enzymatic antioxidative systems and/or
pathways to mitigate oxidative stress. The key enzymes involved in the ROS-
scrounging include catalase (CAT), ascorbate peroxidase (APX), superoxide dismu-
tase (SOD), peroxidase (POD), glutathione reductase (GR), glutathione peroxidase
(GPX), glutathione S-transferase (GST), alternative oxidases (AOX), peroxiredoxin
(PRX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase
(DHAR), and many more (Catalá and Díaz 2016; Jaleel et al. 2009; Maxwell et al.
1999; Mittler et al. 2004). Non-enzymatic antioxidants comprised of low molecular
weightmetabolites such as flavonoids, polyphenols, glutathione (GSH), ascorbic acid
(AsA), β-carotene, α-tocopherol, proline, glycine betaine, and many more (Gill and
Tuteja 2010; Pandey et al. 2017). During stressed conditions plants protect them-
selves from ROS toxicity (leads to oxidative damage) by changing gene expres-
sions as well as adapting ROS-scrounging antioxidant metabolic pathways such as
ascorbate, aldarate, and shikimate phenylpropanoid biosynthesis routes (Zhang et al.
2018), usingROS as signalingmolecules (Dietz 2015; Foyer andNoctor 2013; Ismail
et al. 2014; Mignolet-Spruyt et al. 2016). Ascorbate-glutathione cycle (AsA-GSH)
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is a major ROS-scrounging pathway in plants (chloroplast, mitochondria, apoplast,
and peroxisomes), which involves successive oxidation and reduction of ascorbate,
glutathione, and NADPH catalyzed by APX, MDHAR, DHAR, and GR, thereby
helps in combating oxidative damages triggered by abiotic stresses (Mittler 2002).
Association ofROS in signaling reveals that theremust be some regulation of network
to maintain ROS at non-toxic level, needs a precise balance between ROS produc-
tion (during cellular metabolism), ROS generating enzyme and ROS-scrounging
pathways. Thus, stress tolerance of the plants/crop can be improved remarkably by
manipulating the ROS levels. Numerous, research studies have demonstrated the role
of nanomaterials (CeO2, C60 as well as Fe2O3) in scrounging the over-accumulation
of ROS, generated during abiotic stress in plants, thereby improving abiotic stress
tolerance in the plant and finally mitigating yield losses (Zhao et al. 2020).

14.4 Enzymatic Antioxidants

The agricultural plants/crops depict different types of antioxidants systems (Fig. 14.2)
which are as follows:

(a) Superoxide dismutases (SOD): SOD enzymes are present naturally in different
living organisms like agricultural plants/crops and so on. They speed-up the
dismutation of O•−

2 to H2O2, so act as the first line of defense against ROS

Fig. 14.2 Various types of antioxidant systems in plants
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(Moustaka et al. 2015). Generally, due to the attachment of SODs to a metal
ion such as Cu, Zn, Fe,Mn, and Ni, are distinguished based on their subcellular
location and metal cofactor. In agricultural plants/crops, SODs encoding genes
can be controlled and managed by development, tissue-specific, and abiotic
stresses/signals (Scandalios 2005).

(b) Catalases: These enzymes are mostly confined to peroxisomes, known for the
exclusion of H2O2 by reducing it into 2H2O. The specific gene that encodes
for CATs responds separately to each abiotic stress known to produce ROS
(Scandalios 2005).

(c) Glutathione peroxidases (GPX): These proteins are mostly confined to mito-
chondria, cytosol, and chloroplast. GPX is nonheme thiol peroxidases respon-
sible for speed-up the reduction of organic H2O2 to H2O (Margis et al.
2008).

(d) Ascorbate peroxidases (APX): These enzymes utilize ascorbate as an electron
donor and are responsible for catalyzing the conversion of hydrogen peroxide
intowater.Different isomers ofAPXare present in the subcellular compartment
of the plants like mitochondria, chloroplast, peroxisomes, and cytosol. The
APX gene in plants is modulated by several environmental stresses (Caverzan
et al. 2014) whereas the balance between APX, SOD, and CAT determines the
intracellular level of O•−

2 and H2O2. Any alteration in the balance of these three
enzymes seems to induce defense-mechanism pathways (Scandalios 2005).

(e) Peroxiredoxins: These antioxidant enzymes (thiol specific) are responsible for
ROS detoxification in the chloroplast (Foyer and Shigeoka 2010), cell defense
of plants by protecting them from oxidative damage, speed-up the reduction of
peroxynitrite and various organic H2O2 to their corresponding alcohols (Wood
et al. 2003).

(f) Guaiacol peroxidases: These are heme-containing enzymes known to detoxify
H2O2 and belong to class III or secreted plant peroxidases. Guaiacol peroxi-
dases can also carry out hydroxylic reaction (second cyclic reaction), different
from the peroxidative reaction. These class III peroxidases support many activ-
ities in plants such as auxin metabolism, germination to senescence, cell wall
elongation, and protection from pathogens (Passardi et al. 2004).

(g) Monodehydroascorbate reductase (MDAR): Different isomers of MDAR are
found in the different subcellular compartments of plants such asmitochondria,
peroxisomes, and cytosol. MDAR (flavin adenine dinucleotide enzyme) main-
tains the ascorbate pool in plants by catalyzing the regeneration of monode-
hydroascorbate radical utilizing NAD(P)H as an electron donor (Asada 1999;
Leterrier et al. 2005).

(h) Dehydroascorbate reductase (DHAR): It helps to maintain ascorbate (AsA) in
its reduced form and speed up dehydroascorbate reduction into ascorbate by
utilizing glutathione as reducing substrate (Gratão et al. 2005).

(i) Glutathione reductase (GR): These enzymes are NAD(P)H dependent, speed-
up the reduction of oxidized glutathione (GSSG) into reduced glutathione
(GSH), and high GSH/GSSG ratio is required to protect the plant from oxida-
tive damage (Foyer and Noctor 2005). GR plays a significant role in the
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ascorbate-glutathione cycle and maintains an appropriate level of reduced
glutathione.

14.5 Impact of Nanoparticles on Plant Growth

Nanoparticles such as platinum (Pt), gold (Au), fullerene C60, Fe3O4, CeO2, Mn3O4

and many more are reported to improve in the functional activities of antioxidant
enzymes like SOD, CAT, and POD, that results in more improved adaptation of
plants to different abiotic stresses (Chen et al. 2018; Upadhyaya et al. 2018). The
fabricated nanosheets of MoS2 resemble SODs, CATs, and PODs like activities.
The nanoparticles of CeO2 at low concentration (5 μM) efficiently decrease ROS
level and protect chloroplast (Boghossian et al. 2013), whereas CeO2 nanoparticles,
when coated with polyacrylic acid, shows SOD and CAT activities, and success-
fully retained the photosynthetic capability of Arabidopsis plants under saline condi-
tions (Wu et al. 2018). Foliar-sprayed CeO2 nanoparticles in sorghum under drought
conditions mitigate the effect of oxidative damage (Djanaguiraman et al. 2018). γ-
Fe2O3 nanoparticles in Brassica napus under drought conditions protect plants from
oxidative stress by efficiently reducing H2O2 and malondialdehyde (Palmqvist et al.
2017). In the investigation conducted by Yao et al. (2018), suggested that Mn3O4

may be used to enhance plant stress resistance (as Mn is micronutrient for plants)
due to their stronger ROS-scrounging ability over Ce nanoparticles. When Fe2O3

nanoparticles are applied on watermelon in different concentrations, the activities of
SOD, CAT, POD, and seedling germination were found to significantly increase and,
therefore help to mitigate abiotic stress (Li et al. 2013). Nanoparticles have shown
a concentration-dependent impact on the growth and development of plants (Mishra
et al. 2017). For instance, onion seedlings, when exposed to TiO2 nanoparticles, the
SOD activity was increases with the increase in the concentration of TiO2 nanopar-
ticles, whereas onion seed germination as well as seedling growth was enhanced
at low concentration and suppressed at higher concentration of TiO2 nanoparticles
(Dimkpa et al. 2017). Shallan et al. (2016) in their study, discovered that foliar spray
of SiO2 (3200mg L−1) or TiO2 (50 mg L−1) nanoparticles were found to enhance the
drought tolerance of cotton plants. Siddiqui et al. (2014) reported that the application
of SiO2 nanoparticles (1.5–7.5 g L−1) on squash (Cucurbita pepo L.) under saline
condition upregulated the gene expression of SOD, CAT, POD, APX, andGR as well
as increase the chlorophyll concentration, photosynthesis and biomass content of the
plant. Under saline conditions, SOD and GPX gene expression are downregulated
in tomato (Solanum lycopersicum), while on application of ZnO nanoparticles (15
and 30 mg L−1) showed positive growth response (Alharby et al. 2016). On similar
lines, foliar spray of ZnO in finger millet (Eleusine coracana (L.) Gaertn) improved
salinity stress tolerance (Sathiyanarayanan 2018). Dimkpa et al. (2019), reported
positive effect on drought tolerance when ZnO nanoparticles (18 nm, 5 mg kg−1)
are applied to soil-grown sorghum. However, several reports confirmed the negative
impact of nanoparticles/engineered nanoparticles (Rico et al. 2015; Singh et al. 2016)
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on seed quality of plants like wheat (Rico et al. 2014) and common bean (Majumdar
et al. 2015).

14.6 Effect of Nanoparticles on Plant Growth Under
Salinity

Excessive accumulation of NaCl in the soil increases the salinity of soil and it affects
the growth, development, and productivity of the plants in two ways: osmotic stress
and ionic toxicity. Generally, osmotic pressure in the plant cell is more than the
osmotic pressure in soil solution. Under high osmotic pressure, plant cell take-up
water as well as other requisite minerals from soil solution into the root cells, but
during saline conditions, this situation gets reversed and plant ability to take-up
water and requisite minerals such as K+ and Ca2+ also disturbed, meanwhile Na+ and
Cl− ions enter into cytosol that leads to low K+/Na+ ratio which is responsible for
increased ROS production, electrolytes leakage, toxicity to cell membranes, and also
affects metabolic activities in the cytosol (Khan et al. 2012; Kumar 2013; Kumar and
Khare 2014). Overall, salinity has a negative effect on various biological and physi-
ological processes of the plant. Some major negative effects of salinity stress on the
plant include nutritional imbalance, increased ionic toxicity, ROS overproduction,
reduced osmotic potential, the decline in photosystem II efficiency, and stomatal
conductance (Negrão et al. 2017). Recently, nanoparticles have been reported to
enhance the antioxidative defense mechanism of plants. This potential approach is
being exploited to mitigate the salinity stress of the plants (Sabaghnia and Janmo-
hammad 2015). Derosa et al. (2010) reported that SiO2 nanoparticles enunciate a
layer inside the cell wall that facilitates them to conquer salinity stress and uphold
yield. Silicon nanoparticles increase the rate of photosynthesis, proline accretion,
seed germination, leaf water content, and antioxidant enzymes activities (Qados
2015). On the application of SiO2 nanoparticles, improvement in salinity stress was
observed in Ocimum basilicum (Kalteh et al. 2014), Lens culinaris (Sabaghnia and
Janmohammadi 2014) and Vicia faba (Qados 2015). Similarly, SiO2 nanoparticles
were reported to enhance seed germination and antioxidant system in squash and
tomato (Siddiqui et al. 2014). Further, mitigation in salinity stress was observed
by the application of the foliar spray of Fe3O4 as well as ZnO (60 mg L−1) as
nano-fertilizers on Moringa peregrina (Soliman et al. 2015). The efficiency of a
chloroplast, as well as biomass, were increased in treating Brassica napus L. with
CeO2 nanoparticles under both fresh and saline water irrigation (Rossi et al. 2016).
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14.7 Impact of Nanoparticles on Plant Growth Under
Drought Stress

Water is a prerequisite necessity for plant growth and survival, essentially needed for
transporting nutrients, thus its crises result in drought stress. Drought stress affects
the growth of plants, thereby ultimately influencing the agricultural plants/crops
yield globally. During water crises situation, plants limit their various activities such
as stomatal closure to prevent additional water loss, reduce CO2 fixation (photo-
synthesis), and NADP+ regeneration through the Calvin cycle (Gunjan et al. 2014).
Drought stress tolerance of plant varies from species to species and depend to a larger
extent on time and intensity they spendunder stressful surroundings.Research studies
confirm that during drought conditions plants overproduce ROS (H2O2, O•

2,
1O2,

and OH•) which causes lipid peroxidation, denaturation of protein, DNA mutation,
and eventually cell death (Molassiotis et al. 2016). However, plants protect them-
selves from negative effects of ROS by its several antioxidant enzymes like SOD,
CAT, APX, and GR, while the degree of cellular oxidative damage depends on the
capacity of their antioxidant defense system (enzymatic or non-enzymatic). Drought
stress can be modulated by the application of different nanoparticles such as silica,
silver, copper, ZnO, CeO2, and many more. On the application of silica nanopar-
ticles improvement in drought tolerance was observed in two sorghum (Sorghum
bicolor L. Moench) cultivars (Hattori et al. 2005), Crataegus sp., and hawthorns
(Ashkavand et al. 2015). Similar results were observed in wheat on the applica-
tion of 1.0 mM sodium silicate (Pei et al. 2010). Sedghi et al. (2013) reported an
increased rate of germination on the application of ZnO nanoparticles in soybean
under drought-stressed conditions. Foliar application of some micronutrients like
iron and titanium nanoparticles were reported to improve drought stress in safflower
cultivars andwheat, correspondingly (Davar et al. 2014). Further, Zn andCu nanopar-
ticles reported improving drought stress by enhancing SOD and CAT enzymes
in wheat that results in limiting lipid peroxidation and increasing relative water
content by enhancing photosynthesis (Taran et al. 2017). CeO2 nanoparticles when
applied at 100 mg kg−1 reported enhancing photosynthesis and Rubisco carboxylase
activity (Cao et al. 2017), while composite of CuO, ZnO, and B2O3 improve drought
stress in Glycine max (Dimkpa et al. 2017). Encapsulated abscisic acid (ABA) was
delivered successfully to Arabidopsis thaliana plant through glutathione-responsive
mesoporous silica nanoparticles and their controlled release in plants increased the
expression of ABA induciblemarker gene (AtGALK2), ultimately improved drought
resistance (Sun et al. 2018).
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14.8 Impact of Nanoparticles on Plant Growth Under
Metallic Stress

Excessive accumulation of metals in plants causes phytotoxicity, alters plant
growth, and causes oxidative damage. Metal toxicity interferes with plant growth
by suppressing activities of different plant enzymes, interrupting uptake of essen-
tial elements which leads to deficiency symptoms. Metals in growth medium are
responsible for the overproduction of ROS, which leads to oxidative damage to
biomolecules, cell structure, and cell membrane denaturation (Sharma et al. 2012).
Biophysical barriers form the first line of defense against metallic stress. If metal
passes through this barrier and enters cells, then plants resist metal uptake by its accu-
mulated biomolecules such as organic acids, metal-chelates, and polyphosphates
by activating cellular defense system which is responsible for ROS scrounging.
However, timely and target-oriented stimulation of these antioxidant defense systems
is essential to remove the effects of metallic stress. Nanoparticles (such as nano-
selenium, nano-oxides of iron, manganese, and cerium) enters the contamination
zone easily due to their smaller size and large surface area, possess a strong affinity
towards metal/metalloids adsorption. Nanoparticles in plants retard metal-induced
oxidative stress by regulating their energymetabolism, antioxidants,ROSproduction,
and thereby mitigating abiotic stresses. Nanoparticles immobilize metal/metalloids
in soil and improve the growth and development of plants during phytoremediation
(Martínez-Fernández et al. 2017). Nano-TiO2 has been reported to limit cadmium
(Cd) toxicity and enhance photosynthesis and plant growth rate (Singh andLee 2016),
nano-scale hydroxyapatite mitigates Cd toxicity in Brassica juncea (Li and Huang
2014), and ZnO nanoparticles attenuate uptake of Cd in plants (Venkatachalam et al.
2017). Tripathi et al. (2015) demonstrated that silicon nanoparticles hampersCr accu-
mulation in growth medium and prevents pea seedlings against Cr (VI) phytotoxicity
by enhancing the antioxidant defense system. However, research studies reveal that
nanoparticles may yield good or bad effects on plants at any level. Toxicological
studies of nanomaterials done so far provide a great understanding of nanoparticle
interaction with the plants and their potential risk hazards associated with the abiotic
stress management and crop productivity improvement (Mustafa and Komatsu 2016;
Venkatachalam et al. 2017).

14.9 Impact of Nanoparticles on Plant Growth Under
Ultraviolet Radiation Stress

Sunlight together with the UV-B radiation (280-315 nm) is unavoidable abiotic stress
for photosynthetic organisms due to the continuous depletion of the ozone layer in
the stratosphere. On exposure to such non-ionizing radiation, structural changes
occur in cellular components such as DNA, protein, chloroplast, and also induces
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accumulation of ROS, and free radical scrounging enzymes like SOD (Hideg et al.
2013). Moreover, plants also accumulate phenolic compounds which absorb detri-
mental UV-radiations (Shen et al. 2010). Nanoparticles are known to intensify the
harmful effects of UV-B radiation on plants such as the application of CuO nanopar-
ticles alone on Elodea nuttallii (waterweed species) shows no detrimental effects but
in combination with the UV-B radiation, induces considerable negative effects on
biochemical and physiological traits (Regier et al. 2015).

14.10 Effect of Nanoparticles on Plant Growth Under
Flooding Stress

During flooding state, plants suffer from hypoxia conditions because the rate of diffu-
sion of O2 is slower in water than in air. Flooding stress/hypoxia condition inhibits
respiration, seed germination, root, vegetative and reproductive growth, hypocotyl
pigmentation, and up-regulation of genes for ethylene synthesis (Komatsu et al.
2012). ATP formation is suppressed under hypoxic conditions, thus to sustain cellular
energy level, flooded plants are required to shift their carbohydrate metabolism
towards fermentation (Banti et al. 2013), and up-regulation of genes for alcohol
dehydrogenase and pyruvate decarboxylase (Mustafa et al. 2015a). Nanoparticles
mitigate flooding stress and improve plant growth by inhibiting ethylene biosyn-
thesis (Syu et al. 2014). For instance, the silver nanoparticle treated plant shows less
O2 distress under flooding stress. Besides, employing a gel-free proteomic technique
by Mustafa et al. (2015b), reported that Al2O3 nanoparticles treated soybean plant
under flooding stress has shown better growth performance as compared to plant
treated with Ag and ZnO by regulating metabolic pathways and cell death.

14.11 Conclusion and Prospects

Globally, in the arena of agriculture, nanobiotechnology has been used to improve the
productivity of crops with quality enhancement by improving cultivation methods.
Plants being sessile encounter a variety of abiotic stresses such as salinity, drought,
extreme low/high temperature, metal toxicity, UV-B radiation, flooding, and many
more in their whole life-span. They accommodate themselves at the biochemical,
physiological, and molecular levels by regulating their genes and enzymes respon-
sible for the antioxidant defense system as well as maintaining homeostasis. Plenty
of nanoparticles have been exploited for up-regulating various genes and enzymes
to mitigate different abiotic stresses but still in its early stage. So far, very little work
has been done on the phytotoxicity of nanoparticles on plants, and there exists a huge
gap in our understanding of the eco-toxicity, tolerable limit, and uptake capability
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of various nanoparticles in plants. Therefore, to prevent negative effects of nanopar-
ticles on the environment and living commodity (flora and fauna), and to harness
best peculiar attributes of nanoparticles for improving plant growth, development
and productivity in stressed conditions, further research is urgently needed to have
a clear-cut understanding of the nanoparticle interaction with the plants and envi-
ronments. Moreover, there is a need to develop a regulatory framework established
on the various research evidence which will limit mankind’s exposure to undesir-
able bioengineered nanoparticles to a harmless level, although the application of
nanoparticles had increase the productivity of crops. The remarkable applications
of nanomaterials presents an optimistic prospect of nanobiotechnology with well
understanding of their ecotoxicity and by including all the aspects like reutilizing,
feasibility, manufacturing, and framework of policy to handle them securely and
utilize them in an eco-friendly manner.
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Chapter 15
Plant Stress Hormones
Nanobiotechnology

Sashi Sonkar, Laxuman Sharma, Rishi Kumar Singh, Brijesh Pandey,
Saurabh Singh Rathore, Akhilesh Kumar Singh, Paras Porwal,
and Sujeet Pratap Singh

Abstract In the epoch of global warming with climate change, various unprece-
dented challenges were encountered by the agricultural systems globally. The same
was reflected in the response by the agricultural scientists and practitioners to combat
the challenges.Many findings at the level of lab and improvising practices at the level
of farm have influenced the outcome. Inventions and discoveries in nanotechnology
is also such factor which has influenced every arena of agricultural science. Conse-
quently, nanotechnology is considered a handy tool for improving crop productivity
as well as promising sustainability to alleviate food insecurity. Despite being at
nascent phase of its development, role of nanotechnology towards improvement in
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crop production has been significant.Nanomaterials support the improvement of agri-
cultural crop productivity due to the alleviation of adverse influences of biotic as well
as abiotic stresses by the activation of plant defense response, quality enhancement,
and growth regulation via the alteration of the phytohormones contents. Although,
there are still vast gaps in our understanding of the eco-toxicity, permissible limit, and
uptake capacity of various nanomaterials in plant systems. Therefore, this chapter
aims at the acquisition of information on basic features of plant hormones and their
interaction with nanomaterials under various stresses together with exploitation of
nanomaterials in farming and, more in general, in-plant biological investigation.

Keywords Abiotic stress · Biotic stress · Crop productivity · Nanomaterials ·
Nanotechnology · Phytohormones

15.1 Introduction

In an ecosystem, there exist close interactions as well as associations amongst living
organisms and abiotic factors. Plants thrive best at optimumofdifferent abiotic factors
and deviations from the optimum adversely affect the plant growth, development as
well as productivity that are generally referred to as stress (Verma et al. 2013). Levitt
(1972) has defined stress as “any ecological factor able to induce a potentially inju-
rious strain in living systems”. Abiotic stresses arise due to ultraviolet as well as
ionizing radiations, salinity, very low or high temperature, drought, flood, elevated
carbon dioxide, low or high soil pH, and contamination of soil with high content of
heavy metals, which in turn would lead to the huge loss of economically important
plants (Arun-Chinnappa et al. 2017; Compant et al. 2010; Gull et al. 2019; Reis
et al. 2012). The loss in the crop yield due to abiotic factors can be more than 50%.
Globally, about 91% of agriculture land is affected by one or other forms of abiotic
stresses, which may worsen further due to changing climate (Minhas et al. 2017).
Furthermore, most of the crops of commercial importance and those indispensable
for food security are grown in tropical as well as subtropical areas. These crops do
not have the ability of withstand low temperature. An exposure of such plants to
low temperature, which is generally known as chilling temperature leads to dysfunc-
tion of different physiological processes (Lukatkin et al. 2012). Low temperature
(chilling or freezing) causes cellular dehydration due to the formation of ice in the
plant tissues and the leakage of the intracellular solute from the plasma membrane
(Chinnusamy et al. 2007). Dehydration conditions in the plant are also attributed
to the limited water uptake by the plant during cold stress (Chinnusamy and Zhu
2009). On the other hand, heat stress is expected to be more severe due to a constant
increase in temperature. A hypothesis of alteration in physiological processes, plant
growth, development, and yield still holds true. Under heat stress, the plant under-
goes oxidative stress owing to enhance the generation of reactive oxygen species
(ROS) in the plant tissues (Hasanuzzaman et al. 2013). Besides, there has been a
continuous increase in the contamination of agriculture land with heavy metals, due
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to several anthropogenic activities, excess use of chemicals like pesticides, mining as
well as industrialization (Tiwari and Lata 2018). Heavy metals affect the crop yield,
basically due to the adverse effect on physiological as well as molecular activities
(Amari et al. 2017; Hassan et al. 2017). Heavy metals interact with biomolecules
like protein and DNA, thereby elevating the free ROS (Emamverdian et al. 2015).
The redox-active metals like Cr, Cu, Mn and Fe cause severe oxidative injury and
results in defragmentation of proteins, breakage of the DNA strands, cell home-
ostasis as well as ultimately the cell death (Schutzendubel and Polle 2002). Never-
theless, oxidative stress is inflicted indirectly by non-redox metals like Cd, Ni and
Hg through various mechanisms like preventing antioxidative enzymes or by elic-
iting enzymes such as NADPH oxidases (Bielen et al. 2013), binding of sulfhydryl
groups of protein molecules or diminution of glutathione (Valko et al. 2005). Like-
wise, in the condition of low soil as well as atmospheric humidity and at high air
temperature, the evapotranspiration flux and water intake by the plant from the soil
being severely affected, which leads to drought stress (Lipiec et al. 2013). Usually,
drought stress occurs as a result of water deficiency as well as high temperatures.
Some of the major effects imposed by drought stress in plants are stomatal closure
and decreased cell growth including enlargement (Farooq et al. 2009; Iqbal et al.
2020a). Nutrient uptake processes, photosynthetic activities, chlorophyll synthesis,
carbohydrate metabolism, and respiration are disturbed (Farooq et al. 2009; Jaleel
et al. 2008; Limbu et al. 2018) and causes huge loss to the plant productivity and
at the extreme case, drying or death of the plants occur. Also, flooding of the soil
is a universal problem and has been a major threat to food security. Two-third of
the damages and the loss to crops at the global scale are due to floods in the period
between 2006 and 2016 (Food and Agriculture Organization of the United Nations
[FAO] 2017). Flooding creates complex stress (Fukao et al. 2019), due to submer-
gence aswell as partial submergence (Zhou et al. 2020), thereby imposing the hypoxia
(deficiency of oxygen) or anoxia (absence of oxygen) and obstructs growth, develop-
ment as well as the survival of plants (Ashraf 2012). Physiologically, in waterlogged
conditions, the stomatal conductance, carbon dioxide assimilation rate together with
root hydraulic conductivity are hampered. Salinity is another abiotic stress having a
severe impact on agriculture production. World-wide around 800 million hectares is
affected by salinity or sodicity (FAO 2009). The salt stress accounts for impairment
of crop growth together with development (Isayenkov and Maathuis 2019). Salinity
is known to elicit water stress, cytotoxicity as well as nutritional imbalance and
imparts oxidative stress caused by the formation of ROS ( Isayenkov 2012; Tsugane
et al. 1999).

Plants fundamentally develop certain adaptive measures once exposed to the
stresses. Several tolerance mechanisms employed by the plants that manifest at
subcellular level have been studied thoroughly. Despite own puissant mechanisms,
plant sustains severe loss due to abiotic stress. The stress can be externally managed
by inducing the tolerance by various methods viz. exogenous application of plant
hormones, adopting appropriate agronomic techniques, use of arbuscular mycor-
rhizal fungal strains, exploitation of plant growth-promoting rhizobacteria (PGPR),
use of genetically improved plants, use of elicitor and tolerance inductor (Hernánde
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et al. 2018). Furthermore, it is well-studied fact that plant hormones like abscisic acid,
salicylic acid, jasmonates as well as ethylene mediate the plant defense responses
during stress conditions. Abscisic acid is typically known to be responsible for
defending the abiotic stress, though there are a plethora of literature citing the interac-
tion of abscisic acid with other hormones like gibberellin, ethylene as well as auxin.
Auxin like indole acetic acid regulates the growth/development in stress environ-
ments (Kazan 2013), particularly under salinity (Fahad et al. 2015b), heavy metal
(Egamberdieva 2009; Hu et al. 2013) and aluminum toxicity (Wang et al. 2016).
Brassinosteroids are studied for having a role during stresses like high temperature,
chilling, salinity, drought (Wani et al. 2016) and so the jasmonates (Pauwels et al.
2009;Wani et al. 2016). External application ofmethyl jasmonateswas found tomini-
mize the stress caused due to salinity (Yoon et al. 2009) and heavy metals like copper
and cadmium (Maksymiec et al. 2007; Yan et al. 2013). Salicylic acid in combination
with abscisic acid can regulate the responses during drought stress (Rivas-San and
Plasencia 2011). Apart from these, various agronomic practices are recommended
for inducing tolerance to plants during stresses (Hernández et al. 2018; Mariani and
Ferrante 2017). The tolerance against abiotic stresses like drought and high temper-
ature can be stimulated with proper soil management practices before sowing of the
crops and during the growth period. Amendment of soil applying organic manure
and minerals, growing cover crops before sowing, proper crop rotation, low tillage,
and application of nanofertilizer is generally practiced. Seed treatments with arbus-
cularmycorrhizal fungi aswell as rhizobacteria are known to induce tolerance against
drought, high temperature, salinity, andmineral deficiency. There have been immense
efforts of plant breeders across the globe for developing genetically improved plants
through traditional breeding methods or by developing the transgenic for inducing
the tolerance for abiotic stresses. Marker-assisted selection using biotechnological
tools makes the breeding programmore practical. Besides agronomic practices, root-
associatedmicrobes (Khan et al. 2013), endophyticmicroorganisms (Berg et al. 2013;
Lubna et al. 2018) are known to have a beneficial effect on plant stress management.
Exogenous application of plant hormones of microbial origin (Egamberdieva et al.
2017), use of biostimulants from microalgae (Sharma et al. 2014) or application of
stress-specific protectant like osmoprotectants can induce the tolerance to plants.

Interestingly, apart from the aforementioned facts, nanobiotechnology has now
emerged as one of the potential strategies for abiotic stress management. Nanotech-
nology deals with the science of manipulation/regulation of substances in the size-
range of 1–100 nmwith unique characteristics, which enable them for various poten-
tial applications (Pandey et al. 2018; Iqbal et al. 2020b; Porwal et al. 2020; Rani et al.
2020; Singh and Porwal 2020; Singh et al. 2018a, b; Singh et al. 2020). Some studies
were performed to elucidate the function of nanoparticles towards mitigating the
stress. The plant tolerance towards drought stress was found to be increased with
the exploitation of nanoparticles at different concentrations like nano-TiO2 in crops
like flax and basil (Aghdam et al. 2016; Kiapour et al. 2015), nano-ZnO in Bras-
sica napus L. (Mahmoodzadeh et al. 2013), and many others. The particles like
nano-SiO2, nano-ZnO were used in different crops for mitigating salinity (Almutairi
2016a; Siddiqui and Al-Whaibi 2014; Soliman et al. 2015; Torabian et al. 2016)
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and the flooding stress was managed by nano-Ag as well as nano-Al2O3 (Mustafa
et al. 2015; Rezvani et al. 2012). However, it is worth mention that phytohormones
are the major players in combating various abiotic stresses. If any strategy is to
be thought of about increased tolerance to stress, factors interacting, and triggering
the synthesis of stress hormones are to be considered with immense priority. Even
though the application of nanoparticles for stress management gives new rays of
hope, it is of utmost importance to revisit the cross-talk regarding the possible effect
of nanoparticles in plants including phytotoxicity. In light of the plant stress manage-
ment, it is quite imperative to understand the interaction of nanoparticle with stress
hormones and possible mechanisms of action on the biosynthetic pathway of stress
hormones. Several principles, theories, and practices have been put forth so far for
understanding the basics of abiotic stress. The literatures on management are also
seen in abundance. Intense knowledge on the use of various strategies for abiotic
stress management is infused and instilled amongst the scientific fraternity. The use
of nanoparticles, though comparatively new, seems to be an area of deep study. It is
also understood that the stress to plant system and likely loss is cause and effect of
several factors and it is really difficult to address it as one-step solution. Nevertheless,
the availability of literature, compiled facts, and insightful review of the findings is
limited particularly on the use of nanoparticles in stressmanagement and their effects
on stress hormones. This chapter attempts to compile the knowledge scaffolding on
diverse nanoparticles with their interactive role in boosting various plant hormones
under abiotic stresses that might lead to obtaining higher crop productivity in near
futures.

15.2 Plant Growth Hormones and Their Physiological
Significance

Plant hormones or phytohormones are a group of small organic molecules that occur
naturally and affect various physiological processes in the plant at low concentrations
(Davies 2010). The main physiological processes affected were development, differ-
entiation, and growth of the plant including other processes like stomatal movement
(Su et al. 2017). To date, nine categories of plant hormones viz. ethylene, abscisic
acid, gibberellins, cytokinins, auxin, strigolactones, jasmonates, salicylic acid, and
brassinosteroids have been recognized so far (Fig. 15.1). The first five are regarded
as the “classical” plant hormones, whereas the last four are recently added to the
growing family of plant hormones (Su et al. 2017). Auxin considered being the first
plant hormone to be discovered. It plays an important role in flowering, promotes
femaleness in dioecious plants, growth of floral parts, fruit ripening, assimilate parti-
tioning, fruit setting and growth, leaf and fruit abscission, leaf senescence, apical
dominance, tropistic responses, root initiation, vascular tissue differentiation, cell
division, and cell enlargement (Davies 2010; Wani et al. 2016). Gibberellins are
carboxylic acid which regulates various physiological processes in plants which
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Fig. 15.1 Types of
phytohormones

include elicitation ofmaleness in dioecious flowers, fruit setting, and growth, enzyme
(α-amylase) production during germination, induction of seed germination, bolting
in long-day plants, and stem growth (Davies 2010; Wani et al. 2016). Cytokinins are
adenine derivatives that are characterized by the capability to prompt cell division
with auxin in plant tissue culture. Its physiological role includes chloroplast devel-
opment, enhance stomatal opening, delay leaf senescence, morphogenesis and cell
division (Davies 2010). Cytokinins also alleviate seed dormancy (Fahad et al. 2015c)
and act as abscisic acid antagonists (Pospíšilová 2003). Ethylene is a gaseous plant
hormone that produces in response to stress by most tissue and regulates various
activities such as fruit ripening, flower, leaf senescence, flower opening and release
from dormancy (Davies 2010; Wani et al. 2016). Abscisic acid also called abiotic
stress hormone (Wani et al. 2016), affects induction and maintenance of dormancy
in buds and seeds, counteracts the consequence of gibberellin on the α-amylase
synthesis, induces storage protein synthesis in seeds, promote transport of photo-
synthate to the developing seeds and its uptake by growing embryos, and stomatal
closure (Davies 2010). On the other hand, salicylic acid is a phenolic compound that
controls the expression of pathogenesis-related proteins (El-Esawi 2017; Miura and
Tada 2014). Salicylic acid performs a significant function in the growth/development
of plants as well as in fruit ripening (Rivas-San and Plasencia 2011;Wani et al. 2016).
Jasmonates are the cyclo-pentanone multifunctional plant hormones obtained from
the metabolism of the fatty acids of cell membrane comprising mainly jasmonic
acid and methyl jasmonate. It carries out vital functions concerning various plant
physiological processes like indirect as well as direct defense responses, secondary
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metabolism, senescence, fruiting, flowering, and reproductive processes (Fahad et al.
2015c;Wani et al. 2016). Brassinosteroids are a polyhydroxy steroidal phytohormone
that promotes growth and development of plants such as fruits and flower develop-
ment, floral initiation, root, and stem growth (Bajguz and Hayat 2009; Wani et al.
2016). Strigolactones consist of carotenoid-derived molecules formed in small quan-
tities mainly in roots as well as other parts of the plant (Koltai and Beveridge 2013).
They promote root and shoot development (Kapulnik and Koltai 2014), nodulation
during the legume and rhizobium symbiosis (Foo and Davies 2011; Soto et al. 2010),
and parasitic plants seed germination (Harrison 2012; Wani et al. 2016). Strigolac-
tones also regulates seedling development and seed germination (Stanga et al. 2013)
as well as leaf senescence (Akiyama et al. 2005).

15.3 Phytohormones as Regulators of the Stress Responses

The phytohormones like abscisic acid, ethylene, salicylic acid as well as jasmonates
are well known for regulating the protection response of plants towards abiotic stress
as well as pathogenic organisms (Bari and Jones 2009; Nakashima and Yamaguchi-
Shinozaki 2013; Verma et al. 2016). Abscisic acid is accountable for phyto defense
towards abiotic stresses like heat, cold, salinity as well as drought stresses including
wounding, which are responsible to increase its concentration in plant cells (Lata and
Prasad 2011; Zhang et al. 2006). Abscisic acid promotes the ability of the plant to
signal its shoots about the water stress conditions, which results in anti-transpiration
activity by reducing leaf expansion and enhancing stomatal closure (Wilkinson et al.
2012). Abscisic acid also encourages the modification of plant architecture under
nitrogen limitation (Zhang et al. 2007) as well as drought stress (Giuliani et al.
2005). It also controls the production of dehydrins, late embryogenesis abundant
proteins, and other protective proteins as well as the expression of various stress-
responsive genes (Sreenivasulu et al. 2012; Verslues et al. 2006). It also promotes
the production of antioxidant enzymes and osmoprotectants as well as cellular main-
tenance of turgor pressure, which enhances the tolerance capacity of plants against
desiccation (Chaves et al. 2003). However, ethylene, jasmonates, and salicylic acid
are mainly responsible for plant defense against biotic stress such as pathogen infec-
tion, which triggers to increase their levels in plant cells (Bari and Jones 2009; Verma
et al. 2016). The abiotic stresses like salinity, lower temperature, and others, increase
the content of ethylene endogenously which promotes the tolerance level in plants
(Shi et al. 2012). Ethylene also alleviates heat stress in the plant by activating plant
defense response (Larkindale et al. 2005). Ethylene also with other plant hormones
viz. jasmonate and salicylic acid promote plant defense against pathogens as well as
pests (Kazan 2015; Wani et al. 2016). Jasmonates promote defense responses of the
plant under various abiotic stresses (like ultra-violet radiation and drought) as well
as pathogenic attacks (Demkura et al. 2010; Du et al. 2013; Pauwels et al. 2009; Seo
et al. 2011; Wani et al. 2016). Jasmonates also eliminate the stress caused by heavy
metals by triggering the antioxidant systems (Wani et al. 2016; Yan et al. 2013).
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Salicylic acid performs a substantial function in abiotic (heat, chilling, salinity, and
drought) and biotic stress responses (Wani et al. 2016). The higher concentration of
salicylic acid in plants either makes it prone to abiotic stress or causes cell death.
However, its adequate amount promotes the antioxidant capacity of the plant (Jumali
et al. 2011). Salicylic acid is associated with genes accountable towards the forma-
tion of secondary metabolites (cinnamyl alcohol dehydrogenase and sinapyl alcohol
dehydrogenase) and cytochrome P450 as well as gene encoding antioxidants, heat
shock proteins, and chaperones (Jumali et al. 2011; Wani et al. 2016). Auxin takes
a crucial part in the alleviation of heavy metal (Egamberdieva 2009) and salinity
stresses (Fahad et al. 2015b) in plants. Moreover, it is also considered as a vital
component of protection/defense responses through the regulation of various genes
and intermediation of crosstalk among biotic besides abiotic stress responses (Fahad
et al. 2015a).

Recently, considerable evidence have emerged towards the cross-talk of phyto-
hormones such as abscisic acid, jasmonates and salicylic acid for controlling plant
protection/defense response (Bari and Jones 2009; Navarro et al. 2008; Nishiyama
et al. 2013; Verma et al. 2016). Cytokinins also take part in abiotic stress responses
(O’Brien and Benkova 2013) like drought (Kang et al. 2012) as well as salinity
stresses (Nishiyama et al. 2011). During water stress conditions, the concentration
of abscisic acid increases, whereas cytokinin content decreases, which increased the
ratio of abscisic acid as well as cytokinin. The decreased concentration of cytokinin
promotes apical dominance, which in combination with the abscisic acid regulates
stomatal aperture, helps in adaptation towards drought stress (O’Brien and Benkova
2013;Wani et al. 2016). Gibberellins carry out an important function in abiotic stress
alleviation (Colebrook et al. 2014) like osmotic stress (El-Esawi 2017). Gibberellins
interrelate with all plant hormones in various developmental and stimulus-response
processes (Munteanu et al. 2014). Its interaction with ethylene shows both posi-
tive and negative mutual regulation dependent on the signaling and tissue perspec-
tive (Munteanu et al. 2014; Wani et al. 2016). Brassinosteroids promotes defense
responses of the plant towards different abiotic stresses like organic pollutants
(Ahammed et al. 2013), metals or metalloids (Bajguz 2010), flooding (Liang and
Liang 2009), drought (Mahesh et al. 2013), light (Kurepin et al. 2012), soil salinity
(Abbas et al. 2013), chilling (Wang et al. 2014), and high temperature (Janeczko et al.
2011). Strigolactones are also found to take part in abiotic and biotic stress responses
(El-Esawi 2017;Wani et al. 2016). Strigolactones regulates plant responses and accli-
mation to numerous abiotic stresses, mainly chilling, salinity, drought, and nutrient
deficiency (Yang et al. 2019).

15.4 Phytohormone Signaling Under Stress

Phytohormones control various functions in plants both at molecular as well as
cellular levels. There are diverse signaling routes and relationships identified with
phytohormones, amongst which the function of phytohormone signaling in stress
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Fig. 15.2 Plant hormones can alleviates stress response in plants

conditions can be of utmost significance (Hirayama and Shinozaki 2010; Miransari
2012). Under stressful environmental conditions, the reaction of plants is directed
by phytohormones demonstrating that the occurrence of phytohormones can expand
plant resilience to stress (Fig. 15.2). Thephytohormones produced in plantsmaybring
about actuation of various genes and consequently promotes various exercises, which
include plant response to stress, plant water behavior, cell cycling and triggering of
various signaling pathways (Rahman 2013; Tuteja 2007; Wang et al. 2007).

The impacts of auxin in stress can be executed by the initiation of transcrip-
tion factors associated with genes, for example, small auxin-up RNA, GH3, and
Aux/IAA genes. The signaling route of auxin is generally activated and controlled
by transcription factors involving the Aux/IAA repressors and auxin response factor
(Han et al. 2009; Jain and Khurana 2009). On the other hand, the vital functions
of ethylene in plants consist of tissue senescence, abscission, and germination of
seeds. Ethylene usually interacts with ethylene receptors generally present on the
cellmembranewhich consists of two-component histidine protein kinases (Miransari
2014; Miransari and Smith 2014; Mount and Chang 2002). The signaling route of
ethylene is amongst the well-identified routes and has the significant ETHYLENE
INSENSITIVE3 transcription factor. The synthesis of ethylene increases under
stress, which decreases the growth/development of the plant. Moreover, the utiliza-
tion of plant growth-promoting rhizobacteria reduces the synthesis of ethylene due to
the biogenesis of aminocyclopropane carboxylate deaminase (Glick et al. 2007; Jalili
et al. 2009;Miransari 2014). In the case of cytokinin, the ipt gene is responsible for the
biogenesis of cytokinin, which produces isopentenyl adenosine-5’-monophosphate
and isopentyl transferase (McGraw 1987; Miransari 2014). One of the major roles of
cytokinin is the fortification of the photosynthetic process under stress in association
with receptor protein molecules and the initiation of the interrelated signaling route.
Consequently, the genes are expressed, and rubisco, photosynthesis-related proteins,
carbon, electrons, and microRNAs are formed. The response of plants can be altered
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genetically using ipt gene under drought stress as the leaf senescence process is
postponed (Miransari 2014; Rivero et al. 2007, 2009). Similarly, the functions of
abscisic acid under stress have been also reported. Abiotic stress viz. drought and
salinity cause the synthesis of abscisic acid in the plant. The opening and closing of
the stomatal pore are controlled by abscisic acid under various conditions as well
as stresses (Jia and Davies 2007; Miransari 2014). Among phytohormones, abscisic
acid is considered as themost vital signalingmolecule in the plant due to its numerous
functions. Plants can eliminate the effects of stress owing to the activation of various
genes by abscisic acid, which regulates the defense mechanism, for instance, the
activation of nced genes in the plant (Miransari 2014; Wan and Li 2006). The antag-
onistic impacts on sRNA prompt the synthesis of abscisic acid, demonstrating that
there occurs a connection between abscisic acid and sRNA signaling pathways in the
plant (Miransari 2014; Zhang et al. 2008). Likewise, the synthesis of gibberellins in
plants is accelerated by the cyclases, dioxygenases, and monooxygenases enzymes.
The increasing impact of gibberellins on the growth of the plant is due to the break-
down of DELLA protein (Griffiths et al. 2006; Miransari 2014). DELLA protein
molecules are accountable for the modification of plant response to stress by influ-
encing the combining response of phytohormones to stress (Miransari 2012, 2014).
On the other hand, one of the vital function of salicylic acid on the growth of the plant
is to regulates the systemic resistance by the processes, which includes the expression
of the various gene including the priming and phenylalanine ammonia lyase genes,
triggering of phytoalexin related pathways, phenolic products, and callose deposition
and influencing the signaling pathway for auxin (Chen et al. 2009). Brassinosteroids
synthesis in plants utilized oxygen, which signifies its ability to alter the impacts of
hypoxia on the development as well as the growth of the plant. It also overcomes
the adverse effects in plants arises due to various stresses (Miransari 2012). Strigo-
lactones influences the germination of parasitic weed Striga, shoot branching, and
fungi mycorrhizal association with its host plant. The vital feature influencing the
synthesis of this phytohormone in the plant is phosphate deficiency (Akiyama et al.
2005; Lopez-Raez et al. 2008; Miransari 2011, 2014). Jasmonates in combination
with other phytohormones affect the growth of plants in stress, activates nitrogen
protein kinase, the influx of calcium, and regulates the synthesis of ROS (Hu et al.
2009; Miransari 2014).

15.5 Impact of Nanoparticles on the Content
of Phytohormones

The concentration and mode of action of phytohormones are viewed as a significant
criterion of toxicity in plants (Yang et al. 2017). The consequence of nanoparticles
in plants mainly based on their concentration (Vankova et al. 2017). Hence, small
concentrations of nanoparticles have positive or even insignificant effects on the
growth of the plant, e.g., in the case of peanut, the application of ZnO nanoparticle at
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the concentration of 1000 ppm (Prasad et al. 2012;Vankova et al. 2017). According to
Le Van et al. (2015), the presence of CeO2 nanoparticles does not have a noteworthy
influence on gibberellic acid, abscisic acid as well as indole-3-acetic acid content in
the leaves of conventional cotton as well as Bt-transgenic cotton in comparison to the
control one. Moreover, the treatment of conventional cotton with 0.5 g L−1 of CeO2

nanoparticles results in the decrement of transzeatin-riboside content in the leaves
by 25% over the control condition. Gui et al (2015) reported that the abscisic acid
and indole-3-acetic acid concentration were increases in the roots of non-transgenic
and transgenic rice plants on the implication of Fe2O3 nanoparticles indicating that
it had a substantial impact on the synthesis of phytohormones. The decrease in the
concentration of plant hormones was reported with the carbon nanotubes exposure
of rice seedling (Hao et al. 2016). An iron oxide nanoparticle stimulates the growth
of Arachis hypogaea L. when applied as fertilizer by controlling the plant hormones
such as indole propionic acid, dihydrozeatin, zeatinriboside and gibberellin in root
and shoot (Rui et al. 2016). According to Vankova et al. (2017), the exposure of
Arabidopsis thaliana (L.) Heynh. to ZnO nanoparticles repressed the synthesis of
auxins and cytokinins in shoot apices, whereas cis-zeatin (cytokinin) was increased
in the root. However, upregulation of abscisic acid was observed in leaves and apices,
as well as stimulation of salicylic acid, were found in roots and leaves. Moreover,
the concentration of jasmonic acid was repressed due to the occurrence of ZnO
nanoparticles. Nano-stressed in pepper (Capsicum annuum L.) occurs due to the
exposure to silver nanoparticles result in the increment of phytohormones such as
cytokinins (Vinković et al. 2017).

15.6 Role of Nanomaterials and Phytohormones to Cope
with Plants Stresses

The treatment of plant with nanomaterials may alter the gene transcription in plants
involved in signal transduction and biogenesis of phytohormones like ethylene
signaling components, the gene responsible of synthesis of abscisic acid and auxin
response or repressor genes (Kaveh et al. 2013; Syu et al. 2014) to alleviate biotic as
well as abiotic stresses. Reports on the effects of nanomaterials and plant hormones
to alleviate plant stress are presented in Table 15.1. Rezvani et al. (2012) inves-
tigates the effects of silver nanoparticles in Crocus sativus and demonstrated that
silver nanoparticles promote the growth of root by blocking the ethylene signaling
pathway. García-Sánchez et al. (2015) conducted a study on the effects of multi-
walled carbon nanotubes, Ag nanoparticles, or TiO2 nanoparticles on Arabidopsis
thaliana (L.) Heynh. during abiotic (wounding, drought or saline) or biotic (micro-
bial pathogens) stresses. The exogenous application of salicylic acid prevented few
phenotypic and nano-specific transcriptional effects, comprising the bacterial estab-
lishment of distal leaves as well as reduction of root hair formation. This study shows
the result of the interaction of nanoparticles on gene expression with plant reactions
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to chief sources of environmental stress and shows the path to overcome the effect
of these possibly detrimental molecules via hormonal priming. Likewise, Almutairi
et al. (2016a) studied the effects of various concentrations of nano-silicon on the
germination of tomato (Solanum lycopersicum L.) during salt stress. Generally, the
germination and the growth of seedling were inhibited by salinity stress. Conversely,
these effects were reversed by the application of nano-silicon, which results in the
increment of germination percentage and germination rate of seeds and the fresh
weight and root length of seedlings under salinity stress. Moreover, the salinity stress
genes such as dwarf and delayed flowering 2 (DDF2), mitogen-activated protein
kinase 3 (MAPK3) ethylene response factor 5 (ERF5), mitogen-activated protein
kinase 2 (MAPK2), cytosolic ascorbate peroxidase 2 (APX2), and respiratory burst
oxidase (RBOH1) were downregulated whereas cysteine-rich receptor-like protein
kinase 42-like (CRK1), 9-cis-epoxycarotenoid dioxygenase (NCED3), abscisic acid
and environmental stress-inducible protein (TAS14), and abscisic acid-responsive
element-binding protein (AREB) were upregulated with the application of nano-
silicon during salinity stress. In another study, Almutairi et al. (2016b) examined
the effects of various concentrations of silver nanoparticles on the germination of
tomato (Solanum lycopersicum L.) during salt stress. Tomato seeds were treated with
various concentrations of silver nanoparticles (0.05, 0.5, 1.5, 2 and 2.5 mg L−1) and
incubated under NaCl (salt) stress (150 and 100 mM). The germination of seed and
growth were repressed by salinity stress, and these consequences were eliminated by
the treatment of silver nanoparticles. The germination of seed and growth of seedling
was promoted due to the application of nanoparticles under salinity stress. The genes
responsible for salinity stress such as zinc finger homeodomain transcription factor
family (ZFHD1), TAS14, and DDF2 were down-regulated, whereas CRK1, delta-1-
pyrroline-5-carboxylate synthetase (P5CS), MAPK2, and AREB were up-regulated
by silver nanoparticles in response to salt stress. Therefore, expression patterns
for genes related to the application of nanoparticles suggested a possible contri-
bution and involvement of nanoparticles (nano-silicon and silver nanoparticles) in
the plant defense reaction to alleviate the salt stress. Imada et al. (2016) investigated
the effects of magnesium oxide nanoparticles on resistance ability in tomato plants
against the soil-borne pathogen (Ralstonia solanacearum (Smith) Yabuuchi et al.).
The soaking of the roots in the suspension of nanoparticles before the inoculation
of pathogen reduces the incidence of bacterial wilt significantly. However, the treat-
ment of seedling roots with nanoparticles after the inoculation with pathogen cause
very slight prevention of disease. Treatment of root with nanoparticles promotes
ROS; however, the addition of polyphenols or tomato plant extracts to the nanopar-
ticle suspension results in the generation of ROS was more quickly, signifying the
promotion of ROS in roots of tomato plant probably due to a response of polyphenols
and nanoparticles presence in roots. Systemic resistance-related GluA, ethylene-
inducible Osm, jasmonic acid-inducible LoxA, and salicylic acid-inducible PR1
were up-regulated in both the hypocotyls and roots after application of the plant
rootswithmagnesiumoxide nanoparticles. Consequently, it promotes systemic resis-
tance against bacterial wilt disease. Thangavelu et al. (2016) studied the effects of
rooting phytohormones (indole-3 acetic acid or indole-3-butyric acid) capped silver
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nanoparticles as nanobullets on tobacco (Nicotiana tabacum L.) plant against the
soil-borne pathogen. Hormone capped Ag-nanoparticles inhibit pathogens, such as
Colletotrichum gloeosporioides Penz., Rhizoctonia solani Kühn, and Curvularia
lunata (Wakker) Boedijn., to cause root diseases and promote root growths about
3-fold in comparison to control condition as well as it increases the rooting abil-
ities against root growth-inhibiting phytopathogens. Abou-Zeid and Ismail (2018)
examined the production of silver nanoparticles utilizing the extract of Capparis
spinose L. as a stabilizing and reducing agent and explores its effects as a priming
agent (1 mg L−1) in the elimination of salinity stress (25 and 100 mM NaCl) during
the germination of wheat. Silver nanoparticles promote seed sprouting and plant
growth. Moreover, it influences the balance of phytohormones in the wheat plant by
decreasing abscisic acid as well as promoting 6-benzyl-amino-purine, 1-naphthalene
acetic acid, and indole-3-butyric acid contents. Salinity stress (100mMNaCl) stimu-
lates the synthesis of abscisic acid content and reduces cytokinins and auxins contents
as well as chlorophyll stability index, pigment contents, growth index, and germina-
tion percentage. These factors particularly photosynthetic efficiency, growth param-
eters, and plant hormone equilibrium were significantly improved by the application
of silver nanoparticles. Thus, signifying the role of silver nanoparticles priming in
the development of plant tolerance against salt stress. Hao et al. (2018) showed the
exposure of tobacco (Nicotiana benthamiana L.) to metal-based (Fe2O3 or TiO2)
and carbon-based (C60 or multi-walled carbon nanotubes) nanomaterials provide
protection against pathogen stress, such as Turnipmosaic virus, by activating defense
mechanisms and stimulate plant growth due to the increased production of cytokinins
and brassinolide as well as decreases the concentration of abscisic acid. Escalations
in the concentration of plant hormones by 40% also imply that nanomaterials hold
an immense signification in promoting the growth of the plant and triggering defense
mechanisms.Mozafari et al. (2018) studied the role of salicylic acid and iron nanopar-
ticles on strawberry (Fragaria× ananassaDuch.) plants under drought stress. Their
results pointed out that treatment of salicylic acid in combination with iron nanopar-
ticles can be a favorable technique for providing a higher quantity of strawberries and
could be used for alleviates the harmful effects of drought stress and promote growth.
Also, Faraji and Sepehri (2019) investigated the effects of sodium nitroprusside (0
and 100 μM), as NO donor and TiO2 nanoparticles (0, 500, 1000 and 2000 mg L−1)
on seed germination and seedling growth of wheat (var. Pishgam) plant to overcome
drought stress induced by polyethylene glycol (0,−0.4 and−0.8MPa). The outcome
of their study indicates the increase in germination percentage (23.72%), germina-
tion energy (50%), germination rate (33.74%), vigor index (91.04%), shoot fresh
weight (91.91%), root fresh weight (73%), shoot length (93.28%), and root length
(85.38%) but reduced mean germination time (up to 28.36%) in wheat seeds due to
the exposure of sodium nitroprusside and TiO2 nanoparticles alone or in combination
under severe drought stress by regulating phytohormones such as auxin, cytokinin,
and gibberellin.
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15.7 Conclusions and Prospects

To the best of our knowledge, limited studies are depicting the consequences of
using nanomaterials with plant hormones to alleviates biotic and abiotic stress in the
plant. Phytohormones control various functions in plants both at molecular as well as
cellular levels. There are diverse signaling pathways and relationships identified with
plant hormones, amongst which the role of phytohormone signaling under stress can
be of the utmost importance. Under stressful environmental conditions, the reaction
of plants is directed by phytohormones demonstrating that the occurrence of phyto-
hormones can expand plant resilience to stress. The phytohormones produced in
plants may bring about actuation of various genes and consequently promote various
exercises which include plant response to stress, plant water behavior, cell cycling
and triggering of various signaling pathways. The treatment of plants with nano-
materials may alter the gene transcription in plants involved in signal transduction
and biogenesis of phytohormones. These include ethylene signaling components, the
gene responsible for the synthesis of abscisic acid, and auxin response or repressor
genes to alleviate biotic and abiotic stresses. Therefore, there is an urgent need for
more investigations with different crops to evaluate the combined effect of nanoma-
terials and phytohormones by designing the system in different agro-climatic zones
under various stresses over a longer period to obtain higher productivitywithout dete-
riorating the environmental and health status. It is not only essential to the farmers but
also holds immense significance to the policymakers. The importance of hormonal
signaling under abiotic stress is of great significance and must be explained so that
the creation of stress tolerant plants may be possible at the large-scale. Nevertheless,
for upcoming prospects, researchers require to make the outcomes of their investi-
gation more relevant: (a) The investigation being offered by scientists is operative
as well as helps in the development of systematic knowledge; (b) The accuracy
of suggested and new techniques must be confirmed frequently so that the associ-
ated signaling pathways are accurately revealed; (c) the utilization of supplementary
precise and sophisticated devices can be an advantageous apparatus to alter plants
more promising under stress conditions; (d) the interactions, as well as cross-talk
among several signaling pathways, can prominently specify the responses of the
plant under the biotic and abiotic stress as well as the consequent usage of required
and effective techniques; and (e) proteins and expressed genes, as well as cellular
behavior, were evaluated and investigated accurately for the utilization of improving
approaches more pertinent.
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Chapter 16
Application of Nanobiotechnology
in Overcoming Salinity Stress

Shalini Tiwari, Charu Lata, and Vivek Prasad

Abstract Soil salinity is the challenging environmental threat impose on plants that
hinder its development and productivity. Salinity obstruct the absorption of water by
plant roots that leads to accumulation of hazardous salt ions and hence impairment
in plant mechanisms by altering numerous biochemical and molecular parameters.
Nowadays, nanotechnology gained the interest of researchers and agronomist to
combat the environmental stress conditions. In agriculture, nanotechnology helps to
improve growth, productivity and nutritional value of both monocotyledonous and
dicotyledonous crop plants by the use of various nano scale products including,
nanofertilizers, nanoherbicides, nanofungicides and nanopesticides. Use of nano
scale products also have the capability to increase the vegetative and reproduc-
tive traits of various fruits and vegetables. Thus, the present chapter discusses the
nanotechnology approaches used to mitigate the effect of salinity in crop plants.
Hence, the role of biosensor and use of nanoparticles in cultivated land having high
soil content have been described here to understand the impact of nanotechnology
in overcoming salt stress for sustainable production of cereal and fruit crop plants.
Lastly, the use of green nanoparticles has also been described against the adverse
effects and limitations of chemically and physically synthesize nanoparticle.
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16.1 Introduction

Plants are constantly confronted by a wide range of environmental challenges due to
its sessile nature that leads to reduction in their growth and yield. These stresses may
be biotic or abiotic in nature. Among abiotic stress, salinity is the major constraint
impose on plants that limits the crop growth globally and cause severe damage in
plants throughout their life cycle (Chauhan et al. 2019; Hirayama and Shinozaki
2010). To combat the effect of saline condition, plant execute several strategies, such
as (a) adaptation mechanisms, that shows plant endurance to adverse conditions, or
(b) avoidance mechanisms that is specific growth habits by plants to confront stress
(Chauhan et al. 2019; Tiwari et al. 2016). Plants shows alteration in a large number
of genes expression against salinity and, subsequently the after reaction cause stress
resistance and tolerance in plants. Saline condition affect plants in different ways
including, limits water absorption, ion accumulation and toxicity, nutritional imbal-
ance, oxidative damage, alteration in metabolism, membrane instability, reduced
cell division and cell expansion (Munns and Tester 2008). Altogether, these factors
limit the crop productivity by imposing adverse impact on their germination, devel-
opment and crop yield (Munns 2002; Zhu 2007). Apart from major contribution
by increased sea level mineral weathering, use of inorganic fertilizers, and irriga-
tion water also induce soil salinity (Amacher et al. 2000). High soil salinity levels,
damage more than 77 million hectares of cultivated land of 1.5 billion hectares of
total world’s cultivated land (Kamran et al. 2020). Saline soils have mostly chloride
(Cl−), and sulphate (SO4

2−) salts in them. While in sodic soil, bicarbonate (HCO3
−)

and, carbonate (CO3
2−) of sodium is mostly abundant. The excessive quantity of Na

cations in soils makes them firm and non-porous. Nowadays, numerous technolo-
gies have been used to combat the adverse effect of soil salinity that would facilitate
sustained agricultural productivity. Due to serious threats of salinity and fewer accep-
tances for breeding approach and transgenic crops, an alternate technology is, the use
of nanotechnology for stress amelioration that holds quite significance nowadays.

Nanotechnology has been suggested as a significant method and approach for
nano-scale implementation of novel products in agricultural sector to boost yield of
cereal crops at sustainable and productive manner to contribute to agriculture secu-
rity (Fincheira et al. 2020). Besides cereals, nanotechnology has also been used
for vegetables and fruit crop to enhance vegetative growth and nutrition values
(Zahedi et al. 2020). Recently, a review by Fincheira et al. (2020) reported the use
of nanoparticles on various monocotyledonous and dicotyledonous plants. Till date
various investigations have been performed to combat the adverse effect of salinity
in different plants by using the different nano-scales products (Lu et al. 2020; Ye
et al. 2020). Thus, in current chapter we summarize the effect of salinity on plants
and describes the various nanotechnologicals tools and products including nano-
biosensors, and nanoparticles to mitigate the adverse effect of salinity to improve
growth and productivity of crop plants.
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16.2 Effect of Salinity on Plants

Plant tolerance to soil salinity comprises complexmetabolic, andmolecular intercon-
nection depending on the extent of the stress that eventually leads to decline in crop
production (Fig. 16.1). The salt stress effects plants by inducement of ion toxicity
and imbalance, osmotic damage, and nutrient deficiencies that result in membrane
destruction, decreased cell expansion and division, changes in metabolic processes
(de Azevedo Neto and da Silva 2015). Thus, salt tolerance by plants involves all
these highly complex phenomena that leads to variations in numerous physiological
and biochemical traits, which ultimately result in morphological and developmental
modifications.

Salt stress is firstly perceived by the plant roots that leads to reduction in
numerous plant traits including seedling biomass, root and shoot length (Acosta-
Motos et al. 2017). Mainly in the sensitive genotypes, initial symptoms of salinity
detected in the old leaves that start to dehydrate and roll inward (Gholizadeh and
Navabpour 2011). This phenomenon includes alteration in morphology, anatomy,
photosynthesis, phytohormone content, distribution of toxic ion and biochemical
modulation.

Initially, the root system of plants perceives the salinity that ultimately leads to
impairment of plant growth, primarily by inducing osmotic imbalance caused by ion
toxicity due to nutrient imbalance (Acosta-motos et al. 2017). Thus, major salinity
impact is due to induction of osmotic stress and salt ion toxicity, leading to nutrient
deficiencies and imbalances. All these responses of plants towards excessive salt
uptake leads to deterioration of plant health (Gupta and Huang 2014).

Various mechanisms govern gene expression regulation during the central dogma
of living cells, i.e., from the initiation step of RNA-transcription and up to the final

Fig. 16.1 Physiological, biochemical and molecular alterations in plants under salt stress (Figure
constructed by Shalini Tiwari)
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step of the proteins post-translational modification. Under the salinity stress, plants
use numerous mechanisms for gene expression regulation to alter (i.e., upregulate
or downregulate) the production of specific gene products. These mechanisms for
gene regulation comprise molecules such as heat-shock proteins, antifreeze proteins,
late embryogenesis abundant (LEA) proteins, transporters, water channel proteins,
osmolyte biosynthesis, detoxification enzymes, and proteases (Bhardwaj et al. 2013;
de Souza Filho et al. 2003). Salinity triggers salt overly sensitive (SOS) signaling,
thus activates SOS1Na+ antiporter and SOS2 kinase (Yang andGuo 2018). Salt stress
is also known to trigger ABA phytohormone pathways and osmotic stress signaling
in plants. Osmoprotectants such as osmolytes and LEA proteins in plants cell, stabi-
lize cell membrane and protein structure for stress tolerance. Among LEA proteins
gene family, synthesis of Group 2 LEA proteins is mainly due to salinity (Allagulova
et al. 2003; Bhardwaj et al. 2013). LEA proteins comprise of regulatory proteins
that further regulate the signal cascading and hence genes expression of cell under
stress. Several other transcription factors (TFs), enzymes, kinases, phosphatases, and
signaling factors are induced by stress suggesting its complex transcriptional regu-
latory mechanisms under salinity stress. However, nowadays, nanobiotechnology
has been used widely to combat the challenges caused by soil salinity and helps in
improving plant growth and productivity in crops.

16.3 Application of Nanobiotechnology in Agriculture

In present scenario, nanobiotechnology gaining momentum in modern agriculture.
In agricultural sector, this technology has diverse applications including nanofer-
tilizers, nanoherbicides, nanofungicides, nanopesticides, nanoparticles, nanosensors
and exhibit promising role in crop improvement, enhanced crop productivity, main-
taining soil health, and precision farming (Amjad et al. 2018, Fig. 16.2). Hence, in
this chapter, from these applications of nanobiotechnology, we here discussed the
detailed role of nanotechnology in the context to salinity stress, i.e., as nanosensor
and the use of nanoparticles for combating salt stress.

16.3.1 Role of Nanosensors in Agricultural Field

Nano-biosensors/Nanosensors are those sensor devices that were assembled using
nanoscale components and can perceive the chemical, physical, and/or biological
fluctuations as the other sensors work. In agricultural field, these nanosensors are
used to detect water level, nutrient availability, pest attack and plant stress caused
by any means of biotic or abiotic stress factors (Liu and Lal 2015; Singh and Singh
2019). Thus, by this beneficial use of nanosensors, farmers and agronomist would be
capable to enhance the crop production by reducing nutrient input or water and also
maintaining their delivery at temporal and spatial scales, i.e., only when and where
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Fig. 16.2 Various applications of nanotechnology for sustainable agriculture (Figure constructed
by Shalini Tiwari)

it is necessary. Monreal et al. (2015) showed that desired root signals interact with
incorporated biosensor that leads to change their permeability allowing urea delivery
to plants only in need. A recent review article byKaushal andWani (2017)mentioned
several reports indicating the role of nanosensors that protect plants against various
plant pathogens leading to enhancement in crop yield. Kaushal and Wani (2017)
also reported the rejuvenation of salt affected soil and detection of soil contami-
nants by the use of microscopic or submicroscopic nanosensors. However, no such
studies reported till date on the plants grown under salt stressed condition or on any
cultivating land having high salt concentration.

16.3.2 Use of Nanoparticles for Mitigating Soil Salinity

Nanoparticles are the foundation of nanotechnology discipline that play crucial role
in numerous field including electronics, industry, medicine, environment and agri-
culture (Ahmad and Akhtar 2019; Akhtar et al. 2013; Zhang et al. 2015). In agri-
cultural sector, nanoparticles are used for crop improvement by precision farming,
controlled nutrient and water delivery, detection and protection of crop against pest
and pathogens (Panwar et al. 2012). Because of distinct physical and chemical char-
acteristics, nanoparticles easily penetrate plant cells, can alter their metabolism and
also can transport chemicals andDNA into the plant cells (Giraldo et al. 2014; Torney
et al. 2007). Apart from these, nanotechnology also provides potential approach to
the researchers to incorporate nanoparticles into the plants to extend its functions
and also create new ones. Beside traditional DNA delivery approach i.e. transgene
integrationmethod, nowadays genome editing technologies are the globally accepted
approach for the crop improvement program as they overcome the limitations that
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arises due to traditional DNA-delivery method (Tiwari and Lata 2019). Interestingly,
by the help of nanotechnology in 2019, researchers at University of Californiamanip-
ulated the plant genome of non-model plant species by the use of carbon nanotubes
and CRISPR-cas9 gene editing without integrating transgene resulting compara-
tively high protein expression level (Demirer et al. 2019). Abovementioned studies
showed the diversified role of nanoparticles, however, below we discussed about
some commonly known nanoparticles used in agriculture for alleviation of oxidative
damage in plants caused by salinity. We also incorporated the nanoparticles used in
past ten years in Table 16.1 in plants to mitigate the salinity stress.

16.3.2.1 Silicon Nanoparticles

Silica (Si) is one of the common and abundantly found element in the earth’s crust.
For plants, this element is beneficial and plays crucial role in plant stress tolerance
including salt stress (Ahmad and Akhtar 2019). Numerous studies reported the plant
growth promotion, i.e., enhanced chlorophyll concentration and, thus photosynthesis,
declined evapotranspiration, and improved product quality upon exogenous applica-
tion of silica in various plants under both stressed and unstressed condition (Ahmad
and Akhtar 2019; Rodrigues et al. 2009). During stress, silicon form cellulose silicon
layer by combiningwith calciumand pectin present in cellwall to increase its stability
(Ahmad and Akhtar 2019). Under salt stress, silica enhanced the antioxidant enzyme
activities, reduce membrane permeability, increase root absorption of nutrients, limit
transport of Na+ towards leaves and store them in roots for reduction of the salinity
toxicity and, thus helps to improve plant growth (Gong et al. 2005; Liang et al.
2003). Gao et al. 2006, observed the increment in the plant biomass upon silicon
application under salinity stress. Hence, researchers shifted towards nano-form of
beneficial elements for better utilization and crop improvement. Specifically, by the
use of nanosilica (nanoSi) for salinity tolerance in plants, several studies have been
performed till date. In a comparative study between silica fertilizer and silica nanopar-
ticles applied on basil plants grown under saline condition, Kalteh et al. (2014) found
that tolerance capability of basil plants increased in silica-nanoparticles treated plants
than silica fertilizer. Increased biomass, chlorophyll and proline content was found
under salinity in basil plants applied with nanoparticles. Similarly, Qados (2015)
investigated the effect of Si and nanoSi on faba bean plants treated with salt and
concluded that nanoSi treatment ameliorate the salt stress by positively modulating
membrane stability, and inducing antioxidant enzyme activity, and sugar accumula-
tion. Avestan et al. (2019) treated the strawberry plants with combinations of salt and
nano-silicon and stated that application of nano-silicon alleviates the non-favorable
conditions of salt by imposing the anatomical and biochemical changes in plants.
Alsaeedi et al. (2017) also examined the consequences of nanoSi on germination and
the growth of common bean seedlings. This study showed that bean seeds could not
able to grow under salt stress while nanoSi treatment helps them to grow well. Treat-
ment of nanoSi also enhanced the germination percentage and germination speed of
bean seedlings as well that leads to enhanced biomass of the seedlings.
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16.3.2.2 Cerium Oxide Nanoparticles

In recent years, nanoceria (nanoCe) has been used widely due to its multifarious
role in medical, agriculture, industry and cosmetic field (Ayub et al. 2019). Earlier
investigations confirmed that nanoCe impose both positive and negative impact
on human and plant health. In context to plants, effect of cerium oxide nanopar-
ticles depends on degree and extent of exposure, plant species and its developmental
stage (Ma et al. 2016; Wang et al. 2012). A study justified, cerium oxide nanopar-
ticles upon certain exposure conditions augments the growth and yield in tomato
while, at other concentrations no visible changes were observed (Wang et al. 2012).
Rossi et al. (2016) explained the effect of nanoCe treatment in alteration in physio-
biochemical responses in canola (Brassica napus L.) during salinity stress. Plants
treated with nanoCe had enhanced the photosynthetic apparatus proficiency, thus
plant biomass, and experienced less stress in both standard and saline irrigated envi-
ronments. Furthermore, Rossi et al. (2017) examined the impact of cerium nanopar-
ticles under salinity and showed that nanoCe modified the plant root anatomy by
amending salt stress tolerance of canola plant. NanoCe are also known as potent
catalytic scavengers of reactive oxygen species (ROS), i.e., hydroxyl ions, hydrogen
peroxide (H2O2), and superoxide anion in plants under abiotic stress.Wu et al. (2018)
investigated the scavenging property of cerium oxide nanoparticles in Arabidopsis
under salt stress and showed that hydroxyl radical scavenging alleviates the effect of
salinity.

16.3.2.3 Zinc Nanoparticles

Zinc is the most crucial micronutrient required by plants for their vital metabolic
functioning that lead to their better growth and development (Auld 2001; Saxena
et al. 2016). Recently, zinc nanoparticles (nanoZn) has been used in agricultural field
as nanofertilizer, nanopesticides, antimicrobial agent and drugs (Ahmad and Akhtar
2019; Prasad et al. 2012). Previous findings reported on legumes viz. chickpea,
peanut, soybean and on cereals, i.e., wheat showed beneficial effect of zinc nanopar-
ticles on germination of their seeds (Burman et al. 2013; Prasad et al. 2012; Ramesh
et al. 2014; Sedghi et al. 2013). Several investigations also confirmed that nanoZn
positively modulates the plant mechanism to mitigate the adverse effect caused by
abiotic stresses. A study by Alharby et al. (2016) on tomato under salt stress revealed
that application of nanoZn enhanced the mRNA expression level of antioxidant
enzyme related genes, i.e., superoxide dismutase (SOD) and glutathione peroxi-
dase (GPX) genes indicating the positive response of zinc nanoparticles on plants to
combat the adverse effect of salinity. Latef et al. (2017) demonstrated the effect of
nanoZn particles in lupine (Lupinus termis Forssk.) plants during saline condition
and denoted that nanoZn stimulate its growth under salt by strengthening the levels of
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chlorophyll, total phenols, and organic solutes content. Application of ZnO nanopar-
ticles on Trigonella foenum-graecum altered various antioxidant enzymes that lead
to increment in the trigonelline content of the plant under the salt stress (Noohpisheh
et al. 2020). Torabian et al. (2018) comparatively studied the effects of foliar applica-
tion of ZnO particles and nanoparticles on sunflower plants, and showed that better
absorption and high mobility due to nano size of nanoparticles lead to increased
biomass, proline content and SOD activity that helps plant to alleviate salt stress.
In tomato seedlings, combination of nanoZn with rhizobacteria altered the cyto-
sine methylation that induced a positive anti-genotoxic effect in response to salinity
(Haliloglu et al. 2020).

16.3.2.4 Iron Nanoparticles

Iron is also one of the most crucial micronutrient of the plants that is required for
their better growth under both unstressed and stressed condition. Earlier studies
reported that iron supplement to plants also can compensate for salt stress (Uauy
et al. 2006). Therefore, in recent years, agronomists used to apply nano form of iron,
i.e., iron nanoparticles (nanoFe) in the field to enhance crop productivity and toler-
ance capacity against environmental challenges. Taiz et al. (2015) stated that use of
nanoFe-fertilizer in plants increase the permeability of plasma membrane, decrease
the absorption as well as accumulation of sodium by root and, thus enhance the
plant resistance towards salt stress. Improved seedling growth via enhanced photo-
system (PSII) efficiency, photosynthetic rate, chlorophyll index,RWCwith decreased
lipid peroxidation was observed in sorghum treated with iron oxide nanopartcles
under salinity stress (Maswada et al. 2018). Effect of nanoFe on rosmarinic acid
(RA) production in old Moldavian balm (Dracocephalum moldavica L.) plants was
investigated, and it was observed that NP application significantly affected amino
acids content [tyrosine (Tyr), phenylalanine (Phe), proline (Pro)], and MSI PPO,
PAL, and SOD activities. Enhanced gene expression level of tyrosine aminotrans-
ferase (TAT), rosmarinic acid synthase (RAS) and ultimately RA content was also
recorded (Moradbeygi et al. 2020a). Similar researchers group in another study,
reported increased leaf area, leaf length, biomass and antioxidant activities of D.
moldavica upon nanoFe application during salt stress (Moradbeygi et al. 2020b).
Moreover, combination of nanoFe alongwith other nanoparticles used to enablemore
favourable conditions to plants for additional crop yield. An experiment performed
by Soliman et al. (2015) Moringa peregrina grown under salinity were treated with
combination of ZnO and Fe3O4 nanoparticles showed improvement in plant growth
parameters under both controlled and salt stressed conditions. Combination of these
nanoparticles reduce the accumulation of sodium ion and increase the level of total
photosynthetic pigments, proline, sugars, and antioxidant nonenzymes that leads to
enhancement in salt tolerance by plants. Likewise, combination of nanoFe-particles
and potassium silicate reduced the proline content, malondialdehyde (MDA) content,
antioxidant enzyme activity, and increase the membrane stability index (MSI) in
grape plants to compensate the detrimental effect caused by salinity stress (Mozafari
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et al. 2018a). To evaluate the effects of this combination in maize, Fathi et al. (2017)
conducted a pot experiment using two maize cultivars under the saline condition
and observed the enhancement in the net CO2, assimilation rate, sub-stomatal CO2

concentration and root growth. In another study, combination of salicylic acid with
iron nanoparticles was applied in salt stressed strawberry plant. An improvement
in all growth-related parameters and increment in pigment content, RWC, MSI and
declination in sodium content was observed (Mozafari et al. 2018b). Similar combi-
nation was also applied by Abdoli et al. (2020) in ajowan (Trachyspermum ammi L.)
plants for mitigating salt toxicity by various growth parameters, element content and
anti-oxidant enzyme activities.

16.3.2.5 Silver Nanoparticles

Similar to the most of the nanoparticles, silver nanoparticles (nanoAg) are also
widely use in the field of food packaging, medical drug delivery, pesticides, and
electronics. Application of silver nanoparticles is also well studied in agricultural
sector to augment resistance against stress and for better plant growth and produc-
tivity. Application of nanoAg on wheat plant grown under saline condition were
observed to alleviate salt stress by positively modulating the antioxidant enzymes
(Mohamed et al. 2017). The use of nanoAg also reported for better germination
percentage, plant growth and resistance under salt stress in basil (Ocimum basilicum
L.), fenugreek and Foeniculum vulgare seeds (Darvishzadeh et al. 2015; Ekhtiyari
et al. 2011; Hojjat and Kamyab 2017). Almutairi (2016) also reported improved
seed germination percentage, germination rate, root length and seedling fresh and
dry weight. By the help of semi-quantitative RT-PCR he also examined the salt stress
responsive genes, and showed that four genes, abscisic acid response element-binding
protein (AREB), mitogen-activated protein kinase 2 (MAPK2), delta-1-pyrroline-5-
carboxylate synthetase (P5CS) and cysteine-rich receptor-like protein kinase 42-like
(CRK1), were upregulated in response to nanoAg under salinity, and three genes,
abscisic acid and environmental stress-inducible protein (TAS14), dwarf and delayed
flowering 2 (DDF2) and zinc finger homeodomain transcription factor (ZFHD1),
were downregulated by nanoAg treatment. A recent study by Hojjat (2019) demon-
strated that exogenous application of nanoAg on Lathyrus sativus L. (Grass pea)
grown under salinity, improved the seedlings germination, plant height and root
growth, biomass, and osmotic adjustment to mitigate the effect of salinity on pea
seedlings. Apart from this, Younes and Nassef (2015) studied the effect of nanoAg
on tomato plants under salt stress and reported the reduction in fruit diameter and
average fruit weight, number of fruit per plant, branches number per plant and plant
height. Hence reported no significant effect of nanoAg treatment on tomato plants
under salt stress.
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16.4 Biogenic Nanoparticle to Mitigate Salt Stress in Plants

Synthetic nano-fertilizers are the easily available nutrients in nanoscale range. Its
application in cultivated field increases the solubility and diffusion of insoluble
nutrients present in soil, increases the bio-availability, and decrease nutrient immo-
bilization to deliver nutrients in soil and in plants for longer duration (Naderi and
Danesh-Shahraki 2013; Rameshaiah et al. 2015). Apart from these beneficial role
of synthetic nano-fertilizers, its production is cost intensive process and involves
challenges related to environment as well as health due to use of toxic chemicals.
Therefore, the need of hour is to synthesize the nanoparticles naturally and eco-
friendly, i.e., biogenic or green synthesis of nanoparticles. Nowadays, researchers
use numerous biological entities viz. bacteria, actinomycetes, algae, fungi, seaweeds,
plants for the synthesis of nanoparticles (Pandey et al. 2019; Tripathi et al. 2017).
Plant-mediated green synthesis to synthesize nano-particles are considered more
efficient, non-hazardous and economical (Khandel et al. 2018). Plant extracts or
secondary metabolites such as alkaloids, flavonoids, saponins, steroids, tannins act
as precursor for nanoparticles synthesis. Studies reported that the plants are widely
used to synthesize various biogenic nano-particles such as copper, cobalt, gold,
silver, platinum, palladium, zinc oxide (Kuppusamy et al. 2016). Abdel-Haliem
et al. (2017) separated silica nanoparticles from rice straw and studied its effect
on rice under different condition of salt stress. Result revealed alteration in physio-
biochemical andmolecular parameters in rice to alleviate the salt stress. Plant growth
promoting rhizobacteria (PGPR) or other rhizoccupants, globally used as biofertil-
izers for growth promotion and yield enhancement under both unstressed and stressed
conditions including salinity (Tiwari et al. 2016, 2017). Extraction of nanoparticles
from rhizoccupants is also studied earlier. Several studies reported the separation of
gold and silver nanoparticle from Trichoderma, a rhizosphere occupant have been
used for bioremediation, antimicrobial efficacy, and against biotic stress (Kumari
et al. 2016, 2017; Mishra et al. 2014). Wang et al. (2019) reported the immobiliza-
tion of mercury (Hg) element by biogenic selenium (Se) nanoparticles in varying
concentrations of soil salinity. A study by Khalkhal et al. (2020) reported the effect
of physical and chemical properties, i.e., salt contaminant of soil on immobilization
by biogenic nanoparticle, however very less direct approach has been made till date
to study the role of biogenic nanoparticle to mitigate salinity stress in plants.
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16.5 Conclusions and Prospects

Nanotechnological approaches have shown various potential prospects for improve-
ment of sustainable agriculture by enhancing crop production and protection against
biotic and abiotic stresses. In present scenario, use of nanoparticles in agricultural
sector gaining momentum due to its regulative, responsive, spatial and temporal
delivery of nutrients to plants and its use as of nanoherbicides, nanofungicides,
nanopesticides. Thus, this chapter comprehensively evaluate the role of nanobiotech-
nology applications including nanobiosensors and nanoparticles in agriculture sector
under the effect of soil salinity. In the case of soil salinity, nanosensors helps in
the detection of soil contaminants and hence rejuvenating the salt affected soil for
better crop performance. Additionally, application of various nanoparticles mainly
silica, zinc oxide, iron oxide, cerium oxide, and silver have been widely reported for
imparting beneficial effect on plant growth and enhancing the stress tolerance capa-
bility during soil salinity. Long-term application of synthetic nanoparticles leads to
toxicity and hence induce environmental and human health risks. Therefore, nowa-
days synthesis of green or biogenic nanoparticles i.e. synthesis of nanoparticles
from biological entities came into occurrence. The biogenic nanoparticles combat
the hazardous effect caused by synthetic nanoparticles. Their long-term exposure is
non-hazardous as they are biodegradable in nature. Overall, this field achieving great
interest by researchers to alleviate environmental stress issues and increase crop yield.
However, more investigations are requisite to investigate mode and mechanisms of
action of nanoparticles for better understanding the regulation of metabolism and
gene expression in plants. A recent method for DNA-delivery in plants without trans-
gene integration using carbon nanotubes takes the research one step closure towards
crop improvement. These various ways of nanoscale approaches may be used in the
future to make farming systems smart (Fig. 16.3).
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Siddiqui MH, Al-Whaibi MH, Faisal M et al (2014) Nanosilicon dioxide mitigates the adverse
effects of salt stress on Cucurbita pepo L. Environ Toxicol Chem 33(11):2429–2437

SinghVK,SinghAK (2019)Role ofmicrobially synthesized nanoparticles in sustainable agriculture
and environmental management. In: Kumar A, Singh AK, Choudhary KK (eds) Role of plant
growth promoting microorganisms in sustainable agriculture and nanotechnology. Woodhead
Publishing, Cambridge, UK, pp 55–73

Soliman AS, El-feky SA, Darwish E (2015) Alleviation of salt stress on Moringa peregrina using
foliar application of nanofertilizers. J Hortic For 7:36–47

Taiz L, Zeiger E, Møller IM, Murphy A (2015) Plant physiology and development. Sinauer
Associates, Sunderland, CT, p 6

Tiwari S, LataC (2019)Genome engineering in rice: applications, advancements and future perspec-
tives. In: SinghSP,UpadhyaySK,PandeyA,KumarS (eds)Molecular approaches in plant biology
and environmental challenges. Springer, Singapore, pp 323–337

Tiwari S, Lata C, Chauhan PS et al (2016) Pseudomonas putida attunes morphophysiological,
biochemical and molecular responses in Cicer arietinum L. during drought stress and recovery.
Plant Physiol Biochem 99:108–117

Tiwari S, Prasad V, Chauhan PS et al (2017) Bacillus amyloliquefaciens confers tolerance to various
abiotic stresses andmodulates plant response to phytohormones through osmoprotection and gene
expression regulation in rice. Front Plant Sci 8:1510

Torabian S, Zahedi M, Khoshgoftarmanesh A (2018) Effect of foliar spray of zinc oxide on some
antioxidant enzymes activity of sunflower under salt stress. J Agr Sci Tech 18:1013–1025

Torney F, Trewyn BG, Lin VSY et al (2007) Mesoporous silica nanoparticles deliver DNA and
chemicals into plants. Nat Nanotechnol 2:295–300

Tripathi DK, Ahmad P, Sharma S, Chauhan DK, Dubey NK (eds) (2017) Nanomaterials in plants,
algae, and microorganisms: concepts and controversies, vol 1. Academic Press, London

Uauy C, Distelfeld A, Fahima T et al (2006) A NAC gene regulating senescence improves grain
protein, zinc, and iron content in wheat. Science 314:1298–1301

WangQ,MaX, ZhangWet al (2012) The impact of cerium oxide nanoparticles on tomato (Solanum
lycopersicum L.) and its implications for food safety. Metallomics 4:1105–1112

WangX,PanX,GaddGM(2019) Immobilizationof elementalmercurybybiogenicSenanoparticles
in soils of varying salinity. Sci Total Environ 668:303–309

Wu H, Shabala L, Shabala S et al (2018) Hydroxyl radical scavenging by cerium oxide nanoparti-
cles improves Arabidopsis salinity tolerance by enhancing leaf mesophyll potassium retention.
Environ Sci Nano 5(7):1567–1583

Yang Y, Guo Y (2018) Elucidating the molecular mechanisms mediating plant salt-stress responses.
New Phytol 217(2):523–539



398 S. Tiwari et al.

Ye Y, Cota-Ruiz K, Hernández-Viezcas JA et al (2020) Manganese nanoparticles control salinity-
modulated molecular responses inCapsicum annuum L. through priming: a sustainable approach
for agriculture. ACS Sustain Chem Eng 8(3):1427–1436

Younes NA, Nassef DM (2015) Effect of silver nanoparticles on salt tolerancy of tomato transplants
(Solanum lycopersicom L. Mill.). Assiut J Agric Sci 46:76–85

Zahedi SM, Karimi M, Teixeira da Silva JA (2020) The use of nanotechnology to increase quality
and yield of fruit crops. J Sci Food Agri 100(1):25–31

Zhang M, Gao B, Chen J et al (2015) Effects of graphene on seed germination and seedling growth.
J Nanopart Res 17:73–80

Zhu JK (2007) Plant salt stress. Wiley, Hoboken, NJ



Chapter 17
Applications of Nanobiotechnology
in Overcoming Drought Stress in Crops

Saima Amjad, Shalini Tiwari, and Mohammad Serajuddin

Abstract Drought is a major environmental constraint that hinders the yield and
production of crops worldwide. It arises from complex gene networking in plants
leading to alterations in metabolism for better growth and development. The adverse
effect of environmental stress can be mitigated through nanobiotechnology appli-
cations in agriculture, which opens up new opportunities for crop management and
development. The application of nanobiotechnology in agriculture is the most appro-
priate way for the better development and yield of food crops under plant stress
conditions. Nanoparticles exhibit novel properties and thereby enabling advanced
agriculture research in crop management as well as dealing with various environ-
mental stresses. Nanoparticle-based plant modification has the potential to improve
crop plants through geneticmodification to augment traditional technology.Nanopar-
ticles also enhance the water use efficiency in the plant by improving water retention
capacity in food crops. Nanoparticles such as titanium, silicon, iron, zinc, copper
and chitosan have no effect on cellular physiological and biochemical functions,
but assist in controlling plant development under water deficit conditions. There-
fore, this chapter discusses the role of nanobiotechnology in the agricultural sector
with special emphasis on nanoparticles-mediated drought stress tolerance in various
crops to illustrate its contemporary and future needs for crop improvement programs
particular under the global climate change.
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17.1 Introduction

Plant stress is a condition in which plant grows in unsuitable environment that
enhance the demand made upon it. The impact of stress leads to a decline in growth,
reduction in crop yields, and/or plant death if the plant exceeds the stress tolerance
limit. Plant stress primarily categorized into abiotic and biotic stress (Verma et al.
2013). The abiotic stress enforced on plants by nonliving physical or chemical vari-
ables such as radiations, floods, salinity, extreme temperature, heavymetals, drought,
etc., whereas biotic stress occurs as a consequence of the damage caused to the crop
plants by the biological factor such as diseases, insects, microorganisms (Gull et al.
2019; Iqbal et al. 2020a; Verma et al. 2013). Additionally, plant stress can be divided
into various types on the basis of several factors as summarize in Fig. 17.1.

The study conducted by Rosegrant and Cline (2003) revealed that water reser-
voirs are diminishing for the existing and forthcoming human population for societal
requirements and putting pressure towards the sustainable use of water. The rigor-
ousness of water shortage is uncertain as it also dependent on several environmental
conditions such as evaporative demands the moisture-retaining capacity of the soil,
and lack of rainfall (Wery et al. 1994). The water shortage not only leads to drought
but also critical hazard for world food security (Somerville and Briscoe 2001).

Fig. 17.1 Plant stress classification in accordance of responsible factors (Figure constructed by
Saima Amjad on the basis of classification given by Kranner et al. 2010; Lichtenthaler 1998)
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Fig. 17.2 Plant stress responses to drought stress and the strategies use for stress management
(Figure constructed by Saima Amjad)

Drought is regarded as the most significant and common stress in plants that
affect its development and yield specifically in the arid and semiarid regions due
to weather conditions (Madhava Rao 2006; Misra et al. 2016; Tiwari et al. 2017a).
It is multivariable stress, which stimulates changes in the physio-biochemical traits
and molecular responses of plants (Salehi-Lisar and Bakhshayeshan-Agdam 2016;
Tiwari et al. 2016) as shown in Fig. 17.2.

Sessile nature of plants evolved complex functioning to acclimatize in the adverse
environment to survive in short-term and long-term drought stress conditions (Tiwari
et al. 2017b). When the drought stress is imposed on crop plants, the first response
subjected to the plant is the growth arrest that reduces the growth of plant shoots
and their metabolic demands. These defensive mechanisms of plants provide an
understanding of resistance and tolerance in plants against stress (Harb et al. 2010).
Drought tolerant plant development can be an advantageous approach to overcome
the problemof decreasingworldwide food production (Das andDas 2019). Themode
of action of drought is a complex process and involves alteration in several metabolic
pathways such as stomatal conductance, anthocyanin aggregation, osmoprotectants
intervention, carotenoid degradation and ROS-scavenging enzymes, through which
plants react to particular sets of the condition at any given time (Varshney et al. 2018).
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The other factors which influence drought at the molecular level are transcrip-
tional factors, specifically abscisic acid (ABA) responsive element-binding factor
(ABRE), dehydration-responsive element-binding protein (DREB), and no apical
meristem (NAM) (Nakashima and Suenaga 2017; Tiwari et al. 2016). Additionally,
the genetic improvement of crop plants at the cellular level is an opportunity in the
agricultural region to overcome drought stress by diverting the genes to the target
site. Apart from these technologies, nanobiotechnology applications in agriculture
opened up new opportunities for crop improvement. Specifically, the application of
nanoparticles to manage with biotic and abiotic stress proposes new ways for crop
protection. Nanoparticle based plant modification has the potential to improve crop
plants through genetic modification and replace old technology. The latest scientific
achievements in tissue engineering are used of engineered nanoparticles for targeted
delivery of clustered regularly interspaced short palindromic repeats (CRISPR)/Cas
(CRISPR-associated protein) mRNA, and siRNA for the genetic modification (GM)
of crops (Kim et al. 2017; Miller et al. 2017; Ran et al. 2017). Moreover in genetic
engineering silicon dioxide nanoparticles have been designed as a vehicle to deliver
DNA sequences to the desired plant (tobacco and corn plants) without any adverse
side effects (Cheng et al. 2016; Galbraith 2007).

Nanoparticles are an ultra-fine unit in which size lies between 1 and 100 nm
and possess different physico-chemical properties, high reactivity, and active surface
morphology (Monica andCremonini 2009).Numerous previous studies also reported
the positive effects of nanoparticles on crop yield during drought stress. Furthermore,
the promising benefits of nanotechnology in agricultural field can be understood by
analyzing the mechanism of diffusion and the movement of nanoparticles inside the
plants (Hojjat and Ganjali 2016).

17.2 Global Climate Change and Influence on Water
Availability

Climate is a deciding factor for the availability of water resources in many regions
in the world. Global warming is driving changes in climate in the last few years; it
has brought a hike in ocean water temperature and global average air, extensively
melting of snow and ice (Pathak et al. 2014). Global climate change has also
inseparably connected with rainfall patterns (Bates et al. 2008; Ghosh and Misra
2010) and consequently, led at-risk state of the water resources universally (Iglesias
and Garrote 2015). The climate-vulnerable sectors such as agriculture have been
highly affected by water scarcity (Mendelsohn 2001) and agriculture is becoming
increasingly difficult day by day due to water crisis. Currently, agriculture uses
70% of the total freshwater basically for irrigation and in the twentieth century,
a frequent number of irrigated lands were introduced (Chartzoulakis and Bertaki
2015). The climate change challenges have to lead plants to adapt under water-scarce
conditions (Iglesias and Garrote 2015). Water accessibility is a key factor for better
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food crop productivity (Siebert and Döll 2010). The insufficient water supply has
already limited the crop productivity in arid regions, which is prognosticated to
generate severe unfavorable conditions for crop yield due to future climate changes
(Vörösmarty et al. 2000). Nanotechnology application in the form of nanoparticles
can provide an adequately high quality ofwater for the agriculture sector by replacing
the traditional water resources with nanoparticle treated municipal wastewater, or
industrial wastewater in water-limited regions (Alvarez et al. 2018). According to
the experimental study of Wang (2018), nano-enabled solar distillation and crys-
tallization processes can be used for the treatment of high-salinity wastewater and
make it suitable for agriculture. Nanoparticles also enhance the water use efficiency
in the plant by improving water retention capacity in food crops (Villagarcia et al.
2012; Zhou et al. 2015) and its application can be utilized to create ‘smart plants’
that can convey their water requirements to cultivator (Lowry et al. 2019).

17.3 Potential Applicable Tools of Nanobiotechnology
in Agriculture

Nanotechnology application has a multidimensional approach and applicable in all
fields of science. Nanobiotechnology is a term that denotes the merging of nanotech-
nology and biology (Gazit 2007), which specifically designed and developed devices
so as to study the biological functions, for instance, different types of nanoparticles
can work as a vehicle and probe for the delivery of biomolecules at a cellular level.
The applications of agricultural nanobiotechnology are progressively stepping out
from theoretical and experimental laboratories to the agriculture fields for crop safety
and increased production (Ahmed et al. 2013). Such nanotechnology help to deliver
the pesticides in a specific, precise and targeted manner, genes as well as nutrient
molecules delivery (nanofertilizers) to particular sites at the atomic level. Addi-
tionally, for stress management, such as abiotic and biotic stress,gene technologies
such as nano array used in plants for gene expressions (Ahmed et al. 2013; Kuzma
2007; Maysinger 2007; Scott 2007). Nanoparticles can work as a “magic bullet”
and it enhances the seed germination and growth, and plant physiological activities
such as nitrogen metabolism and photosynthesis, chlorophyll contents, carbohydrate
contents, protein and yield of the crop (Siddiqui et al. 2015). Nanoparticles increase
water stress tolerance through increasing the hydraulic conductance of root and
uptake of water in plant pathways (Das and Das 2019). Nanoparticles large surface
area increases their functionality and biological activity (Dubchak et al. 2010) and
its application influences different plant development and growth stages in both posi-
tive and negative ways. Nanoparticles consisting of novel properties that assists in
advancing agricultural research in crop management as well as dealing with stresses
(Moraru et al. 2003).
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17.4 Sustainable Approach of Nanoparticles to Mitigate
Drought Stress

The nanotechnology revolution will change the whole food industry on every stage
from production, handling, packaging, transportation, and consumption of agricul-
tural materials (Amjad et al. 2018). Plant physiology, morphology and biochemical
aspects has severely influenced by the effect of drought stress. Therefore, it is neces-
sary to identify the causes of interferences linked with drought stress for better
crop management (Iqbal et al. 2020b). According to Iqbal et al. (2020a) nanoparti-
cles interaction with plants can be affected by many factors such as plant species,
nanoparticles type, and their physical and chemical characteristics. Moreover, plant
nanoparticle interactions leading to stress in plants at each stage from uptake to
translocationwithin the plantwhich result desired or undesired outcome. Some recent
experimental studies discussed that, nanoparticles in plants affect several physio-
biochemical processes controlling plant yield and at the same time also dealt with
plant environmental stress responses (Arora et al. 2012; Aghdam et al. 2016; Burke
et al. 2015; Jalil and Ansari 2019; Ngo et al. 2014; Regier et al. 2015). Several studies
listed in Table 17.1 reported that nanoparticles promise a significant effort to mitigate
drought stress (Lee et al. 2010).

17.4.1 Titanium Dioxide Nanoparticles

Titanium nanoparticles have significant biological impacts on plant development at
size and concentration dependent manner. The positive effect of titanium dioxide
nanoparticles (TiO2NPs) have been reported, where 0.02% of TiO2NPs under water
stress condition showed improved agronomic traits of the wheat plant such as
enhanced crop yield, gluten and starch content (Jaberzadeh et al. 2013). The study
carried out byKiapour et al. (2015),depicted that different concentrations of TiO2NPs
increases the crop plant resistance against drought stress by the application of
nanoparticles and gibberellic acid hormone on basil plants. TiO2NPs also improve
the photosynthetic mechanism and increases the plant’s capability to absorb sunlight,
which affects the biosynthesis of photosynthetic pigments and transformation of
daylight energy to the active electron followed by a chemical activity and, as a
consequence enhances the photosynthetic efficiency in maize crop plant under water
deficit condition (Akbari et al. 2014; Morteza et al. 2013).
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17.4.2 Anatase Titanium Dioxide Nanoparticles

Effect of anatase titanium dioxide nanoparticles (AnTiO2NP) on the flax plant was
studied under water scarce conditions. Different doses and sizes of AnTiO2NP (10–
25 nm) showed a positive impact on flax plants such as on growth, development,seed
oil, yield, hydrogen peroxide (H2O2), photosynthetic pigment, and malondialdehyde
contents, and protein contents. Moreover, it also revealed that a low concentration
of exogenous application AnTiO2NP improved physiological and morphological
traits of plant viz. enhanced carotenoids and chlorophyll contents in plant leaves as
compared to other concentrations under both normal and water deficit environments
(Aghdam et al. 2016).

17.4.3 Iron Nanoparticles

Iron is a vital micronutrient for different enzymatic activities and has a signif-
icant role in various plant mechanisms and its deficiency leads to chlorosis in
the plant (Bameri et al. 2013). The foliar application of iron oxide nanoparticles
decreases the harmful impact of drought stress and also stimulates the yield, growth,
and development parameters in Carthamustinctorius (Zareii et al. 2014). Similarly,
Martínez-Fernández et al. (2015) experimental studies showedmaghemite nanoparti-
cles (member of iron oxide) that noticeably reduces drought stress traits in Sunflower.
The hypothesis of the effect of zerovalent iron nanoparticles enhances the stom-
atal aperture of Arabidopsis thaliana plants and tolerance to drought which would
trigger the proton pump ATPase (H+ -ATPase) of the plasma membrane in leaves.
The hypothesis of Kim et al. (2015) had shown the effect of zerovalent iron nanopar-
ticles (nZVI) on the increased activity of stomatal aperture of Arabidopsis thaliana
plants which would triggered the activation of proton pump ATPase (H+ -ATPase)
in plasma membrane of the leaves to deal with drought stress. The rise in stomatal
activity caused an enhancement in leaf area, and stomata aperture and decreases
theapoplastic pH. The increased rate of stomatal opening by the exposure of zerova-
lent iron nanoparticles enhanced the chlorophyll amount and plant biomass, main-
taining drought vulnerability and improvedCO2 uptake inArabidopsis thaliana plant
(Kim et al. 2015).

17.4.4 Silicon Nanoparticles

Earth’s crust largely composed of Silicon (Si) element (Ma 2004) and only some
studies have reported the biological activity of silica element (Ma and Yamaji
2006). Ashkavand et al. (2015) studied the plant tolerance towards drought stress
via the treatment of silicon nanoparticles (SiNPs) on hawthorns plant (Crataegus



408 S. Amjad et al.

sp.) under different levels of water deficit condition from temperate to extreme state.
The findings of the study demonstrate SiNPs play a vital role in sustaining signif-
icant biochemical and physiological functions of hawthorn seedlings under water
deficit stress conditions. SiNPs also increased the plant biomass, malondialdehyde
content, and xylem water potential and the positive effect on the rate of photosyn-
thetic and stomatal conductance was evident especially under water shortage condi-
tion. Pre-treated seedlings of SiNPs had no significant impact on total chlorophyll
and carotenoid content.

17.4.5 Zinc Oxide Nanoparticles

Micronutrients are necessary for plant growth and development and also increase
the resistance in plants against environmental stresses (Baybordi 2005). Seed germi-
nation percentage was significantly declined in Glycine max L. and germination
characteristics in safflower plant by the effect of abiotic stresses (Abedi Baba–Arabi
2008; Dornbas et al. 1989; Tatic et al. 2004). According to Cakmak (2008), iron and
zinc have the potential to prepare plants resistant to drought stress.

Zinc oxide nanoparticles (ZnONPs) improved plant growth parameters inGlycine
max L. seed under water scarce environments. The experimental studies showed a
significant impact on plants by the combined treatment of PEG and ZnONPs at
different concentrations (Sedghi et al. 2013). The exposure of ZnONPs on plants
enhances the germination rate, root fresh and dryweight, root length, and also reduces
seed residual fresh and dry weight as compared to untreated plants of Glycine max
L.

17.4.6 Titanium Dioxide and Silicon Dioxide Nanoparticles

Titanium dioxide nanoparticles (TiO2NPs) are the most commonly applicable
nanoparticle in the world. It has wide range of biological applications not only in
animals, but also in plants. It is found to be advantageous at a very low concentration,
but lethal at higher concentrations (Magdy et al. 2016). Similarly, SiO2has a positive
effect on the plant system, where it protects plants in high temperatures and drought
environment (Asadzade et al. 2015; Zhu et al. 2004).

Magdy et al. (2016) investigated the effect of titanium dioxide (TiO2NPs) and
silicon dioxide nanoparticles (SiO2NPs) on the Gossypium plant under water deficit
condition. Before exposure to drought stress, Gossypium was exposed with four
different concentrations of TiO2NPs (25, 50, 100, and 200 ppm) or SiO2NPs (400,
800, 1600, and 3200 ppm). The exposure of TiO2NPs and SiO2NPs to Gossypium
resulted in the improvement of yield characteristics, enhancement of pigment
contents, proline content, total phenols, total soluble sugars, free amino acids, total
reducing power, entire soluble proteins and all antioxidant enzyme activities.
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17.4.7 Sliver Nanoparticles

Silver is the most commonly used nanoparticle for improving the quality of product
and some experimental studies showed the positive impact of silver nanoparticles
(AgNPs) on plant metabolic activities. Sharon et al. (2010) found that in agricultural
soils and hydroponics systems, silver removes unnecessary microorganisms, stimu-
late plant growth and its foliar application protects the plant from various diseases.
Silver has a positive impact on hydraulic conductivity of plant stem (Van Ieperen
2007), and the application of AgNPs on the Zucchini plant decreased its biomass and
transpiration but prolonged their growth (Stampoulis et al. 2009). Silver nanoparticles
(AgNPs) had an important impact on seed growth and development of Lens esculenta
(lentil seed). The application of AgNPs has the potential to alter the quality and yield
of lentil seed in a field environment. AgNPs enhanced the germination percentage,
length, and fresh weight of radicle in lentil under drought stress (Hojjat and Ganjali
2016).

17.4.8 Chitosan Nanoparticles

Chitosan is a naturally found polysaccharide constituent synthesized from chitin
shells of crawfish, shrimp, and crab (Orgaz et al. 2011). Some previous studies
showed that chitosan application has been used as a growth stimulator to improve
yield and germination in various crop species such as Zea mays (Lizarraga-Paulin
et al. 2011) and Viciafaba (El-Sawy et al. 2010). The chitosan nanoparticle at two
concentrations of 60 and 90 ppm, is equally applied in irrigation regimes of barley
plant, which improved the relativewater content status, grainweight, proline amount,
grain protein, as well as enzymatic activities catalase (CAT), and superoxide dismu-
tase (SOD) and reduces the harmful effect of drought stress condition. However,
chitosan nanoparticlesmay also generate several metabolites that are helpful to retain
water for better development and production of barley (Behboudi et al. 2018).

The foliar or soil application of chitosan nanoparticles (90 ppm) in wheat crop
diminishes the negative effect of drought stress condition and generated several
metabolites, which improved chlorophyll content, photosynthesis rate, leaf photo-
chemical efficiency, however it reduces the transpiration in the plant (Behboudi et al.
2019).

17.4.9 Copper Nanoparticles

Copper micronutrient is required in the plant for normal development because it has
a significant role in several physiological (Yruela 2005) and structural processes. It
acts as an active component in regulatory proteins and participates in mitochondrial
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respiration, oxidative stress responses, hormone signaling, photosynthetic electron
transport and cellwallmetabolic processes (Raven et al. 1999; Solymosi andBertrand
2012; Da Costa and Sharma 2016).

The study of Van Ha et al. (2020) demonstrated the treatment of copper nanopar-
ticles (CuNPs) in maize crops under drought stress which improved maize growth
and development. The CuNPs maintains chlorophyll and carotenoid content under
water deficit environment and also maintain leaf water condition which enhanced
the crop development and biomass. Additionally, CuNPs enhance anthocyanin
content, enzyme functionalities such as SOD, and ascorbate peroxidase activities.
The outcome reduced the excess of ROS (reactive oxygen species) production and
consequently enhanced the adaptation of maize under drought stress condition.

17.4.10 Fullerenol Nanoparticles

Fullerenol C60(OH)24 nanoparticles are derivatives of polyhydroxylated fullerene
and are highly soluble in water which makes it attractive tool of nanobiotechnology
for various biological applications (Verma et al. 2019). According to the study of
Borišev et al. (2016) foliar application of fullerenol nanoparticles (FNPs) on Beta
vulgaris L. help to bind and reserve intracellular water in drought stress condition.
FNPs bind with water in cell compartments through leaf and root tissue penetration.
Additionally, FNPs also alleviated the oxidative effects of drought stress in plants by
enhancing the antioxidant enzyme activities (APx, CAT, and GPx), GSH and MDA
content. Osmolyte proline significantly enhanced in control plant (leaves and roots)
under water deficit condition as compared to FNP treated plants (Borišev et al. 2016).
Moreover, according to Ahmad et al. (2020), direct application of FNPs on different
agricultural practices could be more effectual where water supply is limited.

17.5 Conclusion and Prospects

Plant growth under stress environment has become an increasingly important issue
for crop protection and production. The diverse studies on nanoparticles depict their
important roles in plant growth and development under stress conditions.The applica-
tion of manufactured nanoparticles such as titanium, iron, silicon, zinc oxide, copper,
chitosan and silver not only improved crop production but also enhances the drought
tolerance. A lot of experimental studies are required in future to understand the inter-
action of nanoparticles with plants, so as to explore the mechanism, gene expres-
sion and regulation, of nanoparticles under scarce water conditions. However, some
previous studies reported the negative impact of nanoparticles on the environment.
Therefore, on the basis of consolidated experimental studies, it is necessary to use
nanoparticles strategically to reduce environmental contamination and researchers
should also focus on plant nanoparticle interaction for better crop yield. The approach
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of nanobiotechnology would be socially and ethically acceptable worldwide for crop
improvement.Hence, in the near future by using nanobiotechnology approach in agri-
culture would improve crop variety which would ultimately help to fulfill the gap of
food requirement across the globe under drought stress conditions.
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Chapter 18
Applications of Nanobiotechnology
in Overcoming Temperature Stress
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and Akhilesh Kumar Singh

Abstract Nanoparticles application in plant science requires technological and
theoretical amalgamation governed by features of nanoparticles as well as their
molecular and physiological responses in each plant. Agriculture is the most impor-
tant sector for human wellbeing as it provides resources for food and feed industries.
Factors contributing to abiotic stress are regarded as one of the strong constraints for
the sustainable production of crops as it negatively influence the vegetative as well as
reproductive physiology of plants, thereby reducing the yield. Heat and cold stresses
in plants cause diverse as well as often detrimental variations in growth, develop-
ment, biological processes as well as yields. Nanotechnology has improved crop
production, though, it is still in the infancy of its development. In recent years, the
exploitation of nanomaterials has been used to diminish the damage of plant systems
due to temperature stress by stimulating the protective/tolerance physiology in plants.
This journey has long way to go regarding our understanding of the eco-toxicity,
permissible limit, and uptake capacity of various nanomaterials in plant systems.
This chapter explores the range of uses of various nanoparticles for alleviating the
temperature stress in plant science.
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18.1 Introduction

Abiotic stresses (temperature, drought, heavy metal, and salinity) are regarded as
one of the strong constraints for the sustainable production of crops as it diminishes
the development of plant along with its yield (Kerchev et al. 2020; Iqbal et al. 2020).
To surmount all these issues, the development of plants that can withstand abiotic
stress can be useful to solve the food insecurity issues. Nevertheless, conventional
plant breeding methods (e.g., polyploidy, hybridization, selection, mutation and so
on) for increasing crop productivity has probably touched the climax and further
improvements by such practices seem difficult. Even with such circumstances, the
development of agriculture is essential for the elimination of hunger and poverty in
developing countries (Prasad et al. 2017). Under the scenario as mentioned above,
the application of nanotechnology is considered as the most promising for miti-
gating the constraints associated with crop productivity worldwide due to abiotic
stress. The word ‘nanotechnology’ was introduced in 1974 by Norio Taniguchi,
a professor at Tokyo University of Science (Shang et al. 2019). Nanotechnology
is a developing arena of the twenty-first Century with its influence on the global
economy, industry as well as the lives of people by introducing nanosensors, nano
drugs, nanocarriers, quantum dots, nanotubes, nanorods, nanoparticles, and so on.
Nanotechnology involves the science of understanding as well as regulation of mate-
rials possess distinctive physical characteristics which give rise to potential uses as
detailed previously (Mukhopadhyay 2014; Pandey et al. 2018; Singh et al. 2018a,
b; Rani et al. 2020; Singh and Porwal 2020; Singh et al. 2020; Porwal et al. 2020).
The use of nanotechnology could open up innovative techniques in the arena of
agriculture and plant biotechnology (Perez-de-Luque and Diego 2009). The primary
agricultural uses of nanotechnology (Fig. 18.1) include soil enhancement (nano-
materials), precision farming (nanosensors), crop protection (nanopesticides), crop
improvement (nanobiotechnology), crop growth (nanofertilizers), and stress toler-
ance (nanoparticles) (Shang et al. 2019). This chapter provides an overview on the
various abiotic stresses mediated responses in plant systems with special focus on
temperature including their nanotechnology basedmitigation apart from the acclima-
tization mechanism of plant systems. It also stressed upon the uptake, translocation
and accumulation of nanomaterials/nanoparticles in plants together with their uses
for alleviating the temperature stress like heat and cold.
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Fig. 18.1 Agricultural applications of nanotechnology (Figure constructed by AK Singh)

18.2 Nanoparticles in Plant Science

Synthetic nanoparticles can be of two types: metal- and carbon-based. Metal-based
nanoparticles are divided into quantum dots, metal oxides, and metals; whereas
carbon-based nanoparticles are grouped into carbon nanotubes as well as fullerenes
(Peralta-Videa et al. 2011). Nanoparticles depict distinctive optical characteristics,
greater surface-to-volume ratio as well as size-dependent features, which confer
to them excellent biological as well as chemical properties together with physical
properties (Iqbal et al. 2017). Owing to physico-chemical characteristics, it can be
exploited in various arenas like chemical engineering, electronics as well as life
science (Jeevanandam et al. 2018). It is worth mentioning here that the nanotech-
nology is used in plant system, because of the necessity to developed miniaturized
effective approaches so as to overcome biotic as well as abiotic stresses including
contribution towards plant protection and growth, including seed germination (Wang
et al. 2016).

Metal oxide such as TiO2, ZnO, CaO as well as MgO have been commonly intro-
duced in plant science due to their superior light absorption, catalytic as well as elec-
trical properties (Jahan et al. 2018).Metals like silver aswell as gold haveusually been
used in the plant as nanoparticles for diverse applications. Their chemical synthesis
utilizes harmful chemicals, and is quite costly (Rastogi et al. 2019; Viswanath and
Kim 2015). Furthermore, eco-friendly methods based on the usage of plant extract in
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addition to ionizing radiation chemistry in aqueous solutions have also been devel-
oped (Abedini et al. 2013). Now a days, the utilization of polymeric nanoparticle
is enhancing because of their cost-effective production, bio-compatibility as well as
the ability to respond to exterior stimuli (Baskar et al. 2018). The shell/core nanopar-
ticles can be produced by various combinations of materials like organic-organic,
organic-inorganic materials and so on. The selection of the shell of nanoparticles was
based on its utilizations as well as applications (Ghosh Chaudhuri and Paria 2012).
The mesoporous silica nanoparticles with nanostructured shells have been produced
from a mesoporous structure having extremely functionalizable surface area (Torney
et al. 2007). Nanogels are the nano-sized, non-ionic as well as ionic hydrogels
composed of natural or synthetic polymer chain, which are physically/chemically
cross-linked (Molina et al. 2015; Neamtu et al. 2017; Singh et al. 2018a). They
have outstanding physicochemical properties, stimuli-responsiveness (temperature
and pH), high encapsulation ability of biomolecules (bio-conjugation), and colloidal
stability. Nanogels have higher load capacity, degree of porosity, and water content
of 70–90% of whole structure). Nanogels such as poly (N-isopropylacrylamide),
poly (vinylpyrrolidone), poly (ethyleneimine), poly (ethylene oxide), poly (vinyl
alcohol), alginate, chitosan and so on are usually exploited. Moreover, nanogels
with hybrid structures can be produced from non-polymeric or polymeric materials.
Hybrid nanogels are of two types: polymer-nanogel composites as well as nanoma-
terial-nanogel. The polymer-nanogel composites comprise core-shell particles, co-
polymer, and interpenetrated networks, whereas nanomaterial-nanogel produced by
the combination of nano-sizedmaterials viz. carbonaceous ormagnetic nanoparticles
(Molina et al. 2015).

Nanomaterials of Fe, Mn, Zn, Cu, Mo, and so on may be supplemented into
the soil as nano-fertilizers or may be exploited as improved delivery systems for
increasing the performance as well as absorption of traditional fertilizers (Liu and
Lal 2015). Although nanofertilizers are very favorable to agriculture, the exploitation
of nanomaterials as fertilizer is infrequent (DeRosa et al. 2010; Sanzari et al. 2019).

18.3 Uptake, Translocation and Accumulation
of Nanomaterials in Plants

The factors responsible for the uptake of nanoparticle in the plant cell include growth
conditions for the plant, plant types, and age (Snehal and Lohani 2018). Moreover,
the physicochemical features of the nanoparticles (such as chemical composition,
size, dimension, and its stability in solution) are also responsible for the uptake,
translocation, and accumulation of nanoparticles in the plant system (Rico et al.
2011; Sanzari et al. 2019; Snehal and Lohani 2018). Generally, nanoparticle intrudes
into the plant root employing the lateral root connections and reaches the xylem
through the cortex as well as the pericycle (Dietz and Herth 2011). The interaction
between the plant system and nanoparticles is mainly based on chemical processes
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that result in the lipid peroxidation, oxidative damage, ion transport activity aswell as
generation of reactive oxygen species (ROS). Upon introduction in the plant system,
nanoparticles undergo reaction with carboxyl as well as sulfhydryl groups, which
alter the protein activities (Kurepa et al. 2009; Watanabe et al. 2008).

The uptake of the nutrients as well as minerals in the plants is mainly controlled
by the transporter or pumps present in the cytoplasmic membrane of the roots. In
several cases, the nanoparticles first bind to the carrier proteins and then pass through
the ions channels, aquaporin, or engulfed by endocytosis (Snehal and Lohani 2018).
Metals like silicon in its silicic acid form are mainly absorbed by the plants through
diffusion (apoplastic transport); nevertheless, for symplastic transport-specific aqua-
porin (NIP2) is essential. Xylem is accountable towards the upward movement of
silicic acid to the aerial tissue system, including shoot and the leaves (Deshmukh
et al. 2013; Gregoire et al. 2012; Snehal and Lohani 2018).

The uptake or absorption of nanoparticles or its aggregate by the plant cells
depends upon its size, which should be less than pore diameter (5–20 nm) so that it
could easily reach to the cell membrane after passing through the cell wall (Fleis-
cher et al. 1999; Kumar et al. 2016). The nanoparticles were taken to the plant
systems once establishing complexes within membrane transporters/root exudates.
The uptake of nanomaterials by the plant systems either through the stomata or base
of the trichome in leaves has also been reported (Snehal and Lohani 2018). After
the entry of nanoparticle into the cell membrane, further transportation take place
either by apoplastic or symplastic pathways. The mobilization of nanoparticles, after
absorption within the plant cell, can also be facilitated by plasmodesmata from one
cell to another (Rico et al. 2011; Sanzari et al. 2019).

18.4 Abiotic Stress Response of Plant

Plant systems are continuously come across to different hostile ecological condi-
tions like stimuli causing abiotic stress (UV radiation, waterlogging, heavy metals,
heat, chilling, drought, and salinity), which is mainly responsible for decreasing
the crop productivity. On an average, it led to the reduction of about 50% yield
losses mostly due to high temperature (20%), low temperature (7%), salinity (10%),
drought (9%) and other abiotic stresses (4%) (Kajla et al. 2015). In response to the
environmental stress, ROS are produced as well as accumulates, which ultimately
result in oxidative burst in plant systems (Jalil and Ansari 2019). In plants, ROS
include free radical of lipid peroxidation, singlet oxygen, super anion, etc. (Mittler
2002), which increases cell toxicity (Yadav et al. 2014), damage membrane lipids
and macromolecules (Foyer and Noctor 2000), and reduces plant growth (Khan et al.
2016). Therefore, to alleviate the effect of ROS, the plant systems have developed
their defense mechanism called the antioxidant system by producing antioxidant
enzymes like glutathione reductase, glutathione peroxidase, and peroxidase as well
as non-enzymatic antioxidants viz. tocopherol and so on (Mittler 2002), which scav-
engeROS (Khan andKhan 2017).Moreover, the plant produces amino acids, polyols,
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Fig. 18.2 Schematical illustration of abiotic stress response in plants (Figure constructed by AK
Singh)

and trehalose, which help to maintain the osmotic level in the plant cell (Jalil and
Ansari 2019). Plants accumulate organic acids, metal chelates, and polyphosphates
due to heavy metal stress, which lead to requisitioning and limiting of toxic metals
in the cell membrane. There are several studies, which show the importance of
nanoparticles towards overcoming the harmful effect of abiotic stresses in plants and
promoting its development aswell as growth (Khan et al. 2017), protecting the photo-
synthetic system of plants (Siddiqui et al. 2014), scavenging ROS (Wei and Wang
2013), and reducing the heavy metals toxicity (Worms et al. 2012). Furthermore,
the nanoparticles also modify gene expression for energy pathways in responses to
abiotic as well as biotic stress, electron transport, cell organization, cell biosynthesis,
and metabolism (Aken 2015; Jalil and Ansari 2019). The abiotic stress response in
plant system is schematically illustrated in Fig. 18.2.

18.4.1 Temperature Stress

Temperature is the essential ecological factors responsible for the develop-
ment/growth of plant systems (Ashraf et al. 2010; Monjardino et al. 2005). The plant
systems are subjected to the temperature stress when the surrounding temperature
is above (high temperature stress) or below (low-temperature stress) the optimum
values (tolerance window) for growth. Both are detrimental to the development as
well as growth of plants as they are adapted to grow in a narrow range of temperatures
(Singh and Grover 2008). Moreover, the anthropogenic activities have played a vital
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role in escalating the global warming and climate change effects by increasing the
level of atmospheric CO2 including other greenhouse gases, which adversely affects
agriculture through its direct as well as indirect consequences on crop production
(Grover et al. 2013). Further, plant nanotechnology employs nanomaterials, which
upon interaction with the plant parts such as cells and tissues help to improve the
functions. This field has the prospective to enhance tolerance level to abiotic stresses
like temperature stress of plants by implanting nanomaterials within cell organelles
and photosynthetic tissues. Though substantial improvement has been made on the
way to considerate the nanoparticle and plants interactions, several opportunities
and challenges remain to utilize nanobiotechnology as a device to investigate and
engineer plant function (Wu et al. 2017).

18.4.1.1 Heat Stress

The growth of the plants within the optimum range of temperature produces high
yields. However, temperature variation due to seasonal changemight expose the plant
to an extended period of supra-optimal temperature, which is often higher than the
optimum temperature. Such temperature causes heat stress in plants, which is detri-
mental to accumulation as well as growth as it inhibits photosynthesis, chlorophyll
synthesis, enzyme activity, and protein synthesis, as well as increases the transpi-
ration rate (Gibson and Paulsen 1999). Heat stress in plants causes different, and
often detrimental variations in growth, development, biological processes, and yield
(Hasanuzzaman et al. 2013) (Fig. 18.3).

Heat stress in plants stimulates the generation of ROS as well as creates oxidative
stress resulting in ion leakage and lipid disintegration of the cell membrane, followed
by the breakdown of protein molecules (Karuppanapandian et al. 2011; Moller et al.
2007; Savicka and Skute 2010) besides the reduction of chlorophyll molecules as
well as photosynthetic rate (Prasad et al. 2011). Nanotechnology plays an important
function towards the mitigation of heat stress. Some investigations have revealed
the role of nanomaterials towards decreasing the impacts of heat stress in the plant
system (Table 18.1).

Selenium, a trace element, not vital for the plant, is demonstrated as a protectant
under varying abiotic stresses conditions, including heat stress (Hasanuzzaman et al.
2013). Haghighi et al. (2014) examined the impacts of nano-selenium as well as
seleniumuponLycopersicum esculentumMill. cv. ‘Halil’ (tomato) during heat stress.
The concentration of selenium used was 0, 2.5, 5 and 8 µM, whereas, for nano-
selenium, it was 1, 4, 8 and 12 µM. The plants were incubated at optimum (25/17±
2 °C day/night), then to high (40 °C for 1 day), and low (10 °C for 1 day) temperature
stress followed by incubation for 10 days at optimum temperature. Plant growth was
found to be promoted after the incubation at both high and low-temperature stresses
with 2.5 µM of selenium. The diameter of the shoot and dry weight was increased
after high-temperature stress,whereas shoot diameter, fresh, anddryweight increased
after low-temperature stress. Moreover, root volume, fresh weight, and dry weight
increase after both high and low-temperature stresses. Nevertheless, no effects on
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Fig. 18.3 Key impacts as well as the mitigation of heat stress in plant systems (Figure constructed
by AK Singh)

plant growth were recorded with the application of nano-selenium. After incubation
at low-temperature stress, the chlorophyll was increased in leaves by 19.2 and 27.5%
with 2.5 and 1 µM application of selenium and nano-selenium, correspondingly.
The volume of roots was also found to have increased by 33.3 and 60% after the
incubation at high and low-temperature stress, correspondingly, with the application
of selenium at 2.5µM. Nano-selenium and selenium increase the water content after
incubation at high as well as lower temperature stress. Therefore, nano-selenium
including selenium may increase the growth features of the selected tomato plant
after a small exposure to high as well as lower temperature stress.

Djanaguiraman et al. (2018) investigated the impacts of selenium nanoparticles
(10–40 nm) to mitigate the influences of heat stress (38/28 °C day/night). The sele-
nium nanoparticles were applied in sorghum via a foliar spray of 10 mg L−1 in
the course of booting phase. It stimulates the antioxidant defense system through
enhancing the antioxidant enzymatic activities. Selenium nanoparticles are respon-
sible for enabling the increment of unsaturated phospholipids as well as decreasing
the oxidants concentrations. Under heat stress, selenium nanoparticles enhanced the
pollen germination percentage, responsible for increased seed quantity considerably.
The high amount of Se nanomaterials induces oxidative stress in plant systems, while
a lower level of Se nanomaterials serves like antioxidant (Hartikainen et al. 2000;
Jalil and Ansari 2019).

The TiO2 nanomaterials were found to depict different impacts on the biochem-
ical, physiological as well as morphological characteristics of several plant species
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Table 18.1 Impact of different nanomaterials towards mitigation of heat stress in plants

Plant species Nanomaterial used Stress response References

Tomato
(Lycopersicon
esculentum L.)

Multi-walled carbon
nanotubes

Upregulated the
expression of different
stress linked genes
together with HSP90

Khodakovskaya et al.
(2011)

Maize
(Zea mays L.)

CeO2 Enhanced the production
of H2O2 and upregulation
of HSP70

Zhao et al. (2012)

Tomato
(L. esculentum
L.)

TiO2 Enhanced photosynthesis
by regulating energy
dissipation triggered
cooling of leaves by
stimulating stomatal
opening

Qi et al. (2013)

Tomato
(L. esculentum
L.)

Selenium Increase chlorophyll
content as well as increase
hydration ability

Haghighi et al. (2014)

Wheat
(Triticum
aestivum L.)

Silver Promotes morphological
growth in plant which
includes root length and
shoots length. Likewise,
substantial enhancement in
leaf area and leaf number
was also observed

Iqbal et al. (2017)

Sorghum
(Sorghum
Bicolor (L.)
Moench)

Selenium Promotes antioxidant
defense, improved the
pollen germination
percentage as well as
improved seed quantity

Djanaguiraman et al.
(2018)

Wheat
(T. aestivum L.)

ZnO Yield quantity increased
and promotes antioxidant
defense system

Hassan et al. (2018)

Fe3O4

(Gohari et al. 2020). The exploitation of TiO2 nanoparticles enhanced chlorophyll
formation, photosynthetic rate, antioxidant enzymes as well as rubisco activities that
consequently enhanced crop production (Lei et al. 2008). Qi et al. (2013) studied the
impacts of TiO2 nanoparticles on photosynthetic rate of a tomato crop in mild heat
stress. The study revealed an enhancement towards the transpiration and photosyn-
thetic rate as well as water conductance after the application of TiO2 nanoparticles
(0.05 g L−1). Moreover, its use also decreases the relative electron transport and
minimum chlorophyll fluorescence substantially. The TiO2 nanoparticles reduce the
non-regulated PS II energy dissipation; however, it enhances the regulated PS II
energy dissipation (Qi et al. 2013).

Iqbal et al. (2017) studied the consequence of silver nanomaterials for growth
in the wheat crop during heat stress. Silver nanomaterials have been synthesized
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by means of Moringa oleifera Lam. extract. The silver nanoparticles were applied
at the trifoliate stage to the wheat plant at various concentrations (25, 50, 75, and
100 mg L−1). The heat stress (35–40 °C for 3 h day−1) was given for 3 days resulting
in a reduction of leaf number, dry leaf weight, fresh leaf weight, leaf area, root
number, shoot length, root length, dry weight, and fresh weight by 2, 0.01, 0.02,
12.1, 1.8, 6.2, 2.5, 0.16 as well as 1.2%, correspondingly. While the application
of silver nanoparticles results in an increase of growth at all concentrations used;
nevertheless, significant results were recorded at the level of 50 and 75 mg L−1 silver
nanoparticles in heat stress. Conversely, the use of silver nanoparticles defends wheat
plant systems towards heat stress and increases plant dry weight (0.36 and 0.60%),
fresh plant weight (1.3 and 2%), root number (6.6 and 7.5%), shoot length (22.2
and 26.1%), and plant root length (5 and 5.4%) and in 50 and 75 mg L−1 of silver
nanoparticles, correspondingly compared to control. Similarly, a notable increase in
leaf dry weight (0.06 and 0.18%), fresh leaf weight (0.09 and 0.15%), leaf number
(4 and 4.8%), and leaf area (18.3 and 33.8%) has been observed in 50 and 75 mg
L−1 of silver nanoparticles over control.

Hassan et al. (2018) stated that the cultivation of two wheat cultivars Gimmeza7
(heat sensitive) and Sids1 (heat tolerant) in ElWadi El Gadeed governorate, Egypt (a
hot climate area) with zinc oxide (80 nm) with several concentrations (0, 1.40, 2.80,
4.20, 5.61, and 56.06 mg L−1) and iron oxide (50 nm) nanoparticles with several
concentrations (0, 1.31, 2.62, 3.94, 5.25, and 52.50 mg L−1) were conducted. The
best survival of wheat plant systems in heat stress environments was detected at
1.40 and 52.50 mg L−1 of iron oxide and zinc oxide nanoparticles, respectively,
by Gimmeza7 cultivar in terms of yield quantity of grain. The increasing effect of
such nanoparticles during heat stress was related to increasing antioxidant enzyme
activities.

A plant produces various heat shock proteins (10–200 KD), characterized as
molecular chaperones, during heat stress (Al-Whaibi 2011). Heat shock proteins are
involved in heat stress resistance as well as support other proteins in sustaining their
constancy in stress environments (Wahid 2007). It is found that multiwall carbon
nanotubes capable to upregulate the gene expression responsible for the production
of heat shockproteins, e.g.,HSP90 in tomato (Khodakovskaya et al. 2011).Moreover,
the application of CeO2 nanoparticles in maize causes upregulation of HSP70 and
excessive production of hydrogen peroxide (Zhao et al. 2012).

18.4.1.2 Cold and Freezing Stress

Like heat stress, damages in the plant cells can also be caused by very low-
temperatures (Hasanuzzaman et al. 2013) (Fig. 18.4). The temperature rang 0–
15 °C is cool enough to cause damage without developing ice crystals in plant
cells (Hasanuzzaman et al. 2013), whereas, freezing stress is caused at the tempera-
ture below 0 °C. It causes permanent injury to plant systems mainly by mechanical
forces generated due to the development of the high concentration of intracellular
salts, cellular dehydration, and extracellular ice crystals (Ashraf et al. 2010). The
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Fig. 18.4 Major impact of cold stress in plants (Figure constructed by AK Singh)

generation of ROS increases in plant cells because of freezing stress, which elevated
lipid peroxidation results in membrane damage and developed injury symptoms
from freezing (McKersie et al. 1993) and chilling stress (Senaratna et al. 1988). At
lower temperatures, the fluidity of the cell membrane was generally affected, which
changes its structure (Marschner 1995). The leakages of the ion, as well as alter-
ation of membrane permeability, are the significant consequences of chilling stress,
which adversely disturb the growth as well as germination of the plant (Suzuki et al.
2008; Welti et al. 2002). At low-temperature stress, absorbed light energy surpasses
the ability of chloroplasts to exploit it for CO2 fixation, and the surplus energy is
instead utilized towards triggering of O2 into ROS (Ashraf et al. 2010). Moreover,
the susceptibility to freezing stress varies from species to species; the plants with
better tolerance capacity slow less injury of the cell membrane over sensitive plants
(Jalil and Ansari 2019).

Photosynthesis is the essential process of a plant, which is found to be vulnerable
under low-temperature stress. It has been reported that CO2 fixation, transpiration
rate, chlorophyll content, rubisco activity and so on are the chief targets impaired
in plants under chilling stress (Ashraf et al. 2010; Liu et al. 2012; Yordanova and
Popova 2007). Further, it was demonstrated that the upregulation ofMeAPX2 as well
as MeCu/ZnSOD genes occurs during chilling stress and enhanced the activities of
glutathione reductase, dehydroascorbate reductase as well as monodehydroascor-
bate reductase, thereby scavenging ROS that could lead to the repression of oxida-
tive stress via H2O2 generation, chlorophyll degradation, and lipid peroxidation to
confirmed stress tolerance (Xu et al. 2014). Nanoparticles have capability for miti-
gating the harmful impacts of chilling environment through decreasing membrane
damage as well as leakage of elec-trolyte (Mohammadi et al. 2013). Nanoparti-
cles increase the protein genes expression responsible for rubisco- and chlorophyll-
binding (Hasanpour et al. 2015), ascorbate peroxidase, catalase as well as superoxide
dismutase activities (Mohammadi et al. 2014) preserve the steadiness of chloro-
phyll as well as carotenoid molecules together with increasing tolerance towards
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low-temperature stress (Hasanpour et al. 2015). The use of nanomaterials improves
the growth, physiological as well as biochemical characteristics of plant systems
subjected to cold stress (Haghighi et al. 2014; Kohan-Baghkheirati and Geisler-Lee
2015). Various studies have reported the use of nanomaterials towards mitigation of
injuries triggered through low-temperature stress (Table 18.2).

To surmount the problems associated with the low-temperature stress in plants,
Mohammadi et al. (2013) investigate the impact of TiO2 nanoparticles on alterations
in membrane impairment index such as malondialdehyde accumulation and elec-
trolyte leakage throughout low-temperature (4 °C) stress in a tolerant (Sel 11439) as
well as a sensitive (ILC 533) genotypes of chickpea. Accumulation of nanoparticles
inside the chloroplast and vacuole revealed that, under thermal treatments, the perme-
ability to the nanoparticles was much less in the tolerant one over sensitive genotype.

Table 18.2 Effect of nanomaterials towards alleviation of cold stress in plants

Plant species Nanomaterial Stress response References

Rice
(Oryza sativa L.)

SiO2 Promotes the root length, root
volume, as well as dry weight of
shoot/root

Adhikari et al. (2013)

Chickpea
(Cicer arietinum
L.)

TiO2 Diminished H2O2
concentration/electrolyte leakage
and improved antioxidative
enzymatic activities including
increased TiO2 gathering in
sensitive genotype over tolerant
one

Mohammadi et al.
(2013, 2014)

Wheatgrass
(Agropyron
elongatum L.)

ZnO Alleviate seed dormancy,
promotes seed germination as
well as increased seedling weight

Azimi et al. (2014)

Tomato
(Lycopersicon
esculentum Mill.)

Selenium Promotes leaf-relative water
contents, chlorophyll, and plant
growth during the heat and cold
stress

Haghighi et al. (2014)

Chickpea
(Cicer arietinum
L.)

TiO2 Increased expression level of
chlorophyll- and rubisco-binding
protein genes as well as
decreased H2O2 content

Hasanpour et al.
(2015)

Arabidopsis
(Arabidopsis
thaliana (L.)
Heynh.)

Ag Stimulated as well as enhanced
antioxidant genes such as
MeCu/ZnSOD as well as
MeAPX2, 35% of identical
genes were controlled by both
cold stress together with Ag
nanoparticles

Kohan-Baghkheirati
and Geisler-Lee
(2015)

Arabidopsis
(Arabidopsis
thaliana (L.)
Heynh.)

CeO2 Improve the photosynthesis by
facilitating higher rubisco
carboxylation rates

Wu et al. (2017)
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During low-temperature stress, the TiO2 content was significantly increased in sensi-
tive genotype in comparison to the optimum temperature. Moreover, the treatment of
TiO2 nanoparticles prevented membrane damage and oxidative damage in chickpea
under low-temperature stress. Further, Mohammadi et al. (2014) established the
previous findings with suggestion that TiO2 nanoparticles help to enhance the resis-
tance of chickpea plant systems under cold stress through stimulating the defense
systems as well as decreasing the injuries.

Similarly, Hasanpour et al. (2015) studied the role of TiO2 nanomaterials on
molecular as well as metabolic traits took part in photosynthesis of two genotypes of
chickpea such as cold susceptible (ILC533), and cold tolerant (Sel96Th11439) geno-
types during low-temperature stress (4 °C). It states that H2O2 content was significant
increase in cold susceptible as compared to tolerant ones under low-temperature
stress. TiO2 nanoparticles decrease the H2O2 content considerably subsequently
tolerant genotype exhibited lesser H2O2 content with the higher metabolic poten-
tial for photosynthesis in comparison to susceptible genotype. TiO2 nanoparticles
substantially promote the rubisco activity, in contrast, to control while its activity
reduced considerably under low temperature as compared to optimum temperature.
Besides decreasing H2O2, particularly in plants treated with TiO2 nanoparticles,
greater photosynthetic activity observed at the transcription levels of Cachlorophyll
a/b, CaSRubisco, as well as CaLRubisco- binding protein genes in a synchronized
fashion confirm the adaptation of plants to recovery or survival. Under such a condi-
tion, the activities of phosphoenolpyruvate carboxylase increased mainly in tolerant
plants in comparison to susceptible genotype along with plants supplemented with
TiO2 nanoparticles over control plants, signifying possibly an enhancement in energy
effectiveness via diverse mechanisms such as malate. Accordingly, the alleviation of
cold stress after the treatment with TiO2 nanoparticles in chickpea plants occurs by
changed metabolism for plant growth and improves the burden of damage that arises
due to low-temperature stress.

Mo and SiO2 nanoparticles are some of the frequently used engineered oxide
nanoparticles. The effects of Mo (<100 nm) and SiO2 (10–20 nm) nanoparticles on
germination of rice seed were investigated by Adhikari et al. (2013). In the presence
of nanoparticles rice seeds were germinated well. The optimal growth was detected
under 101.4mgL−1 ofMo nanoparticles as well as 106mgL−1 of SiO2 nanoparticles
for rice plants. SiO2 nanoparticles had revealed no toxic effect on the growth of
rice, whereas Mo nanoparticles detained elongation and growth of root after 50 mg
L−1. In several cases, root necrosis has occurred because of toxicity due to the
accumulation of Mo nanoparticles at a higher amount into the root system. Rice
seedlings absorbed both Mo and SiO2 nanoparticles. The enhancement in the root,
shoot dry weight, root volume as well as length of the rice crop observed with SiO2

nanoparticle. Therefore, this investigation revealed that straightforward exposure to
particular kinds of nanomaterials produced both negative and positive consequences
towards growth of plant.

Azimi et al. (2014) evaluated the effects of SiO2 nanoparticles with different
concentrations (0, 5, 20, 40, 60 and 80 mg L–1) on seed germination as well as
seedling growth of tall wheatgrass by applying three different treatments (control,
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seed pre-chilling before SiO2 nanomaterials treatment, and application of seed with
SiO2 nanoparticles before pre-chilling). The use of SiO2 nanomaterials was found to
considerably enhance the germination of seed from 58% in control to 86.3 and 85.7%
in 40 and 60mgL–1, correspondingly.Moreover, the treatment of SiO2 nanomaterials
enhanced dry weight of seedling, shoot, and root of tall wheatgrass. Nevertheless,
seedling weight increased nearly 49% over control by increasing the nanoparticles
concentration in the range of 0–40 mg L–1; however, it decreases under supplemen-
tation of 60 and 80 mg L–1. Therefore, the combination of SiO2 nanoparticles and
pre-chilling of seed in tall wheatgrass mostly overcomes the seed dormancy.

Kohan-Baghkheirati and Geisler-Lee (2015) reported the activation and enrich-
ment of antioxidant genes (such as MeCu/ZnSOD as well as MeAPX2) and 35%
of identical genes were controlled by both cold stress as well as Ag nanoparticles
in Arabidopsis. Wu et al. (2017) demonstrated that CeO2 nanoparticles (nanoceria)
promotes photosynthesis as well as ROS scavenging in Arabidopsis thaliana (L.)
Heynh. under excess light (2000 µmol m−2 s−1 for 1.5 h), heat (35 °C for 2.5 h),
and dark chilling (4 °C for 5 days). Poly (acrylic acid) nanoceria are transported via
non-endocytic pathways into chloroplasts. PNC with a low Ce3+/Ce4+ ratio (35%)
decreases leaf ROS levels by 52%, including hydroxyl radicals, superoxide anion,
and hydrogen peroxide. Plants entrenched with poly (acrylic acid) nanoceria were
exposed to abiotic stress, display a rise up to 61% in rubisco carboxylation, 67%
in carbon assimilation, and 19% in quantum yield of PS II in comparison to plants
without nanoparticles. However, poly (acrylic acid) nanoceria with high Ce3+/Ce4+

ratio (60.8%) escalates ROS levels of leaf and does not defend the photosynthesis
from oxidative damage during abiotic stress.

18.5 Conclusions and Prospects

In the arena of plant science, nanotechnology has improved crop production though
it is still in the nascent phase of its development. Nanomaterials reduce the damage
of plants due to temperature stress through triggering the defense plant system. The
nanoparticles can easily penetrate the plant cell due to its small size and regulate ion
channels that promote seed germination as well as growth. The large surface area of
nanoparticle supports high absorption and the transport of molecules. Conversely,
nanomaterials are also caused the generation of ROS that result in phyto-toxicity.
Thus the perspective of nanotechnology with reduced agricultural risks motivates
another green revolution. Though, there are still vast gaps in our understanding of
the eco-toxicity, permissible limit, and uptake capacity of various nanomaterials.
Therefore, to gain a clear-cut understanding of the nanoparticle interaction with
the plants and environments, there is an urgent need to thoroughly conduct exper-
imental work/investigations on more plant species in different agro-climatic zones
with different nanomaterials. Such extensive investigations will be helpful to under-
stand their responses of alleviating abiotic stress like temperature stress. This also
assist to develop a regulatory framework established on the various research evidence,
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which will limit mankind’s exposure to undesirable bioengineered nanoparticles to a
harmless level. With the remarkable applications of nanomaterials, we can make an
optimistic prospect of nanobiotechnology with not only the better understanding of
their ecotoxicity, but also all the aspects like reutilizing, feasibility, manufacturing,
and framework of policy to handle them securely and utilize them in an eco-friendly
manner.
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Chapter 19
Applications of Nanobiotechnology
to Mitigate Mineral Nutrients Deficiency
Stress in Crop Plants

Saima Amjad and Mohammad Serajuddin

Abstract Environmental challenges adversely affect plant growth and their produc-
tivity worldwide. Therefore, there is a need for the adoption of new technologies. The
rapid potential development in nanotechnology influences the agriculture and food
industry, which sustainably increases crop productivity by using new techniques,
i.e., use of nanofertilizers and nanopesticides for better nutrient efficiency and pest
management. Nanofertilizers are an excellent fertilizer that improves nutrient use
efficiency of plants by slow and specific release of nutrient minerals and replacing
the overuse of conventional fertilizers. Previous studies on nanoform of mineral
particles such as calcium carbonate, cerium oxide, molybdenum, zinc, titanium
dioxide, manganese hollow core shell and magnesium nanoparticles showed that
they enhanced the nutrient uptake in plants and it also reduces metal accumulation
in crop plants. It improved new set of devices to develop a genetically based tool
using nanocapsules, nanofibers and nanoparticles. Hence, based on the research data
available so far, the present chapter provides an overview on the various nanoform of
mineral nutrients, which are beneficial for crop productivity. Moreover, this chapter
also focuses on challenges and function of nanoparticles so as to understand the
mode of action of nanoparticles on plants to overcome the plant nutrient stress.

Keywords Agriculture · Nanobiotechnology · Nanoparticles · Nutrient
deficiency · Nutrient stress

19.1 Introduction

Plant nutrition deficiency is an important limiting aspect for plant growth and produc-
tivity after drought and salinity (Rajemahadik et al. 2018). Theplant requires nutrients
for their growth and development and absorbs most mineral nutrients present in the
soil through their roots.However, to compensate the deficiencyof nutrients, fertilizers
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are applied to the soil for healthy development of plants (Baloch et al. 2008; Bernal
et al. 2007). Plants require seventeen elements for their growth and development
out of which 14 are essential nutrients required. Among these essential nutrients,
six are macronutrients that required in large amounts viz. calcium (Ca), potassium
(K), magnesium (Mg), nitrogen (N), phosphorus (P), and sulfur (S) (Maathuis 2009).
The micronutrients viz. chloride (Cl), copper (Cu), manganese (Mn), iron (Fe), zinc
(Zn), cobalt (Co), molybdenum (Mo), and nickel (Ni) are required in a small amount
(Marschner 2012; Zeng 2014). The nutrition deficiency found in commercially avail-
able economic crops influence human health, especially the people that belong to
the rural areas, but the sustainable approach of nanotechnology diminishing these
challenges.

During past few decades, biotechnological approach used for bioremediation or
phytoremediation to restore agro-chemically damaged soils (Ghormade et al. 2011)
to raise the use of nutrient efficiency in crops and to inhibit mineral losses. Several
research studies revealed that plants grow by adapting a specificmechanism to uptake
their required level and acclimate variation of nutrient availability (Ohkama-Ohtsu
and Wasaki 2010; Schachtman and Shin 2007). Several strategies have attempted to
provide protection and nutrition to the plants. The plant growth was hampered by
two causes, the lack of micronutrients or either the pore size of roots is so small
that it is unable to uptake and translocate the nutrients inside the plant. Therefore,
it is essential to get better nutrient uptake competency strategies to enhance the
quality and production of the crop (Elemike et al. 2019). The required necessities
of nutrients in plants are provided by the fertilizers, with the certainty that minerals
could be absorbed from the soil. Thewidespread contributions of biotechnology from
conventional breeding to improve crop nutrient efficiency have been made through
the molecular technique approach, but these achievements are limited (Ashraf et al.
2011). The transporters and enzymes efficiently involve in nutrient absorption and
are necessary for acquiring elevated nutrient uptake, and it directly affect the status of
crop yield. In an instance, the accumulation of nitrogen in shoot and grains of wheat
plants increased by the over-expression of the glutamine synthetase gene (GS1)
(Hu et al. 2018), while in maize plants the number of kernels enhanced by the over-
expression of GS13 (Martin et al. 2006). The transgenic rice plants required a high
amount of nitrogen for growth, OsAMT1 efficiently working as ammonium trans-
porter function in elevating the nutrient uptake efficiency under optimal as well as
suboptimal nitrogen conditions (Ranathunge et al. 2014). However, these approaches
are inadequate and it is necessary to resolve the limited approach of biotechnology
by involving the application of nanotechnology towards agriculture (Ghormade et al.
2011). The main purpose of the application of nanomaterial in agriculture is to over-
come nutrient stress, pest control, reduce the effect of hazardous chemicals and crop
protection as shown in Fig. 19.1 (Thakur et al. 2018).

The ongoing application of nanobiotechnology provides an opportunity to over-
come the mineral nutrient stress in plants. The engineered nanoparticles hold an
immense promise in the growing use of nanofertilizers, which utilize competence
along with growing agriculture production.
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Fig. 19.1 Schematic representation of application of nanobiotechnology in agriculture for better
crop productivity (Fig constructed by Saima Amjad)

19.2 Sustainable Approach of Nanobiotechnology
in Agriculture

Nanotechnology is the upcoming innovatory technology after biotechnology revo-
lution. It has an extensive application in various disciplines such as electronics,
optics, pharmaceuticals, agriculture, and the environment. In the last few decades,
it is growing with time and become a significant application in agriculture (Chhipa
2017). Nanotechnology can be used to design, develop and synthesize minerals in
nanoform and this application gives considerable assurance for agricultural crop
productivity (Baruah and Dutta 2009; Kuzma 2007; Navrotsky 2000). It is the proce-
dure to design, develop and synthesize nanomaterials to represents an area holding
considerable assurance for agricultural field in the formof nanofertilizers (Baruah and
Dutta 2009; Kuzma 2007; Navrotsky 2000). Nanotechnologies using next generation
of pesticides and fertilizers in agriculture by using functionalize nanomaterial and
nanoparticle. It also minimizes the loss of pesticides and fertilizers by controlled and
targeted delivery through nanocarriers (Ghormade et al. 2011; Joseph and Morrison
2006;Khot et al. 2012;Nair et al. 2010; Robinson andMorrison 2009; Scott andChen
2013). The plant protection material (nanopesticides) and nutrients (nanofertilizers)
have advanced properties because of their unique physical, chemical and rapidly
dispersible properties of nanoparticles, which also enhanced the uptake of nutrition
in the plant (Ghormade et al. 2011). There are several wide varieties of materials
used to synthesize nanoparticles are magnetic materials, metal oxides, semicon-
ductors, quantum dots, lipids, ceramics, polymers (synthetic or natural), emulsions
and dendrimers (Puoci et al. 2008). However, the limitation of conventional fertil-
izers is that it does not contain all the required nutrients for plant augmentation
and development. Therefore, it becomes an interesting venture for nanofertilizers
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that can address nutrient deficiency and environmental issues related with fertilizers
(Dimkpa and Bindraban 2017). Sustainable and productive crop management can
also be achieved by using an important tool of foliar fertilization in nanotechnology.
The present knowledge of the factors, which influence the efficacy of foliar applica-
tions, may be determined by the art of nanotechnology (Eichert et al. 2008; Mortvedt
1992; Millán et al. 2008; Pandey et al. 2010; Roco 2011).

Leaching and loss of harmful substances have also reduced by using the encap-
sulated nanominerals, it plays a vital role in environmental protection (Zheng et al.
2005). The other accomplishment of nanobiotechnology is to develop nano-carriers
for smart delivery systems and nanosensors, which are broadly used to assess envi-
ronmental pollution in soil and water system of the agricultural field. Several sensors
already developed on the concept of nano-detection to detect the traces of heavy
metals such as electrochemical sensors, optical sensors, biosensors and so on (Hand-
forda et al. 2015; Ion et al. 2010; Parisi et al. 2014). Nanobiotechnology is also
being explored to improve crop productivity in plant reproduction through heredi-
tary transfection (Prasad et al. 2014; Torney et al. 2007). It offers a new set of devices
to develop a genetically based tool using nanocapsules, nanofibers and nanoparticles
(Gutiérrez et al. 2011 and Nair et al. 2010). A Chitosan nanoparticle has versatile
properties and emerged as a valuable carrier for genetic transfer of material; it can
be modified by PEGylated to control the transfer of genetic material (Kashyap et al.
2015).

19.3 Strategies to Improve Plant Nutrient Uptake
by Nanobiotechnology

The nanobiotechnology plays a noteworthy role in the plant production through
the controlled release of mineral nutrients (Gruère 2012; Mukhopadhyay 2014).
Nanoparticles or nanominerals size lies between 1−100 nm and different from their
corresponding parental materials, which produce both useful and harmful biological
effects in a living cell (Nel et al. 2006). Fertilizer nanoparticles are also known as
magic bullets which enhance crop productivity to deal with global food problems
(Bhatt et al. 2020). Several research studies reported the toxicological interaction of
engineered nanoparticles on plants even though these studies implicated the exposure
of nanoparticles in a certain specific situationwith a short period of time at high doses.
On the contrary, very few studies paying attention on the favorable impact of nanopar-
ticles on plant development and productivity. Furthermore, a mineral nanoparticle
integrated into conventional fertilizers and pesticides to increase the production,
also reduces the chance of diseases and improves nutritional augmentation (Elmer
and White 2018; Prasad et al. 2017). The potential benefits of nanotechnology can
understand by application of some mineral nanoparticles on plants and analyze the
mechanism of transport and nutrient uptake. The mechanism of some nanoparti-
cles in nutrient stress has given in Table 19.1 to understand the function of mineral
nanoparticles in plants.
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Table 19.1 Nanomineral nutrients and their application on different type of crops and their effect
on plant growth and physiology

Nutrients Crop Function References

Botanical name Common
name

Ca Arachis hypogaea L. Peanut Enhanced the
nutrient content in
shoot and root of
plant

Liu et al. (2004)

Ziziphus mauritiana
Lam.

Indian plum Increased in Ca2+

uptake
Hua et al.
(2015)

CaCO3 Arachis hypogaea L. Peanut Enhanced Ca2+

uptake and growth
Liu et al. (2005)

nano U-NPK Triticum durum Desf Durum wheat Increased efficiency
of fertilization,
yields of grains,
decline lower 40
wt% of N amount

Ramírez-Rodrígu
et al. (2020)

CaP Zea mays L. Maize Promote plant
growth efficiency,
enhanced root, and
improved vitality
properties

Rane et al. (2015)

CeO2 Cucumis sativus L. Cucumber Uptake of Mg2+

ion, Improved starch
and globulin content

Zhao et al. (2014)

Cu Lactuca sativa L. Lettuce Amplified the shoot
and root length

Shah and
Belozerova
(2009)

CuO Zea mays L. Maize Improved plant
growth

Adhikari et al.
(2016)

Cu Triticum aestivum
L.

Millat-2011
(wheat)

Enhanced growth
and yield of
chlorophyll content,
leaf area, fresh and
dry weight, and root
dry weight of plant

Hafeez et al.
(2015)

Cajanus cajan L. Pigeon pea Enhances plant
growth and
seedlings of the
plant

Shende et al.
(2017)

Hydroxyapatite Glycine max (L.) Merr Soybean Improved the
growth rate and seed
yield

Liu and Lal
(2014)

(continued)
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Table 19.1 (continued)

Nutrients Crop Function References

Botanical name Common
name

SPIONs Glycine max (L.) Merr Soybean Increased
chlorophyll content

Ghafariyan et al.
(2013)

Pisum sativum L. Pea Enhanced seed
weight and
chlorophyll content

Delfani et al.
(2014)

Fe2O3 Arachis hypogaea L. Peanut Enhanced root
length, biomass, and
SPAD

Rui et al. (2016)

FeO Medicago falcata L. Yellow
medick

Increased
chlorophyll α
fluorescence, plant
root length and
miR159c expression

Kokina et al.
(2020)

Mn Vigna radiata (L.) R.
Wilczek

Mung bean Enhanced the
growth of shoot
length and
chlorophyll content.
It also increased the
rate of
photosynthesis

Pradhan et al.
(2013)

Oryza sativa L. Rice Improved Zn uptake
in plant

Yuvaraj and
Subramanian
(2015)

Mg Vigna unguiculata
(L.) Walp.

Cowpea Mg content
increased in stem
and plasma and it
also accelerated the
enzyme activity

Delfani et al.
(2014)

Triticum aestivum L. Common
wheat

Increased growth
and yield of plant
and minerals uptake

Rathore and
Tarafdar (2015)

MgO Arachis hypogaea L. Peanut Enhanced seed
germination, growth
rate mechanism and
biomass production

Jhansi et al.
(2017)

Mo Cicer arietinum L. Chickpea Plant mass and
nodules number
increased

Taran et al. (2014)

Enhanced root area,
diameter, length,
perimeter, and tips
number, improved
microbial activities,
increased biomass
and grain yield

Thomas et al.
(2017)

(continued)
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Table 19.1 (continued)

Nutrients Crop Function References

Botanical name Common
name

Si Ocimum basilicum L. Basil Chlorophyll content
increased and
reduced proline
content

Kalteh et al.
(2018)

Pisum sativum L. Pea Reduced the
accumulation of Cr
in roots and shoots,
enhanced
antioxidant activity

Tripathi et al.
(2015)

Triticum aestivum L. Wheat Improved
development,
photosynthesis of
plant and reduced
the oxidative stress,
inhibited metal
accumulation

Ali et al. (2019)

TiO2 Spinacia oleracea L. Spinach Increased plant dry
weight

Zheng et al.
(2005)

Spinacia oleracea L. Spinach N2 fixation
improvement

Vigna radiata (L.) R.
Wilczek

Mung bean Improvement in
plant growth and
nutrient content

Vigna unguiculata
(L.) Walp.

Cowpea Cowpea yield
increased up to
26–51%

Owolade and
Ogunleti (2008)

Coriandrum sativum L. Coriander Improved nutritional
quality, enhanced
root and shoot fresh
biomass

Hu et al. (2020)

Zn Lolium L. Ryegrass Root extension Lin and Xing
(2008)

ZnO Vigna radiata (L.) R.
Wilczek and Cicer
arietinum L.

Mung bean
and chickpea

Plant growth
increased in mung
bean and in
chickpea plant

Mahajan et al.
(2011)

Cucumis sativus L. Cucumber Increased root dry
weight and fruit
gluten

(continued)
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Table 19.1 (continued)

Nutrients Crop Function References

Botanical name Common
name

Brassica napus L. Rapeseed Root extension Lin and Xing
(2007)

Arachis hypogaea L. Peanut 34% enhancement
in pod yield for per
plant

Prasad et al.
(2012)

Cicer arietinum L. Chickpea Increased shoot dry
weight and rate of
antioxidant activity

Burman et al.
(2013)

Zea Maize L. Maize Improved plant
length and dry
weight

Adhikari et al.
(2015)

Cyamopsis
tetragonoloba (L.) Taub.

Lond bean Enhancement in
plant growth and
nutrient content

Raliya and
Tarafdar (2013)

Lactuca sativa
L.

Lettuce Stimulated catalase
enzyme activity,
enhanced seed
germination, and
biomass

Rawashdeh et al.
(2020)

19.3.1 Calcium Nanoparticles

The calcium in the nanoforms was more effective compared to the chelated form; it
improves plant growth and production (Liu et al. 2005). Effect of calcium carbonate
nanoparticles have studied on Arachis hypogeae, L. it showed that the nano form
of calcium enhanced branch number and increased 15% weight (fresh and dry) of
plants (Liu et al. 2004; Tantawy et al. 2014). Liu et al. (2005) have reported a
study that showed improvement in the physiological process for instance chlorophyll
content of tomato plant increased by the effect of nano calcium. Biomimetic calcium
phosphate nanoparticles with the composition of potassium (K) and nitrogen (N, as
nitrate and urea) was used as a multinutrient nanofertilizear (nano U-NPK) for the
cultivation of Triticum durum Desf. The result showed the application of the slow-
release nano U-NPK were a promising strategy towards increasing the competency
of the fertilization, and yields of grains were obtained, and the additional advantage
of using a much lower N amount (a decline of 40 wt%) (Ramírez-Rodrígu et al.
2020). Zea mays L. crop has been treated with calcium phosphate nanoparticles
(CaPNPs) along with Piriformospora indica and Glomus mosseaec which promote
plant growth efficiency, root enhancement, and improved vitality properties (Rane
et al. 2015).
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19.3.2 Cerium Oxide Nanoparticles

Zhao et al. (2014) conducted a study on cucumber (Cucumis sativus L.) plants grown
in soil treated with Cerium Oxide (CeO2) nanoparticles. The results indicated that
CeO2NPs influenced the fruit flavor decreased the antioxidant capacity and increased
starch andglobulin content. It considerably enhanced the uptake ofMg2+ ion,which is
a vital constituent of the chlorophyll molecule. It also decreased the uptake of molyb-
denum (Mo) concentration and altered the non-reducing sugars, phenolic content and
changed the protein fractionation.

19.3.3 Copper Nanoparticles

Copper (Cu) metal is an important micronutrient required for plants enzymatic
activity, which functions as a regulatory co-factor or catalyst for a large number of
enzymes or acts as a functional structural.Adhikari et al. (2016) investigated the effect
of copper oxide (CuO) nanoparticles (< 50 nm) on the development, bioaccumula-
tion and enzymatic action of maize (Zea mays L.) plant. The experimental studies
showed the easy assimilation of CuO nanoparticles through plant cells and increase
the growth of maize by regulating the different enzyme activities. The glucose-6-
phosphate dehydrogenase enzymatic activity was extremely influenced by copper
oxide (CuO) nanoparticles and affected the pentose phosphate pathway in maize
plants. Hafeez et al. (2015) have studied the effect of the concentration-dependent
copper nanoparticles (CuNPs) on Millat-2011 (Triticum aestivum L.) crop which
significantly enhanced growth and yield of the plant, chlorophyll content, leaf area,
fresh and dry weight, and root dry weight. Similarly, the exposure of biogenic CuNPs
(20 ppm) on pigeon pea (Cajanus cajan L.) plant was evaluated which enhances
growth such as height, root length, fresh, and dry weights and seedlings of the plant
(Shende et al. 2017).

19.3.4 Hydroxyapatite Nanoparticles

Urea based nitrogen fertilizers viz. Urea-coated zeolite chips and hydroxyapatite has
been used in nanoparticle form as a source of nitrogen (N) to study the controlled
release of N for a long duration of time (Kottegoda et al. 2011; Millán et al. 2008).
Similarly, hydroxyapatite (Ca5(PO4)3OH) nanoparticles have a significant impact
on seed yield of Glycine max (L.) Merr., 20% and 33% increment in seed yield as
compared with conventional phosphorus treated plant (Liu and Lal 2014).



446 S. Amjad and M. Serajuddin

19.3.5 Iron Oxide Nanoparticles

Delfani et al. (2014) analyzed the iron nanoparticles (FeNPs) effect on blacked
eyed pea plants which not only improved the pods number per plant but also
enhanced the weight of seeds and improved the chlorophyll biosynthesis. FeNPs
enhanced the seed protein content by 2% compared to Fe. In another study compar-
ative effect of iron oxide nanoparticles (Fe2O3NPs) and a chelated-Fe fertilizer
(ethylenediaminetetraaceticacid-Fe; EDTA-Fe) were studied on the development
and growth of Arachis hypogaea L. plant. The obtained results showed Fe2O3NPs
enhanced root length, biomass, and Soil Plant Analysis Development (SPAD) chloro-
phyll meter values of peanut (Arachis hypogaea L.) plants. It also regulated phyto-
hormone contents and antioxidant enzyme activity which promote plant growth (Rui
et al. 2016). Also, inGlycine max (L.) Merr. plant chlorophyll content was enhanced
by superparamagnetic iron oxide nanoparticles (SPIONs) without any phytotoxicity.
Additionally, the physicochemical characteristics of SPIONs had an essential role
in sub-apical leaves of soybean for an increment of chlorophyll content (Ghafariyan
et al. 2013). Kokina et al. (2020) studied the exposure of different sizes of iron
oxide nanoparticles (FeONPs) on yellow medick (Medicago falcata L.) plants. The
observed results indicated a significant increase in chlorophyll α fluorescence, plant
root length, induced genotoxicity, and reduced genome stability compared to the
control plant. Moreover, enhanced miR159c expression indicated enhanced plant
resistance against fungal pathogens.

19.3.6 Manganese Nanoparticles

Manganese (Mn) micronutrient is primarily essential for the photosynthesis process
in plants. Pradhan et al. (2013) observed the effect of manganese nanoparticles
(MnNPs) on leguminous plant Vigna radiate (L.) R. Wilczek at a specific concentra-
tion as compared to conventionally available manganese salt, MnSO4 under labora-
tory conditions. The higher concentration of MnNP had not induced phytotoxicity to
the plant and the size of MnNP possibly helped plants to uptake these nanoparticles
more easily and translocated itself in the leaves using xylem. The MnNPs treated
chloroplasts increased the function of CP43 protein in the reaction center of photo-
system II (PS II) and had shown higher photophosphorylation, where oxygen was
generated by water molecule splitting and also enhanced the electron transport chain.

Manganese hollow core shell nanoparticles have used for the controlled and
targeted release of zinc (Zn) to the plant (Oryza sativa L.) soil. The result indicated
that the nano-sized manganese hollow core shell enhances and improve Zn uptake
by rice plant and reduce the loss of nutrients (Yuvaraj and Subramanian 2015).
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19.3.7 Magnesium Nanoparticles

Magnesium nanoparticles (MgNPs) used as an alternate of Mg in the Vigna unguicu-
lata (L.)Walp. plant, which enhanced the seed weight and yield (Delfani et al. 2014).
Further, a study was conducted by Rathore and Tarafdar (2015), on the controlled
delivery of magnesium nanoparticles (MgNPs) to wheat plants. The foliar applica-
tion of MgNPs on plant increased the light absorption on the leaf surface and it also
improved different enzyme activities which resulted in the enhanced mobilization of
nutrients (Fe, Cu, Zn, P, and Mg) uptake. It also significantly improved the wheat
plant root length and biomass. Magnesium oxide nanoparticles (MgONPs) (15 nm)
enhanced seed germination and growth rate mechanism in Arachis hypogaea L.
at 0.5 mg/L concentrations by penetrating seeds coat and internally support water
retention in seeds which increased biomass production for the plant (Jhansi et al.
2017).

19.3.8 Molybdenum Nanoparticles

The colloidal solution of molybdenum nanoparticles (MoNPs) enhances plant resis-
tance and also increased crops productivity due to the active uptake of nanoparticle
into the plant cells. The experimental studies showed when the Cicer arietinum L.
seeds were treated with MoNPs (colloidal solution) it enhanced the formation of
nodule per plant by four fold as compared to control (Taran et al. 2014). Thomas
et al. have also studied (2017), the effect of MoNPs (2–7 nm) on Cicer arietinum L.
plant at 4 ppm concentration. The results showed a significant improvement in the
root area, diameter, length, perimeter, and tips number. It also enhanced microbial
activities and useful enzymes along with increased biomass and grain yield.

19.3.9 Silicon Nanoparticles

Silicon nanoparticles (SiNPs) application has used for Basil plant to reduce the
pollution caused by salinity (Ocimum basilicum L.). SiNPs significantly increased
the chlorophyll and reduced proline content in basil (Kalteh et al. 2018). Tripathi et al.
2015 studied the shielding effect of SiNP for Pisum sativum L. against chromium
Cr(VI) phytotoxicity. The results showed that SiNPs reduced the accumulation of
Cr in roots and shoots and enhances the intake of mineral nutrients which possess
antioxidant activity and also reduces the ROS level. According to the study of Ali
et al. (2019) SiNPs have the ability to restrain the accumulation of cadmium (Cd)
concentrations in Triticum aestivum L. grain and other parts of the plant. Moreover,
SiNPs improved the development, photosynthesis and also reduced the oxidative
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stress of wheat grain and in future, it can also be used as a fertilizer for controlling
metal accumulation in crop plants.

19.3.10 Titanium Dioxide Nanoparticles

The comparative study of nano-TiO2 and TiO2 was investigated on the enlargement
and germination of naturally-aged spinach seed (Spinacia oleracea L.) (Zheng et al.
2005). The experimental studies indicated that at a certain concentration nano-TiO2

treated spinach seed enhances the germination of the aged seeds. The 30 days nano-
TiO2 effect on spinach plants showed a 73% increase in dry weight, improves the
chlorophyll formation up to 45% and enhances the photosynthetic rate three times
as compared to the control during the germination stage. This effect of the devel-
opment rate of spinach seeds was inversely proportional to the size of TiO2 signi-
fying, smaller the nanoparticle different the germination growth. Furthermore, the
researcher defines the possibility of entry of nano-TiO2 into cells those have increased
oxidation–reduction reactions via the superoxide ion radical during germination in
the dark and resulted in the quenching of free radicals during the germination of
seeds,which also increased the photosynthetic rate. Effect of TiO2NP on coriander
plant (Coriandrum sativum L.) at concentration dependent manner improved the
nutritional quality, enhanced root and shoot fresh biomass (Hu et al. 2020).

19.3.11 Zinc Nanoparticles

Zinc oxide nanoparticles (ZnONPs) have been used in industry for the last many
years. Zn is the most important vital micronutrient that is mandatory to enhance the
crop productivity. Prasad et al. (2012) investigated the effect of Znmicronutrient into
peanut seeds through ZnONPs (25 nm mean particle size). It improves the uptake of
Zn through leaf and kernel and a high content of Znwas found in the seed and increase
chlorophyll amount in leaf. These nanoparticles proved helpful in enhancing stemand
root growth (Prasad et al. 2012). Lin andXing (2007), reported ZnONPs significantly
adhered to the root surface and enter inside the plant cell through penetration and
found in the apoplast and protoplast of the root endodermis and stele. Rawashdeh
et al. (2020) studied effect of two different concentrations of ZnONPs (25 ppm or
50 ppm) on Lettuce seeds (Lactuca sativa L.). The obtained results showed enhanced
seed germination, and biomass of seeds due to stimulated catalase enzyme activity.
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19.4 Conclusion and Prospects

The sustainable agriculture, nutrient safety, and food accessibility are included the
key sustainable development objectives to cope the crop nutrient deficiency. Hence,
it is necessary to exploit the benefits of nanotechnology in reaching the feat by
enhancing plant nutrient accessibility and reducing their losses on agricultural field.
Nanobiotechnology application plays a notable role in agriculture tomanage nutrient
deficiency stress for cropmanagement which is necessary for sustainable agriculture.
It could be significantly enhanced nutritional health and sanitation of crops simulta-
neously, improved food security and sustainability in the coming times.Nanobiotech-
nology has a multidirectional approach therefore, it is necessary to exploit the bene-
fits of its application in reaching the feat by enhancing plant nutrient accessibility
and reducing their losses on the agricultural field. Previous studies indicated that
the mineral nanoparticles are beneficial for plant growth efficiency, root enhance-
ment, chlorophyll content, uptake of mineral, regulation of phytohormone contents
and antioxidant enzyme activity, enhanced gene expression, and seed development.
Additionally, it is also beneficial for inhibition of accumulation of heavy metals
concentration inside the plants. Although the obtained results are limited to the
experimental level, therefore it is necessary to introduce the application of nanofer-
tilizer in the nursery stage to proceed towards a large-scale agriculture field. More
scientific research studies required to analyze the environmental risks of nanoparti-
cles to encourage the safe development of nanofertilizer. Hence, nanotechnology
is a promising sector to provide commercialized nanofertilizers for better crop
productivity and soon that will be available in the market.

References

Adhikari T, Kundu S, Biswas AK et al (2015) Characterization of zinc oxide nano particles and
their effect on growth of maize (Zea mays L.) plant. J of Pla Nut 38(10):1505–1515

Adhikari T, Sarkar D, Mashayekhi H, Xing B (2016) Growth and enzymatic activity of maize (Zea
mays L.) plant: solution culture test for copper dioxide nano particles. J of P Nut 39(1):99–115

Ali S, Rizwan M, Hussain A et al (2019) Silicon nanoparticles enhanced the growth and reduced
the cadmium accumulation in grains of wheat (Triticum aestivum L.). Pla Phys and Biochem
140:1–8

Ashraf M, Akram NA, Al-Qurainy F, Foolad MR (2011) Drought tolerance: roles of organic
osmolytes, growth regulators and mineral nutrients. Adv in Agr 111:249–296

Baloch OB, Chacar OI, Tareen MN (2008) Effect of foliar application of macro and micronutrients
on production of green chilies (Capcicum annuum L.) J Agric Tech 4(2):177–184

Baruah S, Dutta J (2009) Nanotechnology applications in pollution sensing and degradation in
agriculture: a review. EnvChem Let. 7(3):191–204

Bernal M, Cases R, Picorel R, Yruela I (2007) Foliar and root Cu supply affect differently Fe and
Zn-uptake and photosynthetic activity in soybean plants. Environ Exp Bot 60:145–150

Bhatt D, Bhatt MD, Nath M et al (2020) Application of nanoparticles in overcoming different
environmental stresses. Protective chemical agents in the amelioration of plant abiotic stress:
Biochemical and molecular perspectives, 635–654



450 S. Amjad and M. Serajuddin

Burman U, Saini M, Kumar P (2013) Effect of zinc oxide nanoparticles on growth and antioxidant
system of chickpea seedlings. Tox & Env Chem 95(4):605–612

Chhipa H (2017) Nanofertilizers and nanopesticides for agriculture. Env Chem Let 15(1):15–22
Delfani M, Firouzabadi MB, Farrokhi N, Makarian H (2014) Some physiological responses of
black-eyed pea to iron and magnesium nanofertilizers. Commun Soil Sci Plant Anal 45:11

Dimkpa CO, Bindraban PS (2017) Nanofertilizers: new products for the industry?. J Agric Food
Chem 66(26):6462–6473

Eichert T, Kurtz A, Steiner U, Goldbach HE (2008) Size exclusion limits and lateral heterogeneity
of the stomatal foliar uptake pathway for aqueous solutes and water-suspended nanoparticles.
Phy Pla 134(1):151–160

Elemike EE, Uzoh IM, Onwudiwe DC, Babalola OO (2019) The role of nanotechnology in the
fortification of plant nutrients and improvement of crop production. App Sci 9(3):499

Elmer W, White JC (2018) The future of nanotechnology in plant pathology. Ann Rev Phyto
56:111–133

Ghafariyan MH, Malakouti MJ, Dadpour MR et al (2013) Effects of magnetite nanoparticles on
soybean chlorophyll. Envir Sci Tec 47(18):10645–10652

Ghormade V, Deshpande MV, Paknikar KM (2011) Perspectives for nano-biotechnology enabled
protection and nutrition of plants. Biotec Adva 29(6):792–803

Gruère GP (2012) Implications of nanotechnology growth in food and agriculture in OECD
countries. F Pol 37(2):191–198

Gutiérrez FJ, Mussons ML, Gatón P, Rojo R (2011) Nanotechnology and food industry. In: Valdez
B, Schorr M, Zlatev R (eds) Scientific, health and social aspects of the food industry. InTech,
pp 95–128

Hafeez A, Razzaq A,Mahmood T, Jhanzab HM (2015) Potential of copper nanoparticles to increase
growth and yield of wheat. J Nanosci Adv Technol 1(1):6–11

Handford CE, Dean M, Henchion M et al (2014) Implications of nanotechnology for the agri-food
industry: opportunities, benefits and risks. Tre in F Sci Tech 40(2):226–241

Hu J, Wu X, Wu F et al (2020) Potential application of titanium dioxide nanoparticles to improve
the nutritional quality of coriander (Coriandrum sativum L.). J of hazar mater 389:121837

HuM, Zhao X, Liu Q et al (2018) Transgenic expression of plastidic glutamine synthetase increases
nitrogen uptake and yield in wheat. Pla Biotec J 16(11):1858–1867

Hua KH, Wang HC, Chung RS, Hsu JC (2015) Calcium carbonate nanoparticles can enhance plant
nutrition and insect pest tolerance. J of Pest Sci 40(4):208–213

Ion AC, Ion I, Culetu A (2010) Carbon-based nanomaterials: Environmental applications. Uni Pol
Buch 38:129–132

Jhansi K, Jayarambabu N, Reddy KP et al (2017) Biosynthesis of MgO nanoparticles using
mushroom extract: effect on peanut (Arachis hypogaea L.) seed germination. 3 Biotec 7(4):263

Joseph T, Morrison M (2006) Nanotechnology in agriculture and food. Nano Rep 2:2–3
Kalteh M, Alipour ZT, Ashraf S et al (2018) Effect of silica nanoparticles on basil (Ocimum
basilicum) under salinity stress. J Chem Health Risks 4(3):49–55

KashyapPL,XiangX,HeidenP (2015)Chitosan nanoparticle based delivery systems for sustainable
agriculture. Int J Bio Mac 77:36–51

Khot LR, Sankaran S,Maja JM et al (2012) Applications of nanomaterials in agricultural production
and crop protection: a review. C Pro 35:64–70
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Chapter 20
Nano-Oxide Materials Combat Heavy
Metals Toxicity by Modulating Oxidative
Stress Pathways

Fawaz Alasmari, Omer I. Fantoukh, Qasim Alhadidi, Faleh Alqahtani,
Abdulkareem A. Alanezi, and Asad Syed

Abstract Heavy metals have been found to exert toxicological effects on living
organisms, including plants and animals. Prior studies explored the role of metallic
compounds for the induction of pathways that are associated with cardiovascular,
neurological and immunological diseases. At acute and chronic doses, these heavy
metals showed the ability to promote the oxidative stress and inflammatory pathways
processing, which may lead to adverse health consequences such as genotoxicity and
cytotoxicity in plants. Dysregulation of antioxidant enzymes activities and inhibition
of growth have been documented in plants exposed to heavy metals. This indicates
that the heavy metals should be considered as risky compounds once they are in
contact with plants, animals and humans. Recently, it has been found that nanopar-
ticles of certain compounds such as cerium oxide could attenuate oxidative stress
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induced by heavy metals in the plants. This chapter sheds light on the role of nano-
materials in regulating oxidative stress associated with heavy metals exposure in
plants.

Keywords Metallic compounds · Nanomaterials · Oxidative stress · Plants ·
Secondary metabolites

20.1 Introduction

Myriad toxicological effects could be induced due to exposure to particular metals
(Andjelkovic et al. 2019; Nayfeh et al. 2018; Pokorska-Niewiada et al. 2018). These
toxicological responses have been observed in plants, animals and humans (An et al.
2004; Hung and Chung 2004; Wen et al. 2017). Studies highlighted the potentially
harmful effects of numerous heavy metals on the living organisms, including abun-
dant plant species (An et al. 2004; Cargnelutti et al. 2006). However, some nano-
materials of metals provide beneficial effects on plants (Rizwan et al. 2019). For
example, an improvement in the growth of plant exposed to cadmium was reported
after exposure to zinc and iron oxide nanomaterials, which indicates that thesemetals
may produce positive effects once they get in contact with a living organism (Rizwan
et al. 2019). In this chapter, we discussed the biological effects of metals on plants.

Oxidative stress is one of the substantial pathways that is involved in initiating
and maintaining the toxicological reactions induced by several metallic agents
(Cargnelutti et al. 2006; Hasanuzzaman et al. 2018). Several studies explored the
role of oxidative stress on the induction of toxicity of metals in living organisms
(Cargnelutti et al. 2006; Hasanuzzaman et al. 2018; Panda et al. 2016). The metals
were found to dysregulate the oxidative stress pathways, and this effect was
associated with negative consequences on plants, animals and humans (Cargnelutti
et al. 2006; Khan and Parvez 2015; Pujalté et al. 2011). For instance, glutathione
system has been impaired in wheat due to the effect of particular metals such as lead
(Hasanuzzaman et al. 2018). Another prior study showed that mercury exposure
induced dysregulation in the length of cucumber root and shoot in part by alteration
of the activity/content of catalase, chlorophyll and lipid peroxides (Cargnelutti et al.
2006). In human renal cells, exposure to nanoparticles of metallic compounds such
as zinc oxide and cadmium sulfide could dose-dependently increase the death and
toxicity of the cells (Pujalté et al. 2011). This study found that the physicochemical
properties of these nanoparticles are the reason for increased reactive oxygen species
productions. This effect was associated with a marked decreased ratio of glutathione
to oxidized glutathione and total glutathione levels. These effects might be induced
by the activation of nuclear factor kappa B (NF-KB) (Pujalté et al. 2011). Therefore,
oxidative stress biomarkers regulate signaling for the effects of metallic compounds
on living organisms, including numerous plant species. Oxidative stress has been
observed in Panax ginseng exposed to a heavy metal (Huo et al. 2020). Moreover,
induction of oxidative stress and increased secondary metabolites accumulation



20 Nano-Oxide Materials Combat Heavy Metals … 455

has been found in plant cells following exposure with methyl jasmonate (Ho et al.
2020). In this chapter, we highlighted the role of oxidative stress pathways on the
toxicological effects of heavy metals in plant species.

Acute and chronic exposure to metals may induce differential effects on clinical
and preclinical subjects as well as living organisms (An et al. 2004; Hung and Chung
2004; Pujalté et al. 2011;Wen et al. 2017; Zhai et al. 2017). To the best of our knowl-
edge, the exact mechanisms for the effects of short-term and long-term exposures
of metals to plant species have not been fully discussed. Besides, the differential
effects may be also observed using different formulations of specific metals (Rizwan
et al. 2019). For instance, a nanoparticle of iron and zinc oxide exposure induced
beneficial effects on plant growth (Rizwan et al. 2019), which indicates that the
pharmaceutical dosage form of these metals plays a potential role in their biological
effects on living organisms, including plant species. This chapter highlights the role
of acute and chronic exposure as well as dosage forms of metals on the oxidative
stress associated with biological effects on living organisms (Fig. 20.1).

Fig. 20.1 A schematic diagram summarizes the objectives of the chapter (Figure constructed by
authors)
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20.2 Nanoparticles: Properties and Applications

The field of nanotechnology is expanding rapidly, and it is of high importance in
various biomedical applications. The application of nanotechnology in medicine
is known as nanomedicine and aims to produce materials on a nanometer scale
to be employed in the diagnosis and treatment of some pathological conditions
(De Jong and Borm 2008). Anyhow, nanoparticles are the most commonly used
nanotechnology platforms in nanomedicine. Because of their small particle size (1–
100 nm), nanoparticles are characterized by a large surface area, which enables them
to distribute efficiently in the bloodstream and also makes them an efficient drug
carrier (Borm et al. 2006; Stapleton and Nurkiewicz 2014). Such a reduction in
particle size improved the physicochemical properties of the nanoparticles. Accord-
ingly, the pharmacokinetic parameters of nanoparticles are enhanced by the large
surface area, and this propertymakes them suitable candidates for various biomedical
applications (Borm et al. 2006).

According to their chemical compositions, nanoparticles can be classified into
three groups: organic, inorganic (metals, metal oxide, ceramic, and quantum dots),
and carbon-based nanoparticles (De Matteis and Rinaldi 2018). Among these types,
metal oxide nanoparticles are characterized by remarkable antioxidant activities
which make them appropriate for many applications including heavymetals-induced
oxidative stress (Mauricio et al. 2018). In plants, heavy metals-induced oxidative
stress injury is mainly triggered by lipid peroxidation, protein and DNA damage
(Manikandan et al. 2015). Metal oxide nanoparticles are used as an adsorbent in the
medium toovercomeheavymetals-induce phytotoxicity (Venkatachalamet al. 2017).
Mechanistically, nanoparticles can work both as free radical scavengers and antiox-
idants carriers (Mauricio et al. 2018). For example, cerium nanoparticles were able
to reduce H2O2-induced oxidative stress by 25–50% through free radical scavenging
activity (Ciofani et al. 2013). It is important to note that cerium oxide nanoparticles
has a role in attenuating oxidative stress (Singh et al. 2020). Furthermore, nanopar-
ticles are used to deliver a targeted drug to a specific site (Ahmad et al. 2010).
Therefore, this evidence indicates that nanoparticles could be exploited as promising
antioxidant therapeutic agents.

20.3 Effects of Acute Exposure to Heavy Metals

Studies explored the acute effects of metals using specific plant species, animals or
humans (An et al. 2004; Andjelkovic et al. 2019; Hung and Chung 2004; Luan et al.
2008; Nayfeh et al. 2018; Pokorska-Niewiada et al. 2018; Wen et al. 2017). These
studies found that these metals could lead to severe toxicity to plants or poisoning to
animal models and humans. However, the exact mechanism for the toxicity of heavy
metals after acute exposure has not been fully determined.
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Using plants species, metals exposure was associated with marked injuries to
several species (An et al. 2004; Luan et al. 2008; Pokorska-Niewiada et al. 2018).
For instance, the germination process in seeds of plant species was inhibited by acute
exposure to metals such as lead and mercury (Pokorska-Niewiada et al. 2018). It is
essential to consider that these metals are accumulated in plant tissues (Tangahu
et al. 2011). Arsenic, for example, was accumulated in Pteris vittata L., while the
accumulation ofmercurywas observed inBrassica juncea (L.) Czern. (Tangahu et al.
2011). Moreover, soil-exposed metals such as arsenic, cadmium or lead reduced the
root and shoot growth in soybean seeds using acute toxicity test (Luan et al. 2008).
This study found that a combination of these three metals resulted in phytotoxicity
effects on the soybean seeds. Moreover, another study used five days acute exposure
toxicity experiment has supported these findings and reported a marked inhibition
for the growth of Cucumis sativus L. following exposure to a combination of copper,
cadmium and lead (An et al. 2004). These studies suggest that acute exposure to
metals is associatedwith a high rate of accumulation and distribution in plant species,
which might result in toxicological reactions. These effects could lead to adverse
responses to humans/animals who consume these plants in their food.

Additionally, impairments in the histological, biochemical and hematological
biomarkers, as well as other parameters of vital organs, have been also observed
in preclinical models after exposure to acute concentrations of metals (Andjelkovic
et al. 2019; Larsen et al. 2016; Wen et al. 2017). In a prior report, organist has
been indicated that acute inhalation of several metal oxides such as zinc oxide, tita-
nium dioxide, aluminum oxide or cerium oxide were able to reduce the tidal volume
and induced nasal irritation in mice (Larsen et al. 2016). Additionally, impairments
in the hematological biomarkers were documented in rats exposed to acute doses
of cadmium and lead (Andjelkovic et al. 2019). Dysregulation in kidney function
and marked damages to several organs such as spleen, liver and kidney, have been
reported in Sprague-Dawley rats exposed to an acute dose of silver nanoparticles
(Wen et al. 2017). Therefore, acute exposure to metals may induce damage to the
organ that first contacts.

In addition to plants and animals, acute exposure to metallic compounds might
generate adverse health reactions to humans (Hung and Chung 2004; Nayfeh et al.
2018). Importantly, the environmental pollution of metals is increased globally in
recent years (Jaishankar et al. 2014). It is reported that a 42-year old man had throm-
bocytopenia, fever and hypokalemia due to acute exposure to barium and cadmium
(Hung and Chung 2004). Another report highlighted the acute effects of mercury in
humans which showed that an increase in urine and serummercury concentrations as
well as deposition of mercury in colon were associated with fatigue, irritability and
other adverse reactions in 52-year oldman (Nayfeh et al. 2018). These findings raised
a question regarding the effects of consuming food containing high levels of metals
on the body. It is important to consider that high levels of blood mercury and lead, as
well as total urine arsenic, were observed in people who consumed a gluten-free diet
compared to people who were on a regular diet (Raehsler et al. 2018). Moreover, a
high risk of adverse effects occurrence was highlighted in a study reviewed the levels
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of metals in vegetables in Armenia (Pipoyan et al. 2018). The findings confirm that
monitoring the levels of metals in the fruits or vegetables is necessary to avoid any
adverse effects resulting from exposure to them.

20.4 Effects of Chronic Exposure to Heavy Metals

The long-term exposure effects of the metals on living organisms have been deter-
mined in previous reports. For example, a study found that subchronic oral exposure
to lead was involved in the pathology of gut microbiota in mice (Zhai et al. 2017). A
marked decrease in the length of the shoot and root in cucumber was demonstrated
following exposure to different concentrations of mercury (Cargnelutti et al. 2006).
These findings indicated the toxicity effects after exposure to heavy metals and the
significance of regular monitoring for the levels of these metals in plants and other
living organisms to avoid any long-term negative consequences.

Plants are exposed to soil and water for a long time for their growth and devel-
opment. Therefore, the purity and quality of plants-derived foods might be influ-
enced by multiple factors, including air pollution. Cadmium is one of the metals that
exhibits plant toxicity due to its ability to interchange from soil to plants (Clemens
2006; Fangmin et al. 2006; Jha and Bohra 2016; Khan, Ding, et al. 2018; Satarug
et al. 2009; Wojcik and Tukiendorf 2004). Chronic exposure to cadmium increased
the formation of phytochelatins in shoots and roots parts of Arabidopsis thaliana,
which led to toxic effects in part by dysregulating glutathione system (Wojcik and
Tukiendorf 2004). In the leaf of Camellia sinensis (L.) Kuntze, it was suggested that
cadmium exposure had induced plant toxicity through modulating oxidative stress
(Mohanpuria et al. 2007). This suggestion was raised due to the upregulatory effects
of cadmium on glutathione syntheses genes.

20.5 Role of Oxidative Stress Biomarkers on the Effect
of Heavy Metals

Heavy metals exposure can lead to oxidative stress in plants (Çekiç et al. 2017;
Haghighi Pak et al. 2017; Mosa et al. 2018; Ruttkay-Nedecky et al. 2017; Yan and
Chen 2019). These metals might induce these adverse reactions through modulating
various pathways (Bonaventura et al. 2015; Rokadia and Agarwal 2013; Yang et al.
2014). Such pathways include inflammatory and immunological proteins cascade
(Bonaventura et al. 2015; Houston 2007; Iannitti et al. 2010; Kataranovski et al.
2009). Thus, targeting cellular or molecular proteins in this cascade can provide a
promising strategy, which can be applied therapeutically in future studies. In this
section, we summarize the effects of heavy metals on the oxidative stress biomarkers
focusing on plants.
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It has been found that copper exposure was associated with adverse reactions in
plants (De Vos et al. 1992; Drążkiewicz et al. 2004; Mosa et al. 2018; Thounaojam
et al. 2012; Zhang et al. 2008). For instance, copper nanoparticles were able to
induce oxidative stress in C. sativus (Mosa et al. 2018). This study reported dysreg-
ulation in superoxide dismutase enzyme gene expression in groups treated with
copper nanoparticles. The levels of hydrogen superoxide and lipid peroxidation were
increased in the roots and shoots of C. sativus after exposure to copper nanoparticles
(Mosa et al. 2018). Copper nanoparticles showed the ability to increase the electrolyte
leakage suggesting that C. sativus membrane integrity may be sensitive to nanopar-
ticles of heavy metals. Besides, the biomass ofC. sativuswas reduced after exposure
to copper nanoparticles. Moreover, the chlorophyll contents were also reduced in C.
sativus treated with copper nanoparticles. These findings confirm the toxicity effects
of copper nanoparticles on plants, which may affect their bioactive constituents.
Therefore, it is suggested that nanoparticle properties such as surface area, particle
size, and presence ofmetals aswell as other physicochemical properties are critical in
the development of oxidative stress (Manke et al. 2013). In Silene cucubalusWibel,
copper was found to induce depletion of glutathione, leading to oxidative stress (De
Vos et al. 1992). Another study reported that copper exposure led to oxidative stress
in A. thaliana (Drążkiewicz et al. 2004).

In addition to copper, exposure to silver nanoparticles induced adverse reactions
to plants (Çekiç et al. 2017; Haghighi Pak et al. 2017; Yan and Chen 2019). A signif-
icant decrease of Dracocephalum moldavica L. growth and chlorophyll content has
been determined following treatment to high concentrations of silver nanoparticles
(Haghighi Pak et al. 2017). These effects were associated with dose-dependently
overproduction of hydrogen peroxide, indicating that both copper and silver expo-
sure potentially lead to oxidative stress to the plants. Haghighi Pak et al. reported also
an increase in the activity of peroxidase and catalase enzymes in addition to antiox-
idant (Haghighi Pak et al. 2017). It is suggested that the elevations of antioxidant
enzymes activity and gene expression is negative feedback to combat the oxida-
tive stress induced by heavy metals exposure. The findings of silver effects on D.
moldavicawere further supported by a prior study which found that silver could also
induce oxidative stress in tomato plants, Solanum lycopersicumL. (Çekiç et al. 2017).
This and Haghighi Pak et al. studies reported similar data about the ability of silver
nanoparticles to reduce chlorophyll contents in plants. Interestingly, a decrease in
the activity of ascorbate peroxidase and an increase in the activity of sodium dismu-
tase have been observed after the application of different concentrations of silver
nanoparticles to S. lycopersicum (Çekiç et al. 2017). In addition, DNA damage and
increased lipid peroxidation were associated with these negative reactions.

These reports confirm that nanoparticles of heavymetals exhibit the ability to form
oxidative stress responses to living organisms. Monitoring the levels of the nanopar-
ticles of heavy metals in plants might provide beneficial results economically. This
will minimize the undesirable health effects that resulted from consuming vegetables
and fruits in humans and animals. Future research should determine the differential
effects of various formulations of heavymetals on plants focusing on oxidative stress
pathways.
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20.6 Nanomaterials Induce Positive Effects in Plants

Nanomaterials technology has been developed to overcome the challenging of oxida-
tive stress determined in plants (Elsakhawy et al. 2018; Giraldo et al. 2019; Singh and
Husen 2019). It was found that nanoparticles of anionic cerium oxide could protectA.
thaliana from abiotic stress induced by photosynthesis at least in part by attenuating
oxygen reactive species (Wu et al. 2017). These protective effectsmight be developed
because these nanoparticles possess high energy and surface/volume ratios charac-
teristics (Singh and Husen 2019). The high surface density of nanomaterials could
interact with the plants’ cell surface wall charges (Juárez-Maldonado et al. 2019).
These properties may lead to an improvement in plant growth since nanomaterials
enable plants to be exposed to the environmental needs (Juárez-Maldonado et al.
2019). These suggestions were further supported by findings showing that nano-
materials induce positive effects on plants such as a decrease of leaching rate and
improvement in growth rate (Zhu et al. 2019).

Several studies reported beneficial effects for nanomaterials on the plants, and
these effects could be applied to enhance plant life-cycle (Iannone et al. 2016). For
instance, exposure to nanomaterials of magnetite iron oxide was found to increase
the activity of antioxidant enzymes, which might attenuate oxidative stress in the
root and aerial parts of Triticum aestivum L. (Iannone et al. 2016). The photosyn-
thesis in sorghumplants was increased following exposure to nanoparticles of cerium
oxide (Djanaguiraman et al. 2018). This study reported that these nanoparticles could
protect the plant fromdamage andoxidative stress inducedbydrought. The promising
data for the effects of cerium oxide nanoparticles on oxidative stress parameters
included a marked reduction in lipid peroxidation, hydrogen peroxide, and super-
oxide levels (Djanaguiraman et al. 2018). This indicates that nanotechnology could
be a valuable strategy to avoid or reduce the abiotic stress (such as temperature or
radiation) or oxidative stress (such as free radicals or superoxide) induced by certain
substances, including exposure to heavy metals in plants (Fig. 20.2).

Additionally, a prior study on C. sinensis reported that chitosan nanoparticles
increased the expression and activity of defense genes and enzymes, respectively
(Chandra et al. 2015). This effect was associated with an improvement in the immune
system. This study found that chitosan nanoparticles increased the activity and gene
expression of antioxidant enzymes, catalase and superoxide dismutase. This effect
was also associated with an increased nitric oxide level, a molecule that is involved in
stimulating defense pathways (Chandra et al. 2015). However, exposure to nanoma-
terials can lead to toxicological effects in plants based on various factors (Chichiriccò
and Poma 2015; Lin and Xing 2007). In this chapter, we emphasized exclusively on
the beneficial effects of using nanobiotechnology approaches to combat negative
responses induced by heavy metals in plants (Fig. 20.2).
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Fig. 20.2 A schematic diagram shows the role of nano-oxide materials in attenuating the effects
of abiotic and oxidative stress in plant growth and development (Figure constructed by authors)

20.7 Nanomaterials Combat Oxidative Stress Induced
by Exposure to Heavy Metals

Previous studies reported promising findings for the effects of nanomaterials on the
oxidative stress induced by heavy metals (Rizwan et al. 2019). Rizwan et al. reported
that iron and zinc oxide nanoparticles could improve the plant growth in wheat under
the stress of cadmium (Rizwan et al. 2019). This study found that these nanopar-
ticles could modulate oxidative stress pathways, including superoxide dismutase,
electrolyte leakage and peroxidase in wheat treated with cadmium. These nanoparti-
cles also could elevate the content chlorophyll in the plant (Rizwan et al. 2019). This
hypothesis was supported by a prior study that showed that nanoparticles of cerium
oxide could reduce the reactive oxygen species in the leaf of A. thaliana through
modulating the oxidative stress pathways (Wu et al. 2017). Moreover, nanoparticles
of cerium could increase photosynthesis of Sorghum bicolor (L.) Moench through
attenuating oxidative stress induced by drought (Djanaguiraman et al. 2018). This
report found that the nanoparticles could decrease the leaf contents of superoxide
radicals and hydrogen peroxide. Another study by Wu., et al., reported that cerium
oxide nanoparticles elevated the content of chlorophyll in A. thaliana leaf treated
with sodium chloride for three days (Wu et al. 2018). The report also showed the
ability of cerium oxide nanoparticle to decrease the levels of reactive oxygen species
in these leaves exposed to salinity stress, which further indicate the effectiveness
of cerium oxide nanoparticles in modulation the oxidative stress parameters. These
effects on oxidative stress were determined by measuring the levels of hydrogen
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peroxide and hydroxy radicals (Wu et al. 2018). However, cerium oxide nanoparti-
cles at high concentrations exposure led to membrane damage and lipid peroxidation
in agar cultured media containing lettuce seeds and inhibited the growth of its roots
(Cui et al. 2014). This study suggested that cerium (IV) at high concentrations is
transformed into specific parts of the plants and converted into cerium (III).

In addition to ceriumoxide nanoparticles,magnetic (iron oxide) nanoparticles also
attenuated oxidative stress induced by exposure to heavy metals in plants (Konate,
He, Zhang, et al. 2017). In wheat seeding (T. aestivum), it was shown that lead,
copper, cadmium and zinc inhibited the growth determined by reduced shoot and
root growth. Moreover, these heavy metals reduced the activities of peroxidase
and superoxide dismutase enzymes (Konate, He, Zhang, et al. 2017). These effects
were abolished following the application of magnetic nanoparticles (Konate, He,
Zhang, et al. 2017), which indicate that nano-oxide like compounds possess activity
against oxidative stress in plants. This study was further confirmed by a prior study
showed that magnetic nanoparticle induced similar effects on root and shoot growth
in cucumber seedlings (C. sativus) exposed to heavy metals (Konate, He, Rui, et al.
2017). This study also found that magnetic nanoparticles attenuated heavy metals-
decreased peroxidase and superoxide dismutase activities in C. sativus Therefore,
nanobiotechnology is a recent strategy that has beneficial applications in reducing the
plant abiotic stress associatedwith heavymetals exposuremainly throughmodulating
oxidative stress biomarkers.

Additionally, previous reports pointed out the potential therapeutic effects against
oxidative stress in human and animal cells/tissues (Hassanin et al. 2013; Niu et al.
2011; Wardani et al. 2018). Cerium nanoparticles could attenuate oxidative stress
induced by exposure to cigarette smoke in rat cardiomyocytes (Niu et al. 2011). This
study found that cerium oxide reduces cigarette smoke-activated NFKB. Moreover,
these nanoparticles were reported to restore cigarette smoke-dysregulated inflam-
matory cytokines concentrations and gene expression as well as cell viability and
apoptosis (Niu et al. 2011).

Another study found a potential efficacy of chitosan against oxidative stress-
induced by chronic exposure of cadmium chloride in male rats (Wardani et al. 2018).
This study found that a 28-day oral intake of cadmium chloride could induce gastric
ulcers and decreased the activities of superoxide dismutase and glutathione peroxi-
dase. These effects were restored with treatments of chitosan nanoparticles (Wardani
et al. 2018). These thyroid damage and toxicity through inducing oxidative stress was
attenuated after treatments with selenium nanoparticles in rats (Hassanin et al. 2013).
Specifically, chromium exposure reduced thyroid hormone levels in part by reducing
the level glutathione and increasing the enzyme activities of superoxide dismutase
and catalase (Hassanin et al. 2013). This study found that selenium nanoparticles
were able to restore impaired thyroid hormones and oxidative stress parameters.

The findings of heavy metals-induced oxidative stress in rats were also observed
in other animal models such as mice (Khan, Qureshi, et al. 2018; Zhang et al.
2016). Although iron oxide nanoparticles slightly decreased superoxide dismutase
and glutathione peroxidase enzymes activity in the liver of mice, a marked reduc-
tion in these enzymes activities has been observed with the treatment of cadmium
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chloride in livers of mice (Zhang et al. 2016). Interestingly, this study reported that
co-exposure to these agents restored the activities of the normal enzymes. It is poten-
tial that oxide nanoparticles had alleviated the toxicity effects-induced by cadmium
chloride.

Lipid peroxidation was found to be higher in the liver of mice treated with
cadmium chloride while it was unchanged in a group received a combination of
iron oxide and chromium chloride (Zhang et al. 2016). Exposure to nanoparticles
of cerium oxide could attenuate silver-induced oxidative stress in Labeo rohita F.
Hamilton (Khan, Qureshi, et al. 2018). This report found that nano cerium oxide
restored the lipid peroxidation and the level of glutathione as well as the activity of
catalase, superoxide dismutase and glutathione-S-transferase. Therefore, the ability
of certain nano-like compounds to attenuate diseases associated with oxidative stress
might provide potential therapeutic directions for pharmaceutical laboratories to
synthesize efficient nano-related compounds.

20.8 Impact of Heavy Metal-Induced Oxidative Stress
on Secondary Metabolites Biosynthesis

It is evident that abiotic stressors, including heavy metals, perturb the equilibrium
between the generation of reactive oxygen species and the detoxification mechanism
in the plants. This imbalance induces the oxidation of crucial biomolecules such as
DNA, proteins, and lipids under a condition called oxidative stress, inactivating them
and leading ultimately to cell death. The plants are exposed to heavy metals from
environmental sources such as contaminated air, water, soil, and food. Therefore,
an antioxidative defense system is triggered, which comprises multiple enzymatic
and nonenzymatic molecules to battle the adverse effects of oxidative stress (Asgari
Lajayer et al. 2017; Bartwal et al. 2013; Berni et al. 2019; Jomova and Valko 2011;
Naik and Al-Khayri 2016; Ramakrishna and Ravishankar 2011; Sharma et al. 2012;
Zhai et al. 2015).

Among the non-enzymatic molecules, an array of compounds called secondary
metabolites are commonly released by the plants to combat the oxidative stress. In
contrast to primary metabolites, they have unique functions in interaction with the
environment for adaptation and defense but not involved directly in the growth and
development of plants. Such secondary metabolites generally include but not limited
to polyphenols, terpenoids, and alkaloids. Selected secondary metabolites exten-
sively studied in the literature as antioxidants are illustrated in Fig. 20.3. The struc-
tural features of these components play crucial roles in antioxidant and scavenging
activities. For instance, the sequence of conjugated double bonds in the carotenoids
(tetraterpenoids) such as lycopene is related to the efficiency of quenching while
the chelating effect of flavonoids such as quercetin is introduced by three sites of
vicinal hydroxy groups which form a complex via coordinate bonds with metal ions
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Fig. 20.3 Selected phytochemicals extensively studied in the literature as antioxidants (Figure
constructed by authors using ChemDraw)

reducing their catalytic activity to form reactive oxygen species (Berni et al. 2019;
Jomova and Valko 2011; Sharma et al. 2012).

Cultivation of medicinal plants in environments surrounded by abiotic stressors
such as heavy metals influences biosynthesis of secondary metabolites via induction
or inhibition of responsible genes in the biosynthetic pathways or through impaired
substrate utilization. This process results in a wide variation in the identity and
quantity of these compounds in the marketed botanical products, which disturbs the
therapeutic potential, induce toxicity for human organs and raise a substantial quality
issue (Asgari Lajayer et al. 2017).

The effects of heavy metals on the production of bioactive compounds in medic-
inal plants are previously documented. For instance, betalains were produced in
higher yields (60% increment) in Beta vulgaris L. when treated with Cu+2 (1–5 µM)
(Trejo-Tapia et al. 2004). Also, cadmium and cupper induced accumulation of
sesquiterpenoids such as lubimin and 3-hydroxy lubimin in Datura stramonium
L. (Furze et al. 1991). Exposure of Vitis vinifera L. to silver, cadmium, and cobalt
resulted in a remarkable production of a well-known stilbenoid, resveratrol-3-O-
glucopyranoside (Cai et al. 2013). In addition, exposure to heavy metals such as
silver enhanced the biosynthesis of a tropane alkaloid, atropine and a diterpenoid,
tanshinone in Datura metel L. and Salvia castanea Diels, respectively (Li et al.
2016; Zahra Shakeran et al. 2015). The plant production for these secondary
metabolites as antioxidants is expected to eliminate the toxicity induced by the
heavy metals. Recently, a multitude of medicinal plants and herbal supplements
have been exploited as antioxidant agents to prevent or treat toxicities in human
body that are induced by diverse toxicants such as heavy metals.

This section sheds light on the significance of monitoring the heavy metals in the
environment as a significant factor for assessment of the quality ofmedicinal plants as
well as herbal supplements in themarket. On the other hand, the recent developments
in the elicitation of plant tissue culture have opened a new avenue to activate cryptic
(silent) secondary metabolites or produce certain phytochemicals in higher yields.
As a result, heavy metals could be recruited as elicitors to manipulate the genes
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responsible for production, thus mining for novel bioactive natural compounds. This
strategymight be applied for other organisms such asmarine andmicrobial species to
be exploited as a cost-effective alternative platform for the total synthetic approach.

20.9 Physicochemical Properties of Nano-antioxidants

It is essential to consider that nanomaterials are protective compounds for plants.
They also exhibit an ability to facilitate the action of insecticides, herbicides or
fungicides as they work as carriers (Worrall et al. 2018). This chapter discussed the
positive characteristics for these nanomaterials to work as carriers, which include
their ability to decrease the toxicity, increase the half-life, and enhance the uptake of
insecticides, herbicides or fungicides. These actions are critical to combat multiple
diseases in plants.We suggest here that the physicochemical characteristics for nano-
material of certain compounds might aid in attenuating oxidative stress associated
with heavy metals exposure.

It is important to note that the delivery strategy of antioxidants has been suggested
to attenuatemany pathological conditions induced by oxidative stress (Eftekhari et al.
2018). Optimal pharmacokinetic properties, including absorption and distribution
rates of antioxidant nanoparticles are essential to combat oxidative stress as compared
to conventional antioxidants (Eftekhari et al. 2018). However, the nanoparticles of
heavy metals or other environmental toxins can induce oxidative stress due to their
physicochemical characteristics such as particle size and surface area (Manke et al.
2013).

20.10 Conclusion and Prospects

The central hypothesis that will be obtained from this chapter focuses on the benefi-
cial effects of nanobiotechnology applications to avoid any damage or injuries that
occurred in plants after exposure to heavy metals. Monitoring the levels of heavy
metals on the environment is essential to maintain high quality standards of marketed
herbal supplements andmedicinal plants. The use of nano-oxide particles couldmiti-
gate abiotic stress in plants, which provide a clear understanding of the effective-
ness of using nan-technology in the future to overcome oxidative stress in plants
that is induced by various factors including the presence of heavy metals. Future
work should determine the role of nanobiotechnology applications in minimizing
the undesirable consequences economically and medically. It is important that the
pharmaceutical industry develops nano-antioxidant particles with optimal efficacy
and pharmacokinetic profiles that can be used to attenuate oxidative stress in plants.
Moreover, nanotechnology will provide beneficial outcomes on the production of
phytochemicals in higher yields. This technology might be also applied on marine
and microbial species as an alternative strategy for total synthetic approach.
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Chapter 21
Nanonutrients: Plant Nutritive
and Possible Antioxidant Regulators

Ayoob O. Alfalahi and Fadwa W. Abdulqahar

Abstract There is a growing use of nanotechnology in agriculture, especially in
the densely populated countries looking for unconventional sources for feeding their
peoples. One of the main concerns considering nutrients application is very low of
applied nutrient succeeded in reaching the targeted site, thus the delivered quan-
tity will be much below the required concentration adequate for specific biological
activity. Notably, only 20%of the applied nutrients through soil can be uptaken by the
plant, whereas the residue either creating stable complexes with soil components or
being washed away with water. In both cases, plants will be capable to get advantage
only from the minimum limit of the applied nutrients. The nanoparticle-based nutri-
ents have several key advantages over traditional nutrients. Primarily, nanonutrient
does not release as fast as the traditional nutrient, hence it will not significantly affect
the soil pH due to gradual release. This, in turn, will guarantee a slow and steady
release of a specific nutrient that permits plants to continuously take up the nutrient
as they grow. Throughout their development, plants face a vigorously shifting in
environment conditions falling within either biotic or abiotic factors. Regarding this,
nanofertilizers have proven efficiency in reducing the adverse side effects of unfa-
vorable environmental conditions by activating antioxidant enzymes and decreased
oxidative processes outputs, primarily reactive oxygen species (ROS) and/or reactive
nitrogen species (RNS). Although, plants needed micronutrients in small quantities,
they still playing a vital role in several metabolic pathways. Even as plants are culti-
vated in a variety of stressful conditions, nanoparticles (NPs) can be an effective tool
for endorsing a protective antioxidant system. Considerable investigations/studies
have to be done before decisively determining the biosafety of nanomaterials, as
long as their toxic effects have already been demonstrated on many occasions.
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21.1 Introduction

Strategy plans must be taken into consideration with the constant increase in the
human population. During the last few decades, conventional fertilizers participate
significantly in boosting plant productivity to ensure requirements of the global
food basket. However, the shift in the lifestyle of societies and human activities on
agricultural lands causes them to lose their fertility, thus, it is more likely to search for
nanoscale alternatives in an attempt to restore soil nutritive capabilities and secures
an acceptable level of production to bridge the food gap (Henchion et al. 2017; Savci
2012). Although the adoption of different fertilizers is laying behind the tremendous
augmentation of crop productivity, particularly during the green revolution, chemical
fertilizers have their own drawbacks (Lin et al. 2019). Thereby, there is an urgent
need for innovative strategies marked with low waste and cost of the supplemented
agrochemicals. Nanomaterials (NMs) are not novel as some peoples think, nano-
scale particles are naturally occurred via geological or biological processes in the
ecosystem, however precipitation and bioreduction are on the top of the list (Kamle
et al. 2020). Definitely, the naturally emanated NMs with a relative difference in
terms of physical, chemical and optical characteristics. In this context, volcanoes
and hydrothermal activities are the most common examples of natural emanated
nanoscopic particles (Jacob 2018). Remarkably, the natural biological system that
we part of is generating NPs infrequently (Gupta and Xie 2018). In response to this,
human beings are exposed daily to different types of nanoparticles with or without
their awareness, at the same time they have a limited ability to control either the
generation or distribution of natural nanoparticles (Jeevanandam et al. 2018).

The field of engineered nanotechnology has made numerous innovative progress
over the last two decades, especially in agricultural and industrial sectors. Nanoparti-
cles (NPs) involved awide range of particulate substanceswith at least one dimension
less than 100 nm (Khan et al. 2019). Due to their various biological, pharmaceutical,
chemical, food and industrial applications, the engineered nanomaterials (ENMs)
will be released in a considerable amount to the local environment, consequently their
deposition should be considered (Zoufan et al. 2020). Depending on their distinctive
characteristics, nanomaterials can interact directly or indirectly with most compo-
nents of the biological system, nevertheless the arising threat lies behind unsatis-
factory knowledge of either the nature or outputs of these interactions (Bundschuh
et al. 2018). Alternatively, the production of plant-derived NPs shows substantial
benefits over other bio-systems as plants are readily obtainable and the biogenic
synthesis process offering value-effective technique (Sharma et al. 2019). Nanofer-
tilizers can be practiced as macro or micro-nutrients per se or as carriers (Kah et al.
2018), and even as coated nutrients (DeRosa 2010). Furthermore, molecular coatings
with various biomolecules have a great significance for their use as smart delivery
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systems to ensure the slow-release of nutrients at the root zone (Usman et al. 2020).
Falling within nanotechnology, nanocarriers may be a common concept in pharma-
ceutical and animal systems, while it is less shared in the botanical system despite
its importance.

The level at which nanomaterial affects plant performance varies according to
general and particular features of these materials (origin, synthesis method, size,
charge, surface, concentration and plant species). In this context, some nanoma-
terials retain a purely nutritional effect reflected on improved growth parameters,
meanwhile, it may constitute a catalyst influence by generating Reactive oxygen
species (ROS) and/or secondary metabolites (Aslani et al. 2014). Despite the great
ability of nanomaterials to trigger disruptive and toxic effects through ROS genera-
tion, these substances are holding significant promises in enhancing the nutritional
value of agricultural products from a fortification viewpoint (Armstead and Li 2016).

This chapter is focusing on the agricultural applications of nanomaterials in what
became known as “Agronanotechnology”, inwhich themost common approaches for
synthesizingNPs especially the green biosynthesis will be addressed. As a promising
technology, the key advantages of using nanomaterials in developing an effective
delivery system via nanocarriers, modulating secondary metabolites and oxidative
response as well as the possible eco-toxicological effects of their application will be
outlined.

21.2 Biosynthesis of Nanonutrients

Nanomaterials are widely used for agricultural applications due to their small sizes
and efficient delivery system for nutritive elements. Likewise, NPs exhibit entirely
unique or improved properties, meanwhile retaining some distinctive features such as
structure, shape, optical properties and nano-size that falling between 1 and 100 nm
(Shang et al. 2019). Moreover, the NPs have a high surface-to-volume ratio that
qualifies them to incorporate with numerous moieties and in term of size, NPs has
become a bridge link between traditional bulk and molecular systems (Henriksen-
Lacey et al. 2017; Sharma et al. 2015). Traditionally, several physical and chemical
approaches have been employed for the preparation of NPs (Fig. 22.1). Commonly,
all fall in either top-down or bottom-up approaches (Khan et al. 2019). However,
most of these methods have some drawbacks, e.g., toxicity, labor, high cost and
requirement. Hence, in recent years, researchers focused on developing new simple,
cheap and safe protocols that guarantee easy preparation and manipulation (Singh
et al. 2018). Generally, NPs can be classified into organic and inorganic, and despite
their different physical, optical, chemical, electrical, thermal properties, both NPs
categories share the same nano sizes. Inorganic NPs integrate metallic, magnetic and
semiconductor NPs. In contrast, organic NPs are mainly integrate carbon NPs, e.g.,
carbon nanotubes, fullerenes and quantum dots (Khan et al. 2019).

The development of more reliable and eco-friendly approaches to synthesize
nanonutrients is a significant step in the field of nanotechnology in general, and
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Fig. 22.1 Potential approaches serving biosynthesis of nanoparticles (Figure constructed byAyoob
O. Alfalahi)

agronanotechnology in particular (Prasad et al. 2017). Inorganic metal ions can be
transformed into metal nanoparticles through proteins-mediated reductive process
by and some other metabolites exist in a wide range of biological systems including
eukaryotes such as plants and algae (Makarov et al. 2014), yeasts (Khandel and Shahi
2018), fungi (Chan and Mat Don 2013) and even human cells (Anshup et al. 2005;
Khan et al. 2019) and prokaryotes; like bacteria (Das et al. 2017; Shivaji et al. 2011),
(Fig. 22.1). However, using microbes to synthesize nanoparticles can be a compara-
tively challenging technique since maintaining cell cultures will require complicated
operations and consecutive purification steps (Kajbafna et al. 2012). Thereby, the
using of plant in the production of nanoparticle offer important benefits more than
other biological systems where plants are easier to deal with and more available.
Furthermore, the procedure of plant-based biogenic synthesis is low-priced and less
elaborate as compared to other suggested approaches which are time consuming,
elaborate, and require aseptic conditions, such as fungi (Chaudhuri and Malodia
2017).

Interestingly, enzymes and other active components contained by the plant cellular
system including alkaloids, flavonoids, glycosides, terpenoids, terpenes, saponins,
steroids, tannins and volatiles play an important role as natural capping and reducing
agents (Raghunandan et al. 2009). Recently, potassium nano-fertilizer was prepared
from banana peels, and the resulted peels-extract was physically and chemically
characterized. Although the nanofertilizer was ranged in size between 19 and 55 nm,
the majority of the nanoparticles (36%) were in the size of 40 nm. However, only
6% of the synthesized nanoparticles were in a larger size of 55 nm. The prepared
nanofertilizer composed of potassium and iron in chelated form, urea, proteins and
different amino acids. The results indicated that the increased dosage of banana peels
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extract improved the germination percentage from 14 to 97%; and from 25 to 93.14%
after seven days in tomato and fenugreek crops, respectively (Hussein et al. 2019).

The microwave-assisted hydrothermal technique was successfully adopted by
Shebl et al. (2019) to synthesize manganese zinc ferrite nanoparticles using 13
green chemistry techniques. FE-SEM and HR-TEM tests demonstrated the cubic
shape of the resulted nanoparticles with 10–12 nm sizes. The efficiency of prepared
nanofertilizers was proved in nourishing squash plant (Cucurbita pepo L.) and the
23 minerals content. The results showed that lower concentrations had a more posi-
tive effect on growth and yield traits, compared to the higher concentrations. Leaf
extract of Calotropis (Calotropis gigantea L.) was used in green synthesis of zinc
oxide nanoparticles in combination with zinc acetate salt mediated by NaOH. An
amount of 200 mM zinc acetate found ideal to produce zinc oxide nanoparticles
with less than 20 nm size. The prepared crystalline nanoparticles were characterized
throughout FTIR (Fourier transform infrared spectroscopy), XRD (X-ray diffraction)
and UV–Vis spectroscopy. Biogenic zinc oxide enhances the parameters of seedlings
growth and normal development at the nursery stage (Chaudhuri andMalodia 2017).

21.3 Nanofertilizers as a Crop Nutrients

A growing plant needs about eighteen essential elements to grow and develop
normally. However, only three of these elements, light, air and water can be
obtained naturally from the surrounding environment.Accordingly, the plant depends
completely on the soil to ensure the rest of fifteen elements. Nutrients deficiency is
a common problem hindering the development of many essential crops (Manwaring
et al. 2016). Typically, the use of traditional fertilizers is accompanied bymany obsta-
cles, in the forefront of which is themassive additions will lead to; low bioavailability
of other microelements, higher accumulation rate of soil and groundwater pollu-
tants, as well as irreversibly impact the soil chemical and/or physical ecology, finally
leading to low crops productivity (Meena et al. 2017). To overcome this, nanotech-
nology has the potential to transfer the agricultural and food industry to a new level,
by evolving new insecticide, herbicide and more absorbable nutrients (Duhan et al.
2017).

Nanotechnology started to appeal more attention to develop nanofertilizers with
minimum loss to the surrounding environment, slowly and controlled release and
improving nutrient use efficiency, thus it became the successful alternative option
of improving new forms of fertilizers serving for sustainable agriculture (Zulfiqar
et al. 2019). Most of nanonutrients share the same positive effect at relatively low
concentrations, meanwhile adverse effects of growth inhibition and deterioration
of physiological and morphological indicators are established along with the higher
concentrations of NPs (Mahakham et al. 2017; Raliya et al. 2018). For instance, TiO2

reflected on improved photosynthesis and metabolic activities at very low concen-
trations (20 mg/L) (Yang et al. 2006). However, higher dosages of TiO2 adversely
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affected transcriptomic patterns and root hair development of Arabidopsis (García-
Sánchez et al. 2015). Nanofertilizers can be categorized into three kinds, nanoscale
fertilizers, additive fertilizers, and coated fertilizers (Pandorf et al. 2020). The first
category including NPs that contain nutrients.While the second category of nanosize
additive fertilizers involved conventional fertilizers combined with nanosize addi-
tives. However, loading or coating the conventional fertilizers with NPs represents
the nanosize coated fertilizers (Shang et al. 2019).

Commonly, there are two approaches to produceNMs; physical that described as a
top-down approach, and chemical that described as a bottom-up approach (Slepička
et al. 2019). The desired nutrient can be encapsulated either within nanoporous
materials or nanoemulsions. The rapid advancement in the nanotechnology field
has shaped alternative classification for nanofertilizers consistent with their actions,
control-release or loss fertilizers and nanocomposite fertilizers where nanodevices
ensure gradual release of collected micro- and macro-nutrients (Shang et al. 2019).
The encapsulated microorganism will be a successful practice to improve the avail-
ability of major nutrients around the root area like nitrogen, phosphorus and potas-
sium, thus positively affecting growth and yield attributes (Bargaz et al. 2018). As for
the nanoporous, it is an effective option to improve nutrient use efficiency by rationing
nutrient supply according to the actual need, furthermore porous nanomaterials can
notably increase the solubility of nutritional minerals. For example, ammonium
charged zeolites found to be efficient for long-lasting release and diminish leaching
losses (Preetha and Balakrishnan 2017). Nevertheless, the synthesized nanofertil-
izer may be a nano potassium, phosphorus, zinc, silver, silica, iron or titanium
dioxide, ZnCdSe/ZnS core shellQDs,Mn/ZnSeQDs, gold nanorods, nanozeolite etc.
(Elemike et al. 2019). Particle properties, pH, and kinetics hamper the synthesized
fertilizer efficiency. Hence, it is vital to appreciate the nanonutrients mechanism in
the plant–soil system (Ruttkay-Nedecky et al. 2017).

Several studies approved the positive significant effect of zinc oxide nanofertilizer
ZnO-NPs in improving agronomic, physiologic and yield indices of wheat (Munir
et al. 2018) and common bean (Salama et al. 2019). Remarkably, ZnO-NPs found to
be more effective in improving germination and growing indicators than ZnSO4, and
the latter was more toxic compared to ZnO-NPs, especially in higher dosages (Du
et al. 2019). Meanwhile, Khodakovskaya et al. (2013) found that carbon nanoparti-
cles improve growth and yield parameters of tomato. In a pot experiment conducted
in growth chamber conditions, Cieschi et al. (2019) applied F, S and M hybrid nano-
materials to synthesize iron-humic nanofertilizers applied in 35, 75 and 150 mmol
pot−1 on calcareous soils. Treated soybean plants showed a significant increase in iron
uptake, reflected on higher shoot fresh weight. The availability of the applied humic
nanofertilizers lasted for a long period andwas verified in the harvested soybean pods.
The applications of nanomaterials are emerging and diversifying rapidly, serving in
presenting solutions for the growing challenges (Table 22.1). For example, the devel-
opment of nanosensors has a promising future in improving plant tolerance to biotic
and abiotic stresses known as precision agriculture (Afsharinejad et al. 2016; Kwak
et al. 2017). Nanofertilizers can contribute to supporting plant nutritional status
in one of two forms. The first is the use of the nanostructured element combined
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with a carrier that may or may not be in nano scale, like, clay, chitosan, or zeolite
(Mohammad et al. 2016). The second is to directly use nutritional elements per se
in nanoform supplying through the irrigation system, incorporate with soil or foliar
feeding (Fedorenko et al. 2015).

21.4 Nanocarriers Delivering Plant Nutrients

Nanomaterials may be found more frequently in the agricultural and food sectors.
Therefore, it can be mentioned that nanotechnology is a rapidly expanding field that
provides opportunities for developing nanoscale materials with unique properties as
well as creating a wide range of applications (Zoufan et al. 2020). Solutions that
secure the nutrients needed for normal plant growth have attracted great attention in
the view of industrial and academic prospects in an attempt to guarantee protected
and sustainable release of the required nutrients, while minimizing the production
cost (Shang et al. 2019). NPs have many unique characteristics that distinguish them
from their larger counterparts micro- and macro-scale nutrients, making them more
suitable for designing bio-based delivery systems (Jeevanandam et al. 2018). More
recently, the application of nanomaterials for the purpose of delivering nutrients and
active compounds that promote plant growth has become more popular progres-
sively. The use of nanonutrients in the proper place, time, quantity and composi-
tion will determine the efficacy of supplied nutrients (Duhan et al. 2017). In this
context, many researchers investigating more effective ways to manufacture and use
nanotechnologies to design mechanisms through which an efficient delivery system
for agrochemicals can be secured in a streamlined manner (Gunasekaran et al. 2014;
Mura et al. 2013). Therefore, to design an efficient nano-transport system for the
required nutrient, significant familiarity with the bioavailability of relevant active
compounds and their metabolism should be addressed.

Nanoscale delivery systems provide improved nutritional exactness by over-
whelming biological obstacles and enhancing nutrient targeting active sites (Vega-
Vásquez et al. 2020). Regarding this, it has been confirmed that the plant-derived NPs
penetrate the leaf and transmit active components in a two directions, up towards
plant leaves and down towards root system (Banerjee et al. 2019). In addition to
other features, NPs have an improved penetration property that outperforms their
traditional counterparts, thus nearly 33% of the sprayed nanoparticles penetrated
into plant leaves, against less than one percent of the ordinary nutrients applied in
the identical way (Ruttkay-Nedecky et al. 2017). Treating tomato plants with lipo-
nanoparticles loaded with micronutrients (Mg and Fe) were able to bypass acute
nutrient deficiency that was not treatable with conventional agricultural nutrients.
These applications support the expanded use of nanotechnology to deliver nutrients
and increasing crops productivity (Karny et al. 2019).

In the agriculture field, numerous nanostructures have been adopted to deliver
macronutrients like N, P, K, and base minerals that stimulate plant growth as well
as mono and multilayer carbon nanotubes and non-metallic minerals that positively
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enhancing plant growth and can be broadly applied in the agriculture sector (Yatim
et al. 2018). Clay minerals are natural soil components with modified charge and
surface properties capabilities enable them to be a decent option for delivering nutri-
ents and ensuring gradual release at the targeted zones (Jampílek and Kráľová 2017).
Alternatively, silica nanoparticles have emerged as potential delivery vehicles for
plant nutrients due to its structural resilience in creating nanoparticles of different
sizes and shapes, as well as its unique capability to form pores for packing a wide
range of biomolecules (Shi et al. 2010). Moreover, silica is a vital micronutrient that
significantly supports plant growth and modulates stress response (Campbell et al.
2011; Jang et al. 2013). For example, the absorption and distribution of mesoporous
silica nanoparticles (MSNs) have been examined during seeds germination in each
of Arabidopsis, lupine and wheat grew in a hydroponic system. The nanoparticles
were detected in the leaves and roots of plants, however, they did not affect seed
germination and had no toxic effects. Nanoparticles are localized within cells and
cell walls of the developed root as well as in vascular transport elements, as well as
other associated cells. Accordingly, it has been suggested that MSNs can be hired
for delivering nanoparticles into plant biosystems (Hussain et al. 2013).

21.5 Nanofortifiers

Agricultural products are vital components in the food basket, especially for rural
society and, hence decreasing crop productivity will pose a serious threat to the
nutritional security of these societies and may result in starvation (Vijaya Bhaskar
et al. 2017). Always, there is a need for concerting efforts to develop plants towards
magnifying production and to diminish the adverse effects on plant production that
can lead to malnutrition and starvation. Nevertheless, key micronutrient deficiencies
has become a persistent issue in resource-poor communities.Meanwhile,manymajor
crops are limited suppliers for essential nutrients necessary for normal human growth
and development (Garg et al. 2018).

Fertilizers are enriched with minerals necessary for normal plant growth and
development. Thereby, macro and/or micro-nutrients deficiency will be manifested
in abnormal organs development, as well as edible parts with low essential nutri-
ents (Etienne et al. 2018). Notably, nutrients shortage is not always related to soil
deficiency of such nutrients, rather some roots are with small pores that limit their
ability to absorb and transport the needed nutrients (Elemike et al. 2019). Although
chemical fertilizers is an old common practice and it has enormously improved the
agricultural outputs in terms of quality and quantity, they negatively contribute to
soil, fertility, structure, nutrient balance, in addition to its side effects on the local
ecosystem that representing a significant threat for the long term (Lin et al. 2019). On
the other hand, conventional fertilizers have active particles with higher than 100 nm
in size, make them vulnerable to leach (Giroto et al. 2017). Furthermore, nutrients
can be depleted from the soil due to continuous farming, therefore there is an urgent
need for frequent recovery of agricultural lands using various synthesized chemical
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and green or bio-fertilizers (Khan et al. 2019). Principally, not all peoples are able
to change their lifestyle and diversify their food to ensure as many as it possible
of necessary nutrients. Alternatively, biofortification is an emerging feasible solu-
tion focusing on enhancement of the nutritional value of plant-derived food via crop
breeding and cultivation practices (Jha and Warkentin 2020), in addition to modern
technologies.

Due to unique properties, NPs have promising applications in the near future
of agricultural systems. The application of nutrients in nanoscale will minimize
the wasted costly active substances and allow sustainable release at the targeted
area. Thereby, effective uptake of the required nutrients can be achieved (Khan et al.
2019; Sekhon 2014). In this contest, achieving healthy nutrition requires the develop-
ment of novel varieties forfeited with essential minerals (e.g. iron, zinc, manganese,
copper, selenium, and iodine), amino acids (tryptophan and lysine) and vitamins.
Affordability and availability are the two keys that confer the nanofortification an
advantage over other interventions serving in battle against malnutrition particularly
in low-income countries (Jha and Warkentin 2020). Fortified crops are extensively
cultivated and consumed by the people globally. Staple food crops like cereals (e.g.
wheat, rice, maize and sorghum), pulses (soybean, common bean), vegetables and
fruits have been fortified for various nutritional aspects using different agronomical
and/or biotechnological approaches (Garg et al. 2018).

The successful application of nanofortifiers is mainly depended on the plant type,
physical and chemical properties of the prepared NPs. Therefore, nanotechnology
will serve efficiently in fortifying plant with the desired nutrients (Patra and Baek
2014; Patra et al. 2018). Nanofortification will use the nanoporous present on the
plant part surfaces, therefore, this technology will be a unique platform serving in
modulating sustainable nutrient delivery systems (Elemike et al. 2019). The effi-
cacy of applied nanonutrients, and zeolites can be enhanced through the encapsu-
lated NPs. Ultimately, this in turn will quickly restore soil fertility and minimizing
environmental pollution (Mout et al. 2017).

21.6 Nanonutrients Mediating Oxidative Response

During their life cycle, plants may expose to a wide range of inappropriate envi-
ronmental conditions, typically termed stresses. Under this, stresses are divided into
two categories; abiotic stress including salinity, drought, pollutants, toxic metals,
extreme temperature, radiations and pesticides; and biotic stress comprising high
density, pathogens and insects for instance (Waqas et al. 2019). Throughout their
adaptive response, plants develop multiple physiological and molecular techniques
mainly excessive ROS that in turn will affect the plant cellular processes and shape
the total response (Huang et al. 2019). The balance between generated ROS and scav-
enging themby antioxidant defense systemwill determine the negative effect of stress
condition, and, thereby the sustained productivity of plants (Xie et al. 2019). Stress-
induced free radicals (e.g. hydrogen peroxide, peroxy radical, superoxide radical,
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perhydroxy radical, hydroxyl radical and singlet oxygen) are capable of damaging the
plant cellular components involving proteins, lipids, and nucleic acids, thus triggering
programmed cell death (PCD) which ultimately results in plant death (Elsahookie
et al. 2009). Consequently, the improvement of plant tolerance to harsh environ-
mental conditions begins with maintaining the antioxidants level in order to enhance
the machinery defense and minimize the oxidative damage to the lower limit (Khan
et al. 2019).

Several enzymes are involving in themachinery defense system combating oxida-
tive stress in a wide range of plant types including superoxide dismutase (SOD),
catalase, peroxidase and the ascorbate glutathione enzymes (Sarker and Oba 2018).
Biological systems witness a rapid growing of nanotechnology applications. Under
this, there is a strong belief that nanoparticles can improve the plants tolerance
to oxidative stress by enhancing the ability of their antioxidant system (Zoufan
et al. 2020). Via biochemical investigations, a strong believe have emerged that
NPs playing a crucial role in regulating key biological processes in plants such as
photosynthesis, antioxidant enzymes, oxidative stress and gene expression (Tan et al.
2018). Like other substances, nanoparticles show different norms of action according
to the origin, preparation method, size and applied concentration. Regarding this,
nanoparticles found to be highly concentration-dependent materials, in which low
concentration resulted in low oxidative stress, and finally reduce the antioxidant
activity (Sharma et al. 2019).

The adoption of nanocolloidal solutions asmicronutrients is an effective approach
to improve plant tolerance to unfavorable environmental conditions and ensures high
quantity and quality yields of food crops. The recent reports showed that nanomolyb-
denum was efficiently reduced the oxidation level by activating antioxidant enzymes
including superoxide dismutase in about 15%, thereby enhancing plants’ adaptation
to stress conditions (Taran et al. 2016). The activity of ROS scavenging enzymatic
system including superoxide dismutase, catalase and ascorbate peroxidasewas inves-
tigated in Brassica juncea nourished by two types of nanoparticles micronutrients,
titanium dioxide (TiO2) and copper oxide (CuO) (Sunita and Shekhawat 2016).
The increased level of TiO2 NPs had a positive effect on plant growth, whereas
the opposite effect was noticed for CuO NPs. Interestingly, the less bioaccumulated
NPs improved the defense mechanism against stress conditions via antioxidative
enzymes.

Similar findings were stated by Homaee and Ehsanpour (2016) as they compared
two sources of silver (Ag NPs and Ag ions) in terms of oxidative response devel-
opment in potato plant (Solanum tuberosum L.) under in vitro conditions. Although
both Ag forms, NPs and ions had elevated the activity of the antioxidant enzymes
compared to the control, the higher concentration of NPs and ions significantly
diminished the oxidative enzymatic activity. Recently, Zoufan et al. (2020) reported
a substantial induction in the oxidative stress in response to the subjected concen-
trations of Zn oxide nanoparticles applied on Chenopodium murale using a hydro-
ponic system. The different treatments of ZnO NPs magnified the activity of super-
oxide dismutase (SOD), catalase (CAT) and guaiacol peroxidase (GPX) along with
a significant reduction in growth indices.



21 Nanonutrients: Plant Nutritive and Possible Antioxidant … 483

21.7 Nanonutrients Modulating Plant Secondary
Metabolites

The possible effects of NPs have been investigated consistently across plant species
on different morphological and physiological attributes. Unfortunately, the modula-
tory effect of NPs is still poorly understood, where NPs can improve the secondary
metabolite processes, hence active natural compounds (Ebadollahi et al. 2019). The
induction of ROS found to be strongly addicted to the applied NPs through the
plant kingdom (Marslin et al. 2017). The importance of ROS cannot be summa-
rized in reflecting the cell fatigue, as it has an important role in several develop-
mental processes. Additionally, many literatures have provided strong evidences of
ROS-related signal molecules that mediating plant secondary metabolisms (Singh
et al. 2016). In fact, some of these literatures referred to ROS themselves as
signaling molecules and can be inductive to secondary metabolism pathways
(Jacobo-Velazquez et al. 2015; Simon et al. 2010).

Although several reports established the important role of NPs in physiological,
growth and developmental plant aspects (Gohari et al. 2020), the influence of NPs
on plant secondary metabolites is not fully discovered, however, numerous studies
assured the modulation of NPs towards plant secondary metabolism (Ghorbanpour
and Hadian 2015). Plant secondary metabolites are commonly regulated by tran-
scriptional process guided by secondary signaling messengers, and the later has
a prevailing link with ROS (Meraj et al. 2020). In this perspective, it have been
suggested that NPs may regulate the production of secondary metabolites since ROS
burst is a common indication of NPs application (Egea et al. 2017) (Table 22.2).
More recently, an alternative scenario has been proposed to explain the relation-
ship between nanoparticles and the overproduction of secondary metabolites, in
which it is believed that the latter plays a protection role against oxidative response
developed after NPs exposure (Ebadollahi et al. 2019). Regardless of the mecha-
nism by which nanomaterials can regulate the cellular production and accumulation
of secondary metabolites, a number of investigations have indicated that the plant
shows a pattern of response to nanomaterials largely simulating the response to biotic
and abiotic stresses (Khodakovskaya et al. 2011b; Kohan-Baghkheirati and Geisler-
Lee 2015). The catalytic effect of nanomaterials in increasing the production of
secondary metabolites may include a number of cellular signal transduction path-
ways, primarily via MAPK cascade (mitogen-activated protein kinase), cytosolic
Ca2+ and ROS burst (Sosan et al. 2016). Zhang et al. (2013) reported enhanced
production of secondary metabolites (artemisinin) in hairy roots of Artemisia annua
in response to silver nanoparticles (AgNPs), along with an elevated level of oxidative
stress and antioxidant enzymatic activity. The biosynthesized silver nanoparticles
(AgNPs) had the same positive effect on the synthesis of phytochemical diosgenin
in fenugreek seedlings. The inducibility of Ag NPs leads to a profound increase in
the produced secondary metabolites that open up new techniques by which natural
and medicinal plant products can be magnified (Jasim et al. 2017). Garcia-Sanchez
et al. (2015) noticed that AgNPs, TiO2NPs and carbon nanotubes (CNTs) lead to a
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marked impact on genes coding anthocyanin and flavonoid in A. thaliana. Also, the
increased concentration of carbon nanotubes in culture medium improved pheno-
lics and flavonoids content, thereby growth parameters of Satureja khuzestanica
(Ghorbanpour and Hadian 2015).

21.8 Biosafety of Nanomaterials

Nanomaterials are gaining increased attention for boosting plants’ nutrient and agri-
cultural productivity, but then again the safety of thesematerials should be considered
because only a thin line separating shortage and toxicity of nanomaterials (Shafiq
et al. 2020). There is no doubt that nano techniques have witnessed a great expansion
during the past two decades, and it has imposed itself as one of the fastest growing
applications in the pharmaceutical, physical, chemical and agricultural fields (Usman
et al. 2020). Accordingly, this huge growth of use has greatly contributed to the
increased leakage and accumulation of NMs in the ecosystem (Shang et al. 2019).
Soil, water and air are the three major gears of earth ecosystem where plants are
growing. Statistics showed that nanomaterials have different accumulation rates in
each component, nevertheless, soil has shown the highest rate of accumulated nano-
materials compared to water and air (Yang et al. 2017). Consequently, due to their
limited choices in selecting the growing environment, plants are more vulnerable
than other organisms to the less apposite component in the ecosystem.

The most important character of nanostructures (NPs) is the low of at least one
dimension (1–100 nm), which be responsible for their distinctive properties and
biological activity (Ndolomingo et al. 2020). On the other hand, this tiny size offers
NPs their destructive ability to the cell components and limits their uses. For that
reason, it looks more rational not to exaggerate these materials (Jeevanandam et al.
2018). Subsequently, and for real assessment, it became necessary to study both
kinetics and biotoxicity of nanomaterials in the short and long term of use (Ripp
and Henry 2011). The time factor is crucial in determining the toxicity level of a
specific nanomaterial, as many NPs revealed different toxicity behavior over time.
The net effect of nanomaterials is interestingly driven bymany variables, such as type
of nanomaterial, origin (organic or inorganic), preparation procedure (biosynthesis,
physical or chemical), form (ionic or non-ionic), magnetism properties, nano-size
and the targeted plant species, however, the applied dose seems the most critical
factor in determining NPs toxicity (Jeevanandam et al. 2018). In light of the large
number of variables that each nanomaterial holds, it seems difficult to accurately
predict its fate in the added environment (Bundschuh et al. 2018) (Fig. 22.2).

Soil represents the largest repository of nanoparticles, that’s why biotic (bacteria,
mycorrhiza, fungi) and abiotic factors (heat, pH, moisture) have an essential role in
the accumulation and release rates of such materials in the soil, which finally deter-
mine NPs toxicity (Simonin et al. 2015). Given the concentration, size, solubility,
shape, surface and aggregation state that each nanoparticle retains, it seems difficult
to accurately predict the biological and chemical and/or physical behavior of those
materials in the surrounding environment (Morales-Díaz et al. 2017).
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Fig. 22.2 Suggested scenario of the foliar- and soil-applied nanoparticles fate in the ecosystem
(Figure constructed by Ayoob O. Alfalahi)
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The toxicity of nanomaterials remarkably depends on their surface-to-mass ratio,
that gives NPs the higher affinity to adsorb pollutants of the niche, particularly heavy
metals like cadmium, cobalt, lead, nickel (Yaqoob et al. 2020).

Several studies have investigated the biotoxicity of nanoparticles using different
types, forms and concentrations of NPs (Kalpana and Rajeswari 2018; Zhu et al.
2008). Vicario-Pares et al. (2014) confirmed that the three used metal oxides (TiO2,
CuO and ZnONPs) were more toxic to zebrafish embryo in the ionic form compared
to the NPs. In a part of their biological effects, nano-sized materials have a distinct
ability to alter the enzymatic soil content, thereby disrupting their efficacy, and lead to
toxic effects (Elemike et al. 2019). It is interesting to note that the nano-scalematerials
possess features fundamentally different from their larger counterparts (micro- and
macro-scale) of the same material (Urban et al. 2016). The sensitivity that revealed
by the different organisms is another key factor that may indirectly controls the
toxicity effect caused by nanoparticles (Table 22.3). Regarding this, the effect of
some nanoparticles may be restricted to the exposed plant, while in other cases the
destructive effect can encompass the plant-mycorrhiza and/or rhizobia symbiotic
relationships (Tian et al. 2019). In addition, the encapsulation of nanomaterials can
significantly alter their properties and solubility, and its effect extends to influence the
ecosystem components and toxic level. Yin et al. (2012) stated that the suspension of
AgNPs had a positive effect on the seed germination of several plant species, however
the coated Ag NPs showed a higher toxic level and less favorable effect upon seed
germination. Physiological and growth parameters of Eichhornia crassipes were
investigated in response to different concentrations of two Ag nanoforms, biological
and synthesized. Although the higher applied concentration of Ag exhibited a higher
accumulation rate in different plant parts after 5 days, the synthesized formwasmore
able to inhibit the plant growth (Rani et al. 2016).

21.9 Conclusions and Prospects

The versatility of nanomaterials has become a reality we live in today, yet their use
appears to be growing steadily, mainly in areas that do not require a high level of
caution. In the agricultural field, nanomaterials have relatively greater flexibility to be
used for designing novel fertilizers with enhanced features that enable them to effec-
tively provoke secondary metabolites and plant growth. Although nanomaterials can
be disruptive and nanotoxic, in addition to its association with the ROS generation,
however, from a fortification viewpoint, it may also be creative in designing agents
impacting through a combination of chemical and physical approaches of action.
Due to vagueness of nanomaterials biosafety and their complicated environmental
interactions, there is a need for extensive investigations before releasing them for
prevalent use. It must be said that almost all bulk materials have a corresponding
nanoscale, thus the nanomaterials were and still are an integral part of earth biolog-
ical system. However, nanomaterials are strong candidates for dominating different
agricultural sectors, basically for rationalizing the use of expensive agricultural inputs
and chemicals whose use in high concentrations pose a real threat to the ecosystem.
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Table 22.3 The toxic effect of different nanoparticles against several plant species

Applied nanoparticles Plant species Toxic effect Reference

Zinc oxide nanoparticles
(ZnO NPs)

Perennial ryegrass
(Lolium perenne L.)

Reduced the plant
biomass

Lin and Xing (2008)

Carbon nanotubes Tobacco (Nicotiana
tabacum L.)

Upregulation of
genes responsible
for water transport
and plant growth

Khodakovskaya
et al. (2011a)

Silver nanoparticles
(Ag NPs)

Microstegium vimeneum Growth inhibition Colman et al. (2013)

Silver nanoparticles
(Ag NPs)

Wheat (Triticum
aestivum L.)

Increased oxidative
stress

Dimkpa et al.
(2013)

Zinc oxide nanoparticles
(ZnO NPs)

Onion (Allium cepa L.) Increased
chromosomal
abnormalities

Raskar and Laware
(2014)

Gold nanoparticles
(Au NPs)

Arabidopsis (Arabidopsis
thaliana L.)

Upregulation of
genes responsible
for oxidative
response,
glutathione, water
transport and plant
hormones

Shukla et al. (2014)

Silicon dioxide
nanoparticle (SiO2 NPs)

Cotton (Gossypium
hirsutum L.)

Reduced plant
biomass, SOD
activity and IAA
concentration

Le et al. (2014)

Iron oxide nanoparticles
(Fe3O4 NPs)

Duckweed (Lemna gibba
L.)

Reduced
Chlorophyll content,
Increased reactive
oxygen species
(ROS) and growth
inhibition

Barhoumi et al.
(2015)

TiO2 nanoparticles, Ag
nanoparticles,
Multi-walled carbon
nanotubes

Arabidopsis (Arabidopsis
thaliana L.)

Negatively affected
transcriptomic
patterns and root
hair development

García-Sánchez
et al. (2015)

Silver nanoparticles
(Ag NPs)

Stevia (Stevia
rebaudiana Bert.)

Inhibits normal
development and
reduced Chlorophyll
content

Castro-González
et al. (2019)

Silver nanoparticles
(Ag NPs)

Chlamydomonas
(Chlamydomonas
reinhardtii P.A.
Dangeard)

Reduced
Chlorophyll content
and electron
transport activity

Dewez and
Oukarroum (2012)

(continued)
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Table 22.3 (continued)

Applied nanoparticles Plant species Toxic effect Reference

Thin-walled carbon
nanotubes (CNTs)

Rice (Oryza sativa L.) Decreasing the
concentrations of
endogenous plant
hormones and
inhibited plant
growth

Hao et al. (2016)

Iron oxide nanoparticles Sunflower (Helianthus
annuus L.)

Reduced the
nutrients uptake and
root hydraulic
conductivity

Martínez-Fernández
et al. (2016)

Copper oxide
nanoparticles (CuO NPs)

Arabidopsis (Arabidopsis
thaliana L.)

Increased ROS
accumulation,
adversely affected
chlorophyll
contents, stomatal
aperture and reduced
biomass

Azhar et al. (2020)

Titanium Dioxide
Nanoparticles (TiO2 NPs)

Moldavian dragonhead
(Dracocephalum
moldavica L.)

Increased
antioxidant enzyme
activity and
improved all
agronomic traits

Gohari et al. (2020)

Iron oxide nanoparticles
(Fe3O4)

Yellow alfalfa (Medicago
sativa ssp. falcate L.)

Increased
chlorophyll a
fluorescence,
miRNA expression,
genotoxicity and
reduced genome
stability

Kokina et al. (2020)

Carbon nanotubes, Carbon
nanofibers, Silicon
nanotubes

Heterosigma
(Heterosigma akashiwo
Y. Hada)

Inhibited growth Pikula et al. (2020)

Iron Oxide Nanoparticles
(Fe3O4)

Rocket (Eruca sativa L.) Induced
genotoxicity

Plaksenkova et al.
(2019)

Cerium oxide
nanoparticles (CeO2)

Peas (Pisum sativum L.) Reduced
Chlorophyll content
and plant growth

Skiba and Wolf
(2019)

Zinc oxide nanoparticles
(ZnO NPs)

Arabidopsis (Arabidopsis
thaliana L.)

Reduced
Chlorophyll content,
Growth inhibition

Wang et al. (2016)

Silver nanoparticles
(Ag NPs)

Lettuce (Lactuca sativa
L.)

Blocking nutrient
transport, Induce the
enzymatic
antioxidants activity,
Biomass reduction

Wu et al. (2020)

(continued)
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Table 22.3 (continued)

Applied nanoparticles Plant species Toxic effect Reference

Zinc oxide nanoparticles
(ZnO NPs)

Black mustard (Brassica
nigra L.)

Adversely affects
seed germination
and seedling growth,
increasing the
antioxidative
activities and
non-enzymatic
antioxidants

Zafar et al. (2020)

Zinc oxide nanoparticles
(ZnO NPs)

Nettle-leaved goosefoot
(Chenopodium murale
L.)

Reduced
Chlorophyll content
and Soluble proteins,
Increased oxidative
stress, SOD and
CAT activity,
Inhibited growth

Zoufan et al. (2020)
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Chapter 22
Impact of Nanomaterials Stress on Plants

Zahra Iqbal, Mohammad Israil Ansari, Ausaf Ahmad, Ziyaul Haque,
and Mohammed Shariq Iqbal

Abstract Response of plants to any stress condition is a complex phenomenon.
Biomolecular, biomedical and biochemical approaches have been deployed to gain
insights into this complex phenomenon. In the past few years, nanotechnology has
also assisted in achieving acumens into response of plants to stress particularly,
the stress induced by nanoparticles. Various anthropogenic activities contaminate
the environment with xenobiotics like nanomaterials. Nanoparticles induce cellular
stress in ecosystems, affecting plants the most. Interaction between the nanopar-
ticle and cell influence the cellular processes of a plant. Several nanomaterials with
different reactive affinities influence the cellular responses in relation to stress. The
effect of nanomaterials on plants is also determined by various conditions of agro-
ecosystems. Moreover, varying concentrations of nanomaterials are toxic to plants
by producing reactive oxygen species (ROS) and reactive nitrogen species (RNS).
Various research had been accomplished to demonstrate the impact of nanomate-
rials on medicinal, industrial and agricultural sectors. Further, research at molec-
ular and sub-cellular level can determine the impact of nanomaterials in regulating
(inducing/inhibiting) plant responses. This chapter involves impact of nanomaterial
stress on plants and consequent response by plants in relation to nanomaterial stress.
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22.1 Introduction

Nanotechnology involves a scientific approach studying extremely small particles
that can be applied across other related fields including material science, physics,
biology, chemistry and engineering. With the advent of nanotechnology, physical
and chemical properties of substances are manipulated. This manipulation occurs
at molecular level to develop desired products useful in diverse range of fields
(medicine, chemistry, physics, biology, agriculture and so on) (Siddiqi and Husen
2016, 2017). Nanoparticles are described as colloidal particles of size 1–100 nmwith
a proximate interfacial layer. The interfacial layer comprises of ions, organic and inor-
ganic molecules and is a pivotal part of nanoscale matter. Generally, the nanopar-
ticles possess unique properties specifically, high surface to volume ratio, optical
properties and size related properties (Al-Halafi 2014; Dutschk et al. 2014). Nano-
materials are categorized with various features such as nanofires, nanosheets and
nanowires. They are also classified as carbonaceous (Baughman et al. 2002), semi-
conductor, metal oxides (Lang et al. 2011; Rizzello and Pompa 2014), lipids (Diao
andYao 2009;Yang andMa 2010), zero-valentmetals (Diao andYao 2009), quantum
dots, nanopolymer (Ljubimova and Holler 2012), and dendrimers (Astruc 2012).
Nanoparticles are either directly or synthetically generated in nanosize, followed by
grinding, milling, homogenization and sonication, reactive precipitation and solvent
displacements (Mehta et al. 2012; Podsiadlo et al. 2007; Vasquez et al. 2008).

Since, agriculture is the main source of livelihood for at least 60% population
in developing countries (Brock et al. 2011). Hence, nanotechnology is generally
applied to transform food and agricultural industry by offering novel tools andmolec-
ular techniques for managing plant diseases and, thus enhancing crop performance.
Nanotechnology can also be applied to plants for enhancing their ability to absorb
water/nutrients and survive in adverse environmental conditions (Fincheira et al.
2020; Ocsoy et al. 2018). This could lead to increased crop yields, better nutrient
value of staple crops, increased disease resistance of plants and better adaptation to
environmental cues (Tarafdar et al. 2013). This particular field also provide robust
sensors and delivery systems that may benefit agriculture sector incalculably. Some
years down the line, nanostructured catalysts may be implemented in agriculture
industry to substantially lower the agricultural inputs and enhance the efficiency
of input deployment (Liu and Lal 2015). In addition, nanotechnology can trigger
the usage of renewable energy sources, filters and catalysts to uncontaminate the
prevailing pollutants in soil or decrease pollution (Adeleye et al. 2016; Mohamed
2017). The agricultural applications encircling nanotechnology comprises of water
nano-remediation, plant nano-protection, plant nano-nutrition and so on. However,
precise monitoring should be done so that nanoparticles itself do not impose stress
on plants. The use of nanotechnology in agriculture industry must be stringently
monitored to address agri-sustainability, amelioration of plant stress, crop protection
against diseases, remediating environmental pollution, optimizing nutrient uptake
and water management. Nanoparticles due to their higher contact surface area are
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toxic in comparison to their bulk equivalents (Shang et al. 2019). Due to this charac-
teristic, they sometimes possess threat to open agricultural ecosystems (Lang et al.
2011; Rizzello and Pompa 2014). For instance, solid matrices have freely attached
nanoparticles that can leach or can detach upon contact with water, air, or mechanical
stress (Astruc 2012). The present chapter focusses on impact of nanomaterial stress
on plants with respect to its effect on overall plant growth and development. The
chapter also summarizes the interaction mechanisms of nanomaterials with plants
surrounding; uptake, translocation, transmission and phytotoxicity.

22.2 Application of Nanotechnology to Plant Systems

Nanotechnology research and its subsequent implementation in agriculture, enabled
the generation of Genetically Modified Crop’s (GMC), strict farming systems and
biocides (Bandyopadhyay et al. 2013; Griffitt et al. 2009; Hansen et al. 2009; Lombi
et al. 2012; Musee 2011; Nadiminti et al. 2013; Prasad et al. 2017). As is true with
other technologies applied to agricultural, cost effective nanoparticles and precise
field delivery technologies of nanoparticles are essential (Delgado-Ramos 2014;
Dutschk et al. 2014; Neto 2014; Safari and Zarnegar 2014). Nanoparticles due to
its unique properties can either improve seed germination or enhance overall plant
productivity (Fig. 22.1). However, the impact of nanoparticles on essential staple
crops still remains elusive (Lombi et al. 2012; Nadiminti et al. 2013; Nevius et al.
2012).

The size of nanoparticles, its chemical composition and the plant species largely
determines the uptake and build-up of nanoparticles (Bagheri et al. 2012; Ghor-
made et al. 2011; Khiew et al. 2011). Moreover, the effect of nanoparticles on plant
system depends upon the developmental stage of the plant, method of delivery, time
of exposure, shape, concentration, solubility, aggregation and surface structure of
the nanoparticle (Khiew et al. 2011; Nevius et al. 2012). In addition, the delivery
techniques must be scrutinized for efficient application of nanoparticles on potential
targets. Some plants are more efficient in up-taking and accruing nanoparticles. Plant
cell interacts with nanoparticles, which results in altered gene expression and conse-
quentially into modified biological pathways. This affects the overall plant growth
and development (Feizi et al. 2013a; Ghormade et al. 2011; Khiew et al. 2011).
For the very first time, the effects of nanoparticles were efficiently demonstrated on
Salvia officinalisL. (sage) (Feizi et al. 2013a). Although nanoparticles are reported to
enhance germination of seeds in some cases, but they can have contradictory conse-
quences on overall plant performance (Lombi et al. 2012; Nadiminti et al. 2013).
Further, research is needed to assess the possible risk associated with the use of
nanoparticles in agriculture (Bandyopadhyay et al. 2013; Griffitt et al. 2009; Hansen
et al. 2009; Prasad et al. 2017; Sanzari et al. 2019).

Several articles had indicated the plausible in vitro toxicity of nanoparticles on
bacterial, aquatic and human cells. Even non-harmful chemicals become toxic at
nanoscale level (Huanget al. 2017).Nanoparticles usually persists for days toweeks if
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Fig. 22.1 Applications of nanotechnology in agriculture (Figure constructed by Zahra Iqbal)

suspended in air (Elliott 2011; Liden 2011; Potera 2010). Nanoparticles are absorbed
and collected by all the parts of the respiratory system of the plants. Since, nanopar-
ticles are extremely small in size, they follow airstreamwith more ease that the larger
particles (Baughman et al. 2002; Lang et al. 2011; Safiuddin et al. 2014; Zhou et al.
2014). Therefore, the capability of the nanoparticle entering the respiratory system
of the plant through individual cells and nuclei is a major concern. Yet another
concern is bioaccumulation of these nanoparticles in the plant system (Diao and Yao
2009; Rizzello and Pompa 2014; Yang and Ma 2010; Ye et al. 2012a). It becomes
difficult to evaluate the health and environmental concerns encircling nanoparticles
due to its nanoscale properties, which are sparsely understood (Elliott 2011; Hansen
2010; Liden 2011). This makes it necessary that nanoparticles are designed such that
they have effective delivery, stability, solubility, uptake, accumulation, translocation,
transformation and degradation (Feizi et al. 2013a;Ghormade et al. 2011). Thus, prior
to the application of nanoparticles in agriculture it is important to investigate its toxic
effects, to be considered safe for plants.
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22.3 Impact of Different Nanoparticles on Plant Growth
and Development

Under particular environmental conditions plant may absorb several essential or non-
essential compounds at a concentration, which might be toxic to many crops (Lai
et al. 2006; Nair et al. 2010; Zhang et al. 2006). Elements of unknown biological
significance accumulate in plants causing lethality (Liden 2011; Zhang et al. 2006).
Nanoparticle stress on plant growth can happen due to their direct application or acci-
dental release. The harmful effect of these nanoparticles worsens, when they move to
higher order in the food chain (plants to humans). In this chapter various categories
of nanoparticles and their stress impact on plant will be discussed (Fig. 22.2).

22.3.1 Carbon-Based Nanoparticles

Carbon-based nanoparticles are simply defined as nanoparticles with carbon as
the main component. Carbon based nanoparticles have tremendous application in
biomedical science due to their electrical, optical, mechanical, chemical and thermal
properties (Patel et al. 2019). Due to their implication in biomedical science and other

Fig. 22.2 Nanoparticles implicated in agriculture (Figure constructed by Zahra Iqbal)
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related fields, there has been an enormous production of carbon-based nanoparticles.
Their release into the environment is either intentional (discharge), or unintentional
(spillage) posing adverse environmental effects (Baughman et al. 2002). Fullerene
C70, fullerol, and carbonnano-tubes (CNTs) are prevalently used nanomaterials.High
hydrophobicity of carbon-based nanomaterials results in their aggregation in living
systems and interaction with organic substances (De La Torre-Roche et al. 2013;
Santos et al. 2013). CNTs can accumulate in few edible crops, with such specific
uptake mechanism. Critically generated nanoparticles penetrate through targeted
mechanisms, which permits slow and governed discharge, especially for weeds. For
example, lipophilic nano-silica induces death by dissection after getting absorbed
into the cuticular lipids of insects.

22.3.1.1 Fullerene

Fullerenes are defined as allotropes of carbon. The carbon atoms in fullerenes are
linkedwith single or double bonds to form a partially or fully closedmesh. Fullerenes
consists of fused rings of 5–7 atoms which may be ellipsoid, sphere or tobe of
different sizes and shapes (Schwerdtfeger et al. 2015). Black aggregates of fullerene
have been reported to accumulate in the seeds and roots of rice (De La Torre-Roche
et al. 2013; Liu et al. 2013; Santos et al. 2013). Osmotic pressure, cell wall pores,
intercellular plasmodesmata, capillary forces and symplastic routes are the major
pathways through which fullerenes enter the root system (Liu et al. 2010). Fullerenes
with diameter smaller than the pore diameter of cell walls or membranes can enter
the roots of plants (Santos et al. 2013). In addition, transport of fullerenes from roots
to shoots also happens with mature plants. Thus, generally fullerenes accumulate in
the stem and leaves, while the roots are free of them (Santos et al. 2013). Fullerenes
translocate from roots to shoot along with the nutrients through the xylem tissue (De
La Torre-Roche et al. 2013).

22.3.1.2 Fullerol

Fullerol are basically polyhydroxy fullerenes (functionalized fullerenes). They are
water soluble and have been reported to be toxic in some casewhile beneficial in some
other cases (Gao et al. 2011). They permeate through the pores of cell wall because
of their small size and hydrophobic properties (Kole et al. 2013). Thus, fullerol
aggregate amid the cell membrane and the cell wall (Gao et al. 2011). They also,
because of their apoplectic mode of transport tend to accumulate between adjacent
epidermal cell walls (Kole et al. 2013).



22 Impact of Nanomaterials Stress on Plants 505

22.3.1.3 Carbon Nano Tubes (CNTs)

CNTs are cylindrical nanomaterials made up of either a single or multiple layer of
carbon atoms (Collins et al. 2000; Hazarika and Maji 2014; Li et al. 1996; Liu et al.
2014; Mani et al. 2014). CNTs have characteristics different from carbon or graphite
and act as fibres (Collins et al. 2000). CNTs possess exceptional tensile strength.
They are the sturdiest and smallest known fiber (Hazarika and Maji 2014; Liu et al.
2014; Mani et al. 2014). The mechanism of uptake, transport and effect of CNTs in
plants has been studied extensively (Chai et al. 2013; Khodakovskaya et al. 2013;
Long et al. 2012). CNTs can easily translocate to fruits, roots and leaves accounting
to significant variations in gene expression (Khodakovskaya et al. 2013). CNTs are
proven to induce cell death in a dose dependent manner and, thus can have phyto-
toxic effects on plant cells (De La Torre-Roche et al. 2013). Cell death induction by
CNTs are proven by electrolyte leakage assays and the local swellings of plant organs.
The interplay of CNTs with the proteins and polysaccharides of the cell stimulates
hypersensitive response similar to that of pathogen attack. This eventually results in
cell death (Collins et al. 2000; Hazarika and Maji 2014; Li et al. 1996; Mani et al.
2014). CNTs are reported to enhance root growth in Cucumis sativus (cucumber)
and Allium cepa (onion) (Canas et al. 2008; Ke and Lamm 2011). CNTs are also
shown to inhibit root growth in tomato. However, CNTs can penetrate seed coat of
tomato to induce seed germination and seedling growth (Ghodake et al. 2010; Ke
and Lamm 2011; Khodakovskaya et al. 2009).

22.3.1.4 Multi Walled Carbon Nano Tubes (MWCNTs)

MWCNTs are basically CNTs which are 1 mm long and 20 nm is diameter (Kong
et al. 2004; Li et al. 2005; Lin et al. 2002; Muller et al. 2005). MWCNTs are imbibed
by roots or seeds through pores in plant cell or during water uptake. MWCNTs are
reported to induce growth of Solanum (tomato) plantlets by boosting seed germi-
nation and improving seed water uptake (Chekin et al. 2012; Wang et al. 2012).
MWCNTs are generally spotted on the root surface rather than on root hair cell
walls or root cap (Smirnova et al. 2012). MWCNTs increased the seed germination
rates by 90% in treated samples when compared to control which was just 71%.
They also enhanced plant biomass (Tan and Fugetsu 2007). However, in few cases
such as rice, MWCNTs cannot pass through the cell walls, forming a black clump
(Chekin et al. 2012). This clump wraps around the cells; and as the concentration of
MWCNTs increases the size and number of the black clumps also increases propor-
tionally (Wang et al. 2012). This might be a hypersensitive response to prevent the
entry of MWCNTs into the plant system (Smirnova et al. 2012; Tan and Fugetsu
2007; Wang et al. 2012). On contrary lines, MWCNTs accumulated less in vascular
tissues. MWCNTs within the examined range do not possess any adverse effect on
germination rates and root growth in Zucchini species (Stampoulis et al. 2009).
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22.3.1.5 Single Walled Carbon Nano Tubes (SWCNTs)

SWCNTs, similar to MWCNTs are also CNTs which are 0.1 μm long and 1–2 nm
is diameter (Hata et al. 2004; Ren et al. 2007; Warheit et al. 2004). The widespread
usage, dispensability, and water column stability of carbon nanoparticles are due to
its surface modifications and the associated benefits (Cui et al. 2012; Flores et al.
2013; Hao et al. 2012; Parise et al. 2014; Yan et al. 2013). However, there is no
report of uptake of SWCNTs by roots of cucumber seedlings post 84 h of exposure.
SWCNTs derived nanosheets can clung to the primary and secondary roots (Lou
et al. 2011; Yuan et al. 2011). Further research is needed to establish the transport
of SWCNTs from root to shoot (Cui et al. 2012; Hao et al. 2012; Lou et al. 2011;
Shen et al. 2010; Yuan et al. 2011). SWCNTs are too big to pass through the cell
wall. Nonetheless, in Arabidopsis thaliana endocytosis-like structure of the plasma
membranes are observed, indicating the presence of carbon nanoparticles (Lin et al.
2009a; Shen et al. 2010). This was corroborated with another study involving Nico-
tiana tabacum (tobacco) cv. Bright Yellow where SWCNTs with 500 nm or lesser
length has penetrated the cell wall and cell membrane (Khodakovskaya et al. 2009;
Yi et al. 2005).

22.3.1.6 Graphene

Graphene is a single layer of graphite and is a 2D crystalline allotope of carbon.
Excessive dosages of graphene (1000 mg L−1) are reported to be inhibitory to root
hair growth in cabbage, tomato and spinach (Al-Ghamdi et al. 2014; Anjum et al.
2013; Begum et al. 2011; Lee and Kim 2014; Ye et al. 2012b). Graphene induces
oxidative stress in plants by accumulating H2O2, electrolyte leakage, cell death and
necrotic damage (Al-Ghamdi et al. 2014; Fugetsu and Parvin 2011; Mogharabi et al.
2014). Graphene treatments increases root surface area of cabbage but on contrary,
can lead to inflammation in Origanum vulgare (oregano) (Al-Ghamdi et al. 2014;
Begum et al. 2011). Graphene in a dose dependent manner can also cause phytotox-
icity in plant cells (Akhavan and Ghaderi 2010; Sasidharan et al. 2011). Graphene
could systematically translocate to leaves, roots and fruits and can substantially alter
the gene expression profiles (Anjum et al. 2014; Begum and Fugetsu 2013; Kim
2013; Lee and Kim 2014). Accumulation of nanostructured materials can substan-
tially reduce plant growth and biomass, which might eventually lead to phytotoxicity
(Ocsoy et al. 2013). Graphene toxicity is also reported in terrestrial plants exposing
them to potential risks (Begum and Fugetsu 2013; Kim 2013).
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22.3.2 Metal/Metal Oxide-Based Nanoparticles

The production of metal/metal oxide-based nanoparticles is estimated to skyrocket
from 2000 tons in 2004 to 58,000 tons by 2020 (Franke et al. 2006; Kolmakov
and Moskovits 2004; Niederberger 2007; Stoimenov et al. 2002). Such nanoparti-
cles exhibit size related properties, viz., magnetism, fluorescence and photocatalytic
degradation. With such incredible properties metal/metal oxide-based nanoparticles
are utilized in sensor production, agrochemical industry and soil remediation (Franke
et al. 2006; Kolmakov and Moskovits 2004). Metal/metal oxide-based nanoparticles
effects on plants mainly depends upon chemical colloidal and organic properties of
the living system (Moisala et al. 2003; Niederberger et al. 2006). The response of
plants to metal/metal oxide-based nanoparticles is also dependent upon the type of
metal, species and growth stage. The frequently deployed metal/metal oxide-based
nanoparticles are TiO2, CeO2, Fe3O4, and ZnO nanoparticles. Metal/metal oxide-
based nanoparticles in a concentration dependent pattern effect plant growth and
development (Stoimenov et al. 2002). Excessive absorption of metals can lead to
obvious deleterious effects, including stunted growth and irregular cellular divisions
in plants (Franke et al. 2006; Kolmakov and Moskovits 2004; Niederberger 2007).

22.3.2.1 Gold (Au)

Au is the most commonly used nanoparticle. Au in ionic or soluble form in toxic to
many organisms (Boisselier andAstruc 2009; Goodman et al. 2004; Karamushka and
Gadd 1999; Murphy et al. 2008). Au acts as an antibacterial agent in soaps, sham-
poos and biocide coating (Goodman et al. 2004;Murphy et al. 2008). The production,
usage and eventually the discharge of Au nanoparticles can cause severe environ-
mental issues over a prolonged period of time (Hauck et al. 2008; Johnston et al.
2010; Khlebtsov and Dykman 2011; Murphy et al. 2008). For instance, a substan-
tial increase in Au uptake has been reported in Brassica juncea (brown mustard)
and Medicago sativa (Alpha-alpha) with increase in exposure time (Perreault et al.
2012; Saison et al. 2010; Zhai et al. 2014). Both these species are hyperaccumula-
tors of Au, with the nucleus as the prime site (Arora et al. 2012; Gardea-Torresdey
et al. 2000; Green and Renault 2008). Au nanoparticles via plasmodesmeta can
also enter the cells. TEM (Transmission Electron Microscopy) analysis of rice roots
revealed the presence of varying size Au nanoparticles (Perreault et al. 2012). Some-
times Au nanoparticles bigger than the pore size of cell wall try to enter the cell
leading to cellular damage (Saison et al. 2010). In Allium cepa, Au nanoparticles
have been reported to disrupt root tips. This disruption causes cell disintegration,
and cell stickiness leading to hampered cell division process (Feretti et al. 2007).
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22.3.2.2 Silver (Ag)

Ag nanoparticles are used in imaging and chemical sensing. They are synthesized
by a number of methods including electrochemical, photochemical, laser ablations
amongst others (Rizzello and Pompa 2014). Ag nanoparticles if deployed in vivo at
large scale, needs to be strictly monitored for biocompatibility and environmental
effects (Galvez and Wood 1997; Hogstrand et al. 1996; Wagner et al. 1975). Reports
have shown that Ag particles persists in sludge and surface water at low concentra-
tions (0.1 and 2.9 mg L−1) (Ferguson and Hogstrand 1998; Lee et al. 2005; Wood
et al. 1996). Ag nanoparticles implement great risk to terrestrial plants (Bianchini and
Wood 2003; Lee et al. 2005; McGeer et al. 2000; Wood et al. 1996). In rice (Oryza
sativa), Mung bean (Vigna radiata), and Chinese cabbage (Brassica campestris) Ag
nanoparticles impose negative effect. It effect seed germinations, root, and shoot
growth at concentrations of 4500, 6000, and 3000 μg mL−1 respectively (Justin
and Armstrong 1991; Nguyen et al. 2003; Mao et al. 2004). Moreover, 40 nm Ag
nanoparticles are toxic to Chlamydomonas reinhardtii algae and Cucurbita pepo
(pumpkin) (Cheng et al. 2011; Ratte 1999; Slade and Pegg 1993; Yin et al. 2011,
2012). There is approximately 4.4 to tenfolds decrease in biomass and transpirational
rates in comparison to wild type (Cheng et al. 2011; Howe andMerchant 1992; Ouda
2014; Piccapietra et al. 2012; Roessler and Lien 1984). The impact of Ag nanopar-
ticles for their uptake, transport and dispersal was also studied in Medicago sativa
and Brassica juncea species (Beebe and Turgeon 1992; Cairns et al. 1975; Inokuchi
et al. 1997; Musante and White 2012; Ouda 2014; Roh et al. 2009; Shoults-Wilson
et al. 2011; Unrine et al. 2012; Wang 1986; Kumari et al. 2009; Saxena et al. 2010).
Cellular uptake and cytotoxicity of Ag nanoparticles have been explored extensively
in plant systems. For example, Zucchini were grown in hydroponics supplemented
with Ag nanoparticles and were studied for subsequent effects. There was no adverse
impact on seed germination and root growth in the presence of Ag nanoparticles,
however, plant biomass and transpiration rates reduced in the treatment in comparison
to control. Ag nanoparticles also disrupted cell division resulting into cell disinte-
gration (disturbed metaphase, stickiness, chromatin bridge, amongst other effects)
(Cheng et al. 2011; Yin et al. 2012). Ag nanoparticles also affect aquatic plants
(Cairns et al. 1975; Inokuchi et al. 1997; Wang 1986). Exposing aquatic plant i.e.
Lemna minor L. clone to 5 mgL−1 concentration of varied size (20–100 nm) Ag
nanoparticles resulted in suppression of plant growth (Cairns et al. 1975; Unrine
et al. 2012; Wang 1986). Ag nanoparticles of size 29 nm reduced germination rates
in lettuce and cucumber. On contrary, there was no such effect of reduced germina-
tion rates in by Ag nanoparticles in barley and ryegrass. Ag nanoparticles greater
in size than 100 nm decrease transpiration rates and biomass in Cucurbita pepo
(Ratte 1999). Ag nanoparticle toxicity on germination rate, uptake efficiency and
translocation had also been documented well in soil (Musante and White 2012; Roh
et al. 2009; Shoults-Wilson et al. 2011). For Polyboroides radiatus (Madagascan
harrier-hawk) and Sorghum bicolor (great millet), the bioavailability and toxicity of
Ag nanoparticles was monitored on soil as well as agar medium (Beebe and Turgeon
1992; Kumari et al. 2009; Liu et al. 1994; Saxena et al. 2010). There was concen-
tration dependent inhibition of growth in Poyboroides radiatus and Sorghum bicolor
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(Dimkpa et al. 2013; Lee et al. 2012). Moreso, the phytotoxicity, cellular toxicity,
solubility and bioaccumulation of ag nanoparticles in plants strictly depends upon
the media of exposure (Dimkpa et al. 2013).

22.3.2.3 Cadmium (Cd)

Toxicity testing was done for Cd nanoparticles in tomato, cucumber, lettuce and
carrot. The seedling growthwas inversely related to the concentrations ofCdnanopar-
ticles (Clarke and Brennan 1989; Jiang et al. 2003; Kashem and Kawai 2007). To
deep dive into the details of root architecture effected by Cd nanoparticles micro-
scopic analysis was carried out. The analysis revealed decline in root diameter along
with disintegration of root epidermal cells under Cd nanoparticle stress (Groppa et al.
2008; Kairong 1996). Cd nanoparticles were also found to be accumulated on root
surface hindering proper cell growth (Cho and Seo 2005; John and Van Laerhoven
1976).

22.3.2.4 Titanium Oxide (TiO2)

TiO2 nanoparticles are frequently used in daily products. Studies on TiO2 effect
(uptake, transport, toxicity etc.) on plants especially, staple food crops is very limited
(Castiglione et al. 2011; Dehkourdi andMosavi 2013; Feizi et al. 2012; 2013b; Elgh-
niji et al. 2012; Hasan et al. 2012; Khataee et al. 2014; Kurepa et al. 2010; Larue
et al. 2012; Mahmoodzadeh et al. 2013; Mahmoodzadeh and Aghili 2014; Paret
et al. 2013; Qi et al. 2013; Qiu et al. 2013; Song et al. 2012, 2013; Wang et al.
2007). TiO2 nanoparticles have a small size up to < 5 nm. Exploiting their small
size, they form covalent bonds with natural organic matter. They then translocate
and distribute in a tissue and cell specific manner (Castiglione et al. 2011; Feizi et al.
2012, 2013b; Qiu et al. 2013; Song et al. 2013). TiO2 nanoparticles are reported to be
toxic to algae Desmodesmus subspicatus (Hund-Rinke and Simon 2006). Addition-
ally, TiO2 nanoparticles form ROS (reactive oxygen species) upon coming in contact
with certain organisms and UV rays (Castiglione et al. 2011; Dehkourdi and Mosavi
2013; Elghniji et al. 2012; Feizi et al. 2012; Hasan et al. 2012; Kurepa et al. 2010;
Khataee et al. 2014; Larue et al. 2012; Mahmoodzadeh et al. 2013; Mahmoodzadeh
and Aghili 2014; Paret et al. 2013; Qiu et al. 2013; Song et al. 2012, 2013). Upon
exposure to TiO2, Arabidopsis thaliana roots discharge mucilage and generate a
capsule of pectin hydrogel around the root (Kurepa et al. 2010; Wang et al. 2011). In
Glycine max (Soybean), TiO2 is reported to enhance nitrate reductase activity, water
use efficiency and boost the antioxidant structure. TiO2 exposed seeds generated
plants with dry weight increased up to 73%, photosynthetic rates increased up to 3
times and chlorophyll a content increased by 45% (Hund-Rinke and Simon 2006;
Molina-Barahona et al. 2005; Qi et al. 2013). However, with spinach seeds the rate
of germination was directly related to the size of TiO2 nanoparticle (Wu et al. 2012;
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Zheng et al. 2005). TiO2 enhance nitrogen metabolism and hence promotes absorp-
tion of nitrate resulting in enhanced plant growth (Gao et al. 2008; Wu et al. 2012;
Yang et al. 2006). InOryza sativa, TiO2 adversely effects germination rates and count
of roots formed (Foltête et al. 2011). TiO2 nanoparticles exhibit low toxic effects to
plants and follow a dose dependent pattern. This might be because of agglomeration
and eventual sedimentation of particles.

22.3.2.5 Aluminum Oxide (Al2O3)

Phytotoxicity of coated (phenanthrene-coated) and uncoated Al2O3 has been exten-
sively established through various studies (Blamey et al. 1983; Kollmeier et al. 2000;
Yamamoto et al. 2001). Concentrations as low as 2 mg L−1 of uncoated Al2O3 inhib-
ited root elongation in soybean, carrot, corn, cucumber and cabbage (Blamey et al.
1983; Kollmeier et al. 2000; Yamamoto et al. 2001). The toxic effect is essentially
due to solubility of Al2O3 nanoparticles. Smaller Al2O3 particles were found to be
toxic to seedling growth (Kollmeier et al. 2000; Ryan et al. 1992; Tian et al. 2007;
Yamamoto et al. 2001). Hence, it becomes evident that the surface properties of
Al2O3 nanoparticles play a crucial role in imparting toxicity to these nanoparticles
(Tian et al. 2007). High concentration of Al2O3 reduces root growth in carrot, corn,
cabbage, cucumber and soybean (Cumming et al. 1992; Kinraide et al. 1992; Sartain
and Kamprath 1978). However, in Lolium perenne (reygrass)and Phaseolus vulgaris
(kidney bean) Al2O3 nanoparticles did not impose any stress (Lazof and Holland
1999).

22.3.2.6 Iron Oxide (Fe3O4)

Fe3O4 is generally used as a magnetic nanomaterial. It can sometimes impose nega-
tive effect on plant growth and development (Besson-Bard et al. 2009; Zhu et al.
2008). Chlorophyll a content is inversely linked to Fe3O4 concentrations. At low
concentrations of Fe3O4, the chlorophyll a content was higher and at higher Fe3O4

concentrations the chlorophyll a content was lower (Besson-Bard et al. 2009; Zhu
et al. 2008). Higher concentration of Fe3O4 nanoparticles also resulted in brown
spots during the growth of plantlet (Hartley and Lepp 2008; Kraemer 2004). Fe3O4

nanoparticles also induces oxidative stress, resulting into decreased photosynthetic
and metabolic rates (Becana et al. 1998; Kumar et al. 2018). To reduce the adverse
effect of Fe3O4 nanoparticles, they are sometimes coated with carbon. This increases
the adsorption surface of Fe3O4 nanoparticles and imparts them with biocompat-
ible properties (Katsoyiannis and Zouboulis 2002; Lombi et al. 1999; Mahmoudi
et al. 2009). For instance, in pumpkin, certain concentrations of carbon coated
Fe3O4 nanoparticles did not adversely affect plant cells as well as did not contami-
nate the environment upon discharge (Katsoyiannis and Zouboulis 2002). Similarly,
tetramethylammonium hydroxide coated Fe3O4 nanoparticles at low concentrations
enhanced chlorophyll contents (Greipsson and Crowder 1992).
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22.3.2.7 Zinc/Zinc Oxide (Zn/ZnO)

They are frequently usedmetallic nanoparticles. Zn constitutes an essential micronu-
trient for plants, animals and humans (Bai et al. 2010; Huang et al. 2002; Ma et al.
2009; Sharma et al. 2009;Wong et al. 2010). Zn is also a pivotal cofactor for a number
of enzymes (Wang et al. 2004). It is commonly used in beauty products, biosensors,
electrodes etc. (Ma et al. 2009). Due to its widespread use, Zn/ZnO can either acci-
dently or deliberately spill out is environment, effecting terrestrial life (Adamson
et al. 2000; bin Hussein et al. 2002; Sharma et al. 2009; Wang et al. 2004). Zn in
inappropriate concentrations also affect plant system.Zn/ZnOaffects the germination
of plants studied in buckwheat (Fagopyrum esculentum) and might cause damage
to chromosome at cellular level (Lee et al. 2013). Zn/ZnO nanoparticles inhibited
root growth and is toxic in ryegrass, rape and radish (Adamson et al. 2000; Bai et al.
2010; bin Hussein et al. 2002; Huang et al. 2002; Lee et al. 2013; Ma et al. 2009;
Reddy et al. 2007; Sharma et al. 2009; Wang et al. 2004; Wong et al. 2010). Zn/ZnO
can cause stress either due to chemical toxicity (chemical composition) or because
of its physical properties (size, surface and shape) (Wang et al. 2004).

22.3.2.8 Copper/Copper Oxide (Cu/Cu2O)

A study suggests that Cu/Cu2O nanoparticles are adsorbed by onion roots. This
adsorption blocks water channels and results into radical penetration in the roots of
onion (Fiskesjó 1993; Geremias et al. 2010). Eventually this hinders cell division
and cellular metabolism. In similar lines, Cu nanoparticles concentration is inversely
related to the seedling growth inMungbean (Phaseolus radiates) andwheat (Triticum
aestivum) species (Lee et al. 2008; Munzuroglu and Geckil 2002). Root morphology
in wheat results in greater accumulation of Cu nanoparticles. Mung bean is more
sensitive to different concentrations of Cu in comparison to wheat (Keltjens and
Van Beusichem 1998). Additionally, in zucchini plants Cu nanoparticles decreased
the root length at emergence stage (Wang and Zhou 2005). However, in lettuce an
increase in root to shoot ratio was observed in the presence of Cu nanoparticles
(Mocquot et al. 1996). Thus, Cu nanoparticles affect shoot length/biomass, root
length/biomass, germination rate, biomass and growth in a variety of staple crops
(Lombardi and Sebastiani 2005).

22.4 Nanoparticle Interaction with Plants

The interaction of nanoparticles with plant system is a matter of great concern since
it directly or indirectly impacts food chain. Once applied nanoparticles inevitably
enters the plant cell, whereby modifying cellular machinery. Deliberate applica-
tion of nanoparticles to plants is done to achieve beneficial effects (Pérez-de-Luque
2017). However, accidental leakage can result in free circulation of nanoparticles



512 Z. Iqbal et al.

(not bound to the specific substrate). In such a case, nanoparticles can pose serious
toxicity and can decline the overall performance of plant. Hence, it becomes indis-
pensable to understand the interaction of nanoparticles with plant system. Interac-
tion of nanoparticles with plants involve uptake, translocation, accumulation and
phytotoxicity mechanisms at whole plant and cellular level.

22.4.1 Nanoparticle Uptake by Plants

Research on uptake mechanism of nanoparticles by plants is yet limited (Nevius
et al. 2012; Tani and Barrington 2005). Nanoparticles generally adhere to the roots
and eventually either follow physical or chemical paths of entry in the plant system
(Hartley and Lepp 2008). However, there are many studies focusing on how the
nanoparticles interact with the plants (Besson-Bard et al. 2009). The uptake and
accumulation of nanoparticles varies amongst different plant species and also depend
upon the shape, form and size of nanoparticle (John et al. 1972). The uptake mecha-
nism of nanoparticles by plants is generally studied on stock solutions (Hauck et al.
2008; Smirnova et al. 2012) at germination stage or in cell culture. In case of carbon
nanotubes, the nanoparticles enter the plant system through aquaporins, ion channels
or sometimes endocytosis. They bind to a carrier protein or organic chemical as a
part of their uptake mechanism (Kurepa et al. 2010; Maine et al. 2001; Smirnova
et al. 2012). Higher reactivities are observed in nanoparticle due to greater surface
area to mass ratio in comparison to their metal counter-parts (Larue et al. 2012).
Eventually, just prior to the transportation process in plants, nanoparticles tend to
form complexes with root exudates and membrane transporters (Tani and Barrington
2005). The nanoparticles are transported from one cell to another via plasmodesmata
either following apoplastic or symplastic mode of transportation (Hauck et al. 2008).
As stated earlier, the efficiency of nanoparticle uptake depends upon the particle size.
Hence, nanoparticle uptake steadily increasewith declining granular size (Larue et al.
2012). For instance, 1.5 mm ZnO nanoparticles are more efficiently taken up by the
plants than 2.0 or 2.5 mm ZnO nanoparticles. This results in better distribution of
Zn and eventually better uptake and utilization (Wang et al. 2004).

22.4.2 Nanoparticle Translocation in Plants

The translocation of nanoparticles is dependent upon the concentration of nanopar-
ticles and species under investigation (Yang and Ma 2010). The nanoparticles are
translocated from leaves to roots, stems or other parts of the plant system and simi-
larly from roots to leaves, developing grains or other parts of the plant system. The
penetration of nanoparticles in the cell membrane or cell wall of root cells initiates
the translocation mechanism. Xylem acts as the central passage for translocation of
nanoparticles to the shoot (Birbaum et al. 2010; Miralles et al. 2012). Definitely for
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this process, the pore size of the cell wall and cell membranes needs to be larger
(3–8 nm) than the size of the nanoparticle. Allium porrum (Leek) was studied to
analyze the penetration rate and translocation of nanoparticles. It was concluded
by the study that the nanoparticles follows a pathway for translocation from leaf to
stomata (Birbaum et al. 2010).

22.4.3 Nanoparticle Transmission in Plants

Understanding the transmission of nanoparticles can help decipher the underlining
advantages of nanotechnology application to agriculture. The plant cell wall acts as
a blockade to the entry of all external particles including nanoparticles. Hence, only
nanoparticles smaller than the pore size of the cell wall (pore size generally: 5–20 nm)
can enter the plant cell (Lin et al. 2009b; Zhang et al. 2008). However, nanoparticles
can also verywell penetrate into the leaf cuticle and cell cytoplasm (Sharif et al. 2013;
Zhang et al. 2008). Nanoparticles when injected can accumulate near the point of
application or can flux from one cell to the other (Lin et al. 2009b). Nanoparticles are
transmitted to the environment sometimes by plants and can further bioaccumulate
in the food chain (Sharif et al. 2013). It is also plausible that the pore size of the
cell wall increases upon contact with nanoparticles, which eventually facilitates its
transmission (Nair et al. 2012). Additionally, nanoparticles can enter plant cell via
ion channels or through carrier proteins. Upon entering the cytoplasm of the plant
cell, nanoparticles can also interact or bind with different organelles. This interaction
can lead to altered metabolic processes inside the cell (Zhang et al. 2008). They can
even enter through stomata or trichomes when applied on leaf surface and can then
translocate to other plant organs and tissues.

The aggregation of nanoparticles induces foliar heating on photosynthetic
surfaces. This causes variations in gaseous exchange through stomata and hence
induces alterations in cellular and physiological machinery of the cell. With the help
of microscopy tools and techniques it has become possible to trail down the transmis-
sion and accumulation of nanoparticles inside the plant cell (Abdi et al. 2008). Some-
times the nanoparticles are coupled to agrochemicals or various compounds. This
tagging reduces the damage to plants as well as helps in biodegradation of nanoparti-
cles in the environment; however, certain damage by nanoparticles to the plants and
the environment still is unavoidable (Ma et al. 2010). For instance, Fe3O4 nanopar-
ticles are coated with carbon to provide larger adsorption area and biocompatibility.
The kind of administration of nanoparticles was made on Cucurbita pepo (Hartley
and Lepp 2008). In similar lines, Ag nanoparticles of less than 20 nm are transported
through the plasmodesmata inside the plant cell (Cairns et al. 1975; Unrine et al.
2012; Wang 1986). Brassica juncea and Medicago sativa are reported as hyperac-
cumulators of Ag nanoparticles. Medicago sativa accumulated more Ag nanoparti-
cles than Brassica juncea with increase in exposure time and metal concentration
(Gardea-Torresdey et al. 2000).
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22.4.4 Nanoparticle Phytotoxicity in Plants

Phytotoxicity studies are important for deeper comprehension of toxicity induced by
nanoparticles. Plethora of information regarding adverse, advantageous and insignifi-
cant effects of nanoparticles on crop plants already exists (Bystrzejewska-Piotrowska
et al. 2009; Ghodake et al. 2010; Muller et al. 2005; Sohaebuddin et al. 2010; Stam-
poulis et al. 2009). For instance, germination rate for rice seeds significantly enhanced
upon CNTs treatment (Smirnova et al. 2012; Tan and Fugetsu 2007; Wang et al.
2012). The CNT treated seeds also withheld more water content in comparison to
their untreated counter-parts. Thus, CNTs were reported as plausible enhancers in
regulating rice seedling growth. Additionally, silica nanoparticle labelled with fluo-
rescein isothiocyanate and photo-stable Cadmium-Selenide quantum dots are veri-
fied as bio-labels. They have been reported to enhance seed germination (Currie and
Perry 2007; Fenoglio et al. 2000; Torney et al. 2007). On contrary, Al2O3 nanopar-
ticles inhibited root growth in a variety of plants including soybeans, corn, cabbage,
cucumber and carrot (Kollmeier et al. 2000; Ryan et al. 1992; Tian et al. 2007;
Yamamoto et al. 2001). Similarly, ZnO was also found to be extremely toxic for
root growth (Huang et al. 2002; Ma et al. 2009; Wong et al. 2010). Effect of Al2O3,
SiO2, ZnO, andFe3O4 nanoparticles on seed germinationwere studied onmodel plant
Arabidopsis thaliana. It was found that ZnO nanomaterials at 400mgL−1 suppressed
seed germination (binHussein et al. 2002;Wang et al. 2004). On the other hand, these
nanoparticles also enhanced seedling growth and seed germination Brassica juncea
and Phaseolus mungo (black gram) (Ghodake et al. 2010). However, in contrast to
other nanoparticles, ZnO is extra toxic towards seed germinations, root elongations,
and the count of leaves (Sharma et al. 2009).

Particle size and surface area are two important parameters to study the phyto-
toxological effects of nanoparticles. The surface area of the nanoparticles increases
with the decrease in size. This exposes larger percentage of atoms and molecules
on the surface comparative to its interior (Begum et al. 2011; Fugetsu and Parvin
2011). The small size of nanoparticles renders alteration in their physiochemical and
structural properties. This results in multiple interactions of the nanoparticles with
other substances, eventually leading to toxicological effects (Lee et al. 2012). This
is evident by the study which indicated that 21 nm TiO2 nanoparticles induced 43
× more inflammation as compared to 250 nm TiO2 nanoparticle (Castiglione et al.
2011; Feizi et al. 2012, 2013b; Qiu et al. 2013; Song et al. 2013). The enhanced
inflammation is attributed to the larger surface area of small nanoparticles for equiv-
alent masses. It is very evident and proved experimentally that micro-particles are
less harmful to plants than nano sized particles (Currie and Perry 2007).
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22.5 Conclusions and Prospects

In conclusion, nanoparticles depending upon their size, form, chemical characteris-
tics and species exerts physical or chemical toxicity on plants. The current under-
standing of the phytotoxicity initiated by nanoparticles is limited and the knowledge
of adverse effect generated due to unique characteristics of the nanoparticles is still
preliminary. Thus, it is imperative to study the permissible range of nanoparticles
that can be applied to the plant system without imposing any stress. Furthermore,
extensive research is intended to study the uptake kinetics of nanoparticles by plants
as well as their interaction mechanisms within the plant cell. Proper engineering of
nanoparticles, their delivery, accumulation within the plant system, biodegradation
and eventually its disposal needs to be carried out with great precision to reduce
the harmful effects on agricultural and environmental systems. Nonetheless, upon
combatting the negative effects associatedwith nanotechnology, it will facilitate agri-
culture in the near future by precision farming techniques, regulating the capability
of plants to absorb nutrients, targeted use of inputs, disease detection and disease
control.
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Chapter 23
Use of Nanomaterials in Plants to Coup
with Abiotic Stress Conditions
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Abstract Nanomaterials (NMs) have an important role to play in relation to
mobility, fate and toxicity of soil pollutants and thus are pivotal to abiotic stress (AS)
remediation strategies. AS is caused by abiotic (non-living) factors, e.g., salinity,
temperature, floods, UV-B radiation and drought. Role of NMs in supporting exten-
sive crop yields under challenging environmental conditions has facilitated use of
sustainable agricultural practices. The prominent role of NMs in reduction of nutrient
loss from the soil, i.e., nano remediation strategies for reducing the infertile lands,
rendered unfit for cultivation, is one of the goals for maintaining soil structure and
improving its fertility. Nanopesticides, nanofertilizers and nanobiosensors influence
the suppressionof soil aswell as cropbornediseases and, thereby enhance cropyields.
Various case studies highlighting the use of nanobiosensors, nanofertilizers, nano-
enabled remediation strategies for contaminated soils and nanopesticides in the agri-
cultural sector have been dealt in this chapter. NMs play an important role in principle
events of plant growth including seedling vigor, seed germination, growth, photo-
synthesis, flowering and root initiation. Also, these NMs play an important role in
plant protection under oxidative stress. NMs increase the buildup of reactive oxygen
species (ROS) in plants and replicate the functions of some of the enzymes (anti-
oxidative), i.e., catalase (CAT), peroxidase (POX) and superoxide dismutase (SOD).
Therefore, it becomes necessary to decipher the cellular, biochemical and molecular
mechanism of NMs in plants during AS conditions. Future research directions have
been discussed to meet challenging environmental conditions.
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23.1 Introduction

The world population, per capita income and consequently the demand for food
continues to rise (Fig. 23.1). This is evident from the fact that annually, the global
production of crops is more than 3 billion mega tonnes which entails 4 million
mega tonnes pesticides, 187 million mega tonnes fertilizer, 2.7 trillion m3 water and
approximately 2 quadrillion BTU (British thermal units) energy (Kah et al. 2019;
Usman et al. 2020). In order to feed a constantly growing population, which will
reach around 10 billion by the year 2050, the key challenge faced by the research
fraternity is to enhance the worldwide production of food crops by more than 2/3rd
towards sustainable world agriculture (Duque-Acevedo et al. 2020). In addition, one
of the sustainable development goals of United Nations is to achieve “zero hunger”,
which can be attained only through sustainable agricultural practices. Therefore,
in such an evolving world environment it has become impertinent to identify novel
sectors and rigorous research and development is carried out in order to surpass chal-
lenges in developing a reliable technology in addressing the blockades in agricultural
production for developing sustainable agriculture.

Abiotic stress (AS) is a foremost limitation which negatively affects plant growth
and crop productivity on a global scale. Rise in the prevalence of a large number of
abiotic stresses as a result of natural and man-made activities have become a major

Fig. 23.1 World population, grain crop production and prices for grains between 1961 and 2016
(Fischer and Connor 2018) (Sources World population statistics from United Nations Department
of Economic and Social Affairs [UN 2017], grain production numbers have been adopted from
FAOSTAT [Shenashen et al. 2017], including all types of pulses, cereals and more than a dozen
different kinds of oilseed crops; export prices comprise mean prices of soybean, rice, wheat and
maize [World Bank 2017])
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concern for mankind and there is an urgent need to mitigate their effects in order
to increase yield of crops. Amongst different kinds of AS such as drought, salinity,
temperature, metal, UV radiation and post-harvest stress; drought and salinity are
the most widespread and common types of stress. In the recent decades, the field of
nanotechnology (NT) has been gaining momentum in sustainable agricultural sector
and thus occupied a promising position in mitigating the impact of AS by using
NMs. NT has not only shown promising results in the field of plant growth and crop
improvement but also proved to be an effective tool against plant AS.

Sincematerials tend to have diverse properties (chemical, physical, andbiological)
at the nanoscale than they do at their larger dimensions therefore, they acquire some
properties different from their bulk counterparts due to re-organization of matter.
Thus, Paul Ehrlich once called materials at nanoscale dimension (NMs) as “Magic
Bullets” (Kreuter 2007). Hence, they have been widely studied for their applications
in various areas over a period of time by a number of workers. It was in the year
1959, when Richard Feynman first suggested that materials and objects could be
put together to an atomic classification. He said, “The principles of physics, as far
as I can see, do not speak against the possibility of maneuvering things atom by
atom.” NMs have since then become one of the leading researched materials of the
century giving rise to a new offshoot of science called ‘nanotechnology’ (Khan et al.
2017). It is the study of two fields, i.e., engineering and chemistry and defined as
the assembly, arrangement, and application of materials engineered at the nanoscale
(10−9 m) at least in a single dimension (Raina et al. 2020). NT explores novel and
wide range of diverse applications and its potential benefits could be exploited in the
area of agricultural production as well. Its use in agricultural sector is said to have
started when humans employed clay and porous soil substitutes for water filtration
and decontamination purposes. NMs have the ability to improve plant growth and
development by their use in the formof herbicides, nanopesticides and nanofertilizers
having the ability of efficient content release in requisite amounts in order to target
plant cellular organelles. Studies on targeted mustard (Brassica sp. L.) and non-
targeted maize (Zea mays L.) organisms have shown that the nano herbicide atrazine
formulation showed strong control of the targeted species (Acharya and Pal 2020).
This chapter gives the insights of various NMs used in agriculture sector and their
potential applications in overcoming stress caused due to various abiotic factors thus
enhancing crop yield.

23.2 Use of Nanomaterials (NMs) in Sustainable
Agriculture

Agriculture has been, since time immemorial, the life-force for driving the survival
of human race and the only prime contributor of food for humans. It produces and
provides the basic requirements for food and feed industries and acts as fuel for
the developing world economies. Rapid growth in the world population, sudden
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explosion in the technological sector along with the materialistic drive of humans
have made agricultural sector more vulnerable, eventually draining natural reserves
in addition to bringing concurrent degradation of environment as well (Raina et al.
2020). In an effort to increase agricultural yieldwehave practiced the use of pesticides
and fertilizers disproportionately. This on one hand has increased the nutrient content
of food but on the other hand also increased the toxicity levels in the soil and the
agricultural yield. Prolonged irrigation and drainage malpractices has beefed up
the rate of weathering process of soil minerals, increasing soil acidity levels and
eventually made farm lands barren. Unwanted soil acidic conditions severely impact
soil nutrients resulting in plant nutrient deficiency thereby resulting in deviation
from the common physiological abilities of plants like growth and development.
Exhaustive use of pesticides, fertilizers and wrong irrigation techniques has also
caused extensive harm to the soil carbon profile and contaminated the soil biomewith
harmful trace elements and pesticide residues eventually making the soil saline. The
main effect of prolonged soil salinity is toxicity of plant cells along with disruption
in the osmotic equilibrium. The combined result of disruption in ionic and osmotic
equilibrium of plants is on the overall growth and development of the plant (Jalil and
Ansari 2019). As a result it becomes almost impossible to refine these lands without
relocating the human population. Therefore, in order to maximize the agricultural
yield and protect the related biomes, a number of modern technologies have been
put into place. Recent developments in NT have seen a global renewed interest in
the agricultural arena. NMs are having diverse potential applications in agriculture
spanning from nanofertilizers to genetic engineering. Although there are a large
number of NMs, obtained from essential metals (Zn, Fe, Mn, Cu), and their oxides
are suitable for use in agriculture (Pérez-Labrada et al. 2020). Some of the potential
applications of NMs in agriculture have been illustrated in Fig. 23.2.

The area/s of application of NT in sustainable agriculture consists of nanobiotech-
nological manipulation of genes and proteins, increased soil hydrophilicity, improve-
ment of productivity by nutrient uptake at nanoscale, waste management, targeted
delivery of chemicals and many more exciting ones. This technology has resulted in
an enhanced resource management in the agricultural field, improved modes of drug
delivery in the plants and maintained soil fertility as well. It uses sensors and moni-
toring devices, thereby stimulating the global food production and bringing positive
impact in the world ecosystem by decreasing the percentage of pesticides, water and
fertilizers used. Various improvements have been made in the field of nano-enabled
remediation of contaminated soils and soil nanonutrition such as nanopesticides,
nanofertilizers and nanobiosensors. Different types of NMs have thus been studied
having applications in mitigating AS in plants in relation to the overall sustainable
improvement in crop production as shown in Fig. 23.3.

Developments made using nanofertilizers and nano-encapsulated nutrients are
proving to be valuable instruments towards sustainable crop production using effi-
cient nutrient release in the soil, thereby making them available to the plants. Use of
nanofertilizers enhances the chances of availability of soil micronutrients to plants in
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Fig. 23.2 Applications of nanomaterials in agriculture (Figure constructed by Neelu Raina)

addition to alleviating reduction in soil fertility due to buildup of chemical fertilizers
and pesticides in the soil. The effect of NMs on plant growth and germination has
been explored by various researchers which have led to their use in agriculture and
food sector. A number of NMs produced using metals or metal oxides are being
studied in order to estimate their possible benefits in the production and modulation
of plant development and growth processes and their defense against various AS
types. Several recent studies have been tabulated in order to evaluate the effect of
different NMs against various AS types on a number of plant species (Table 23.1).

Plants are immobile; therefore they cannot escape the effect of any kind of environ-
mental stress. They require optimal abiotic conditions for proper growth and develop-
ment. Any alteration in the optimal physical and chemical environmental condition
results in AS. AS such as drought, temperature (freezing, heat and cold), irradiation,
heavy metals, water logging, nutrient deficiency, alkalinity of soils, heavy metal
toxicity (Pasala et al. 2016) have a serious impact on the developmental processes of
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Fig. 23.3 Potential uses of nanomaterials in crop protection for sustainable agriculture development
using materials at nanoscale dimension (Source Vishwakarma et al. 2018)

plants effecting the production of agricultural crops negatively (Emamverdian et al.
2015). It also impacts the growth, development and productivity of crop plants crit-
ically by approximately more than 50% (Jalil and Ansari 2019). Therefore, plants
have a network of defense systems to counter any kind of stress. But, the precise
identification, sequence and stimulation of these defense systems in reaction to the
state of stress are crucial for the strengthening of plants defense against any kind of
environmental stress.
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23.3 Plants and Abiotic Stress

All plants have an innate ability to adjust to unfavorable environment such as, drought,
chilling, heat stress, salinity. Molecular and cellular responses of plants to all these
types of abiotic stresses have been broadly studied (Duque et al. 2013). It has been
shown that miRNAs are involved in plant response to AS (Frazier et al. 2014). The
cell wall of plants restricts the affect of stress conditions and acts as a dynamic player
in making the plants adapt to AS conditions. The initial reaction of plants against
AS conditions consists of a transient rise in the cytoplasmic Ca2+ content, elevated
secondary messengers (polyphosphate, inositol) in the intracellular space, abscisic
acid, ROSand enhancedmitogen-activated protein kinase (MAPK) pathways (Baxter
et al. 2014). The progressive stages of AS response by plants comprises of regula-
tion of the expression of stress-specific genes and regulation of proteins involved in
cellular damage protection. Secondary metabolites have an important role to play
in plants in order to combat AS by maintaining cell structure, in signal transduc-
tion, biosynthesis of polyamines and defense of photosystem against ROS (Oh et al.
2009). Extracellular peroxidases modify cell wall; build up ROS and oxidative stress
when encountering AS. Building up of oxidative stress activates production of ROS,
increases phenylpropanoid content, regulates gene expression and biosynthesis of
enzymes during plant defense response (Fig. 23.4) (Daudi et al. 2012).

Abiotic stress is the primary cause of generation of ROS in the plants cell
organelles such as chloroplasts, mitochondria and peroxisomes. ROS have a key role
to play as they act as indicators to any kind of stress and thus activate the defense
systemofplants aswell as intensify damage to the cellularmachinery (Jalil andAnsari
2019). Plants have an in-built antioxidant system to counter oxidative stress by scav-
enging ROS (Khan et al. 2017). Under normal conditions, the production of ROS and
their elimination are regularly maintained in a balance mode. However, due to AS
this equilibrium shifts more towards generation of ROS affecting severely the struc-
ture and function of proteins which then results in phytotoxicity. In mitochondria,
over reduction of electron transport chain (ETC) produces hydrogen peroxide and
oxygen. However, most of the generation of O2 and H2O2 takes place in the chloro-
plasts (Davletova et al. 2005; Jalil and Ansari 2019). These super oxides are changed
into hydrogen peroxide either spontaneously or by the help of enzyme named ‘super-
oxide dismutase’. In the matrix of peroxisomes, the generation of O2

− free radicals
takes place in presence of xanthine oxidase enzyme by the oxidation of hypoxanthine
and xanthine into uric acid. This event degrades/damages biomolecules present in
the cell such as DNA, lipids, proteins and carbohydrates which results in cell death.
All these stresses generate reactive oxygen species (ROS) inside plants and thus
result in oxidative burst. Generation of ROS in huge number causes degradation of
membrane lipids and various macromolecules (Jalil and Ansari 2019), induces cells
toxicity (Yadav et al. 2014), in addition to decreased plant growth (Khan et al. 2016).
Plants fight osmotic stress by enhancing the production of polyols, trehalose (glyc-
erol, inositol, sorbitol) and amino acids (glycine, betaine, taurine and proline) that
equilibrate the required osmotic level in plant cells. Plants, in response to heavymetal
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Fig. 23.4 Mechanism of action of nanomaterials under abiotic stress conditions in a particular
plant cell (Source Jalil and Ansari [2019]. Arrows in red specify abiotic stress effect and the toxic
effect of nanomaterials eventually leading to cell death. Arrows in green illustrate the affirmative
role of nanomaterials by acting as stress signal molecules that initiate the defense machinery on
order to mitigate abiotic stress conditions in plants [ROS = reactive oxygen species])

stress generate a large number of organic acids, polyphosphates and metal-chelates
which result in accumulation of toxic metals in the plant cell plasma membrane.

23.4 Signaling Mechanism of Nanomaterials Under Abiotic
Stress

NMs have a prime role in the growth and developmental processes of plants and
protect them against AS (Khan et al. 2017). During AS the most common result of
plantNM interaction is the production of ROS.NMs have the unique ability to imitate
the activities of antioxidative enzymes and scavenge these ROS. NMs thus not only
stimulate the production of ROS (Qi et al. 2013), but also replicate the activity of
antioxidant enzymes to scavenge ROS (Fig. 23.4) (Wei and Wang 2013). The action
of NMs can be viewed as a twoway process where on one hand the ROS production is
a trigger for the start of plant defensemechanismand can be scavenged by thembut on
the other hand also cause oxidative stress. In the plant photosynthetic process under
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AS, NMs enhance the rate of photosynthesis by conquering osmotic and oxidative
stress and thus protect the photosynthetic machinery (Fig. 23.4). TiO2 NMs affect
the plant photosynthetic process positively by increasing light absorbance, increasing
transport and conversion of light energy, protecting chloroplasts against aging and
increasing the photosynthetic time of chloroplasts by removing extreme light and
enhancing antioxidant enzymatic activities (Ioannou et al. 2020). However, response
of plants to NMs differs depending on the type of plant species and the type and
concentration of NMs used. There are evidences also which have shown that NMs
present many toxicity symptoms (Slomberg and Schoenfisch 2012). Decrease in
shoot, root and germination rate of plants induce oxidative stress, decrease crop
yield, rate of photosynthesis (Wang et al. 2016b) and nutritive value of crop plants
(Peralta-Videa et al. 2014). Also, studies have shown that NMs interfere with gene
expression involved in cell organization, cell biosynthesis, energy pathways and
electron transport in AS response (Van Aken 2015). The properties of NMs such as
small size and large surface area are readily available for binding to the toxic metals,
therefore decreasing the toxicity and accessibility of heavy metals.

Nanomaterials enter the plant system via symplastic or apoplastic pathway
depending upon a number of factors. The possible transport route of NMs through
the plant system and its entry in a particular plant cell is shown diagrammatically
in Fig. 23.5. Moreover, the transport of NMs takes place from the shoot to the root
via phloem and from the root to the shoot via xylem. However, the path and the
mechanism of entry are highly variable factors depending upon the concentration
and the type of NM in use; in addition to the plant species, irrigation conditions and
the soil composition.

A number of studies indicate that NMs mediated effect on growth and develop-
ment of plants is concentration dependent and is also involved in the upregulation
of activity of a number of antioxidant enzymes (Laware and Raskar 2014). Laware
and Raskar (2014) performed a study on onion seedlings in presence of TiO2 NMs;
where it was observed that TiO2 NMs promote the activity of superoxide dismutase
enzyme which in turn improved the concentration of NMs. But, seedling growth and
seed germination in onion enhanced at low TiO2 NM concentration while the effect
was suppressed at elevated concentrations. In addition to concentration dependent
increase of superoxide dismutase, there was a considerable generation of amylase
(hydrolytic enzyme); peroxidase and catalase enzyme activities, even though activity
of TiO2 was higher at lower concentration (~20 μg/mL) and low at a higher enzyme
concentration (40 and 50 μg/mL) (Laware and Raskar 2014). A number of studies
have shown TiO2 and SiO2NMsto have the ability to augment seed germination
along with growth of soya bean (Glycine max) seeds (Jalil and Ansari 2019). Exper-
iments done using Ag and AgNO3 NMs with Eruca sativa L. Cav. has been reported
to alter the proteins involved in redox reaction and sulfur metabolism in its roots
(Vannini et al. 2013). Figure 23.6 shows the uptake route of AgNMs in major cell
organelles of plants. Exposure of Ag and Ag+NMs encased using polyvinylpyrroli-
done (PVP) in the thale cress (Arabidopsis thaliana) plant regulated the expression
of stress related genes (Kaveh et al. 2013). In tobacco plants, application of TiO2 and
Al2O3NMs upregulates expression of miRNAs in presence of metal stress, although
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Fig. 23.5 Factors affecting uptake, movement and penetration of nanomaterials in plants systems.
aNanomaterial traits affect application, intake, transportation and translocation in the plant. b Inter-
action of nanomaterials in the soil system. c Nanomaterials can follow the apoplastic and/or the
symplastic pathways or radial movement for travelling through the plant body. d Intakemechanisms
of nanomaterials into plant cells (Source Pérez-de-Luque 2017)

increase in NMs concentration resulted in reduced biomass, wilting, decreased leaf
size, root growth and reduction in leaf counts (Frazier et al. 2014). In another case,
it has been found that the exposure of iron NMs (zerovalent) in Arabidopsis upreg-
ulated AHA2 (involved in stomatal opening) gene expression enhanced tolerance to
drought (Kim et al. 2015). Besides, under different stress conditions the treatment
of Ag NMs TiO2 and multiwall carbon nanotubes (CNTs), on Arabidopsis thaliana
suppressed the expression of genes regulating root-development and phosphate star-
vation (García-Sánchez et al. 2015). A recent study, showing that SiO2NMs play a
protective role in barley in response to NiO NM stress, described that the applica-
tion of NiO NMs on barley results in excessive production of ROS causing oxidative
stress and enhanced lipid peroxidation. Interestingly, the application of SiO2 NMs on
plants already treatedwithNiONMs enhanced rapid antioxidant response, decreased
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Fig. 23.6 Uptake route and metabolic pathway of AgNMs in major plant cell organelles (Source
Tripathi et al. [2017]. This is an open-access article distributed under the terms of the Creative
Commons Attribution License [CC BY])

lipid peroxidation levels and stimulated redox pathway thus mitigating phytotoxicity
of NiO NMs (Soares et al. 2018). Several works have presented increases in plant
vigor when applying NMs. In a study by Anandaraj and Natarajan (2017) increases
in germination, bud and root length, and vigor index was observed when the seeds of
A. cepa L. were coated with 1000 mg/kg of ZnO, Ag, CuO, and TiO2 NMs. Another
study reported that the application of ZnO NMs (0.75 g) enhanced germination of
seeds, root, sprout and plant length (Pérez-Labrada et al. 2020).

Plants have an in-built defense mechanism that aids in combating AS (Yolcu
et al. 2016). It leads to the reprogramming of metabolic processes in plant systems
(Massad et al. 2012) and assists progressions in bio-physicochemical processes of
AS (Jalil and Ansari 2019; Mickelbart et al. 2015). Plant defense system is activated
by a signaling network which activates the molecular machinery in response to stress
conditions. In signal transduction, calcium (Ca) ions act as secondmessengers. Stress
signals via signaling network causes entry of Ca2+ ions into the cytosol using Ca2+

ion channels, which results into build-up of Ca2+ ions in the cytosol (Khan et al.
2014). Nitric oxide (NO) has been observed to increase the number of Ca2+ ions
in the cytosol during various stress conditions (Khan et al. 2012) and therefore
Ca2+ ions in turn leads to the synthesis of NO (Jalil and Ansari 2019). In the roots
of Oryza sativa the application of Ag NMs result in formation of NM responsive
proteins that are involved in the signaling and regulation of Ca2+ions, apoptosis,
protein degradation process, oxidative stress response pathway, synthesis of cell
wall, transcription and cell division. Also, it is postulated that Ag NMs bind with
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Ca2+ ion channels using Ca2+ ion receptors affecting cell metabolism (Mirzajani et al.
2014). It is observed that the interaction of C60 nanocrystals brings about functional
changes in Ca2+/calmodulin-dependent protein kinase II (Miao et al. 2014). The C60
molecule has a cage-like fused-ring structure which is formed when a single carbon
atom is placed at each vertex and has all valences satisfied by the presence of two
single bonds and a double bond. Also, in Arabidopsis thaliana the use of cadmium
sulfide QDs resulted into overexpression of Ca-dependent protein kinase 23 and
Ca-binding protein CML45 (Marmiroli et al. 2015). In plants, against various AS
conditions these Ca-binding proteins have been known to influence stress response
and overexpression resulting into improved resistance (Boudsocq and Sheen 2013).

NMs improved nitrate reductase enzyme activity in plants, increasing concentra-
tion of nitric oxide to modify immune response (Chandra et al. 2015). On the other
hand, it has been shown that nitric oxide results into NMs-induced toxicity and stim-
ulates the gene expression of antioxidant molecules in addition to suppressing the
generation of ROS and lipid peroxidation (Chen et al. 2015). NMs mimic Ca2+ions
and thus bind to Ca-binding proteins accelerating the course of stress responsive
genes (Mirzajani et al. 2014). In addition, the application of NMs increase the expres-
sion of genes related to cell division, cell elongation and stress response (Almutairi
2016). Evidences from studies in plant cells on NM-induced phytotoxicity have
shown greater generation of ROS which act as toxic compounds and signaling
molecules (Fig. 23.4). ROS play a number of roles governed by their production
and scavenging activity. However, any kind of imbalance in any of these processes
results in highly increased or decreased production and the accessibility of ROS,
causing oxidative stress thus leading to signal disturbance. Alternatively, a balance
is maintained by production and subsequent scavenging of ROS. Also, it has been
observed that higher concentrations of NMs are lethal, while its lower concentra-
tions are helpful or have no visible effect on plant’s system. It is thus concluded that
lower concentration of NMs maintain an active antioxidant defense system which
in turn regulates the production of ROS into an accurate concentration sufficient for
signaling system but insufficient to trigger damage (Syu et al. 2014).

23.5 Mode of Action of Nanomaterials Under Abiotic Stress

23.5.1 Drought Stress

Of all types of abiotic stresses, drought is the most prevalent type of stress and is the
main cause for limiting crop production in the arid zones of the world. A number of
studies have indicated that the use ofmicronutrients can be used to improve the effects
of drought stress. Studies conducted on hawthorns (Crataegus sp.) have revealed that
application of different concentrations of Silicon (Si) NMs result in increased toler-
ance of plants to water stress(Ashkavand et al. 2015). Physiological and biochemical
responses in seedlings of hawthorn varywith concentration of Si NMs at varied levels
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of dehydration stress. These results indicated that by pretreatment of Si NMs there is
a positive impact on photosynthetic parameters, water content, proline, ion leakage
of membranes, leaf pigments, melondialdehyde (MDA) and carbohydrate content.
Experiments have shown that the use of Si NMs on two sorghums (Sorghum bicolor
(L.) Moench) cultivars having differential susceptibility to drought conditions have
shown enhanced drought tolerance irrespective of their drought susceptibility by
decreasing shoot to root ratio and the maintenance rate of photosynthesis. Similar
conclusion could be drawn for drought tolerance in case of sorghum by increasing
their water uptake efficiency (Jalil and Ansari 2019). SiNMs have possibly been
employed to alleviate the effects of stress due to water shortage. Pei et al. (2010)
have performed a study using wheat which points out that the exposure of plants to
sodium silicate (1.0mM) could reasonably lessen the detrimental effects of stress due
to drought. Application of Si NMs have been known to improve shoot growth, main-
tains water potential of leaves and enhances their chlorophyll content. Also, in wheat
it decreases membrane lipid peroxidation(Pei et al. 2010). In germinated seeds, Zn
NMs can enhance growth of radicle and its high content in grains can amplify seed
viability particularly in areas having Zn-deficiency. Sedghi et al. (2013) have veri-
fied through experimentation that ZnO NMs have the potential to increase rate and
percentage of seed germination in soybean in comparison to those under water stress.
They further suggested that under water stress conditions, the application of ZnO
NMs enhances resistance to drought, reduces dry and fresh weight of seeds which
illustrates that they are effective in growth and germination of seedlings (Sedghi
et al. 2013). Another essential micronutrient is ‘iron’ which has an important role
to play in the growth and development of plants. Its deficiency is related to crucial
changes in metabolic machinery and causes chlorosis. Studies have revealed that
under water stress the most crucial effects of iron (Fe) NMs is on plant features for,
e.g., the number of bolls/branch, the number of seeds/boll, thousand-seed weight and
the probable produce. Application of Fe NMs directly on the leaves of the safflower
cultivars exhibiting drought conditions nullifies its effects on the biomass and its
oil content. Treatment of Fe NMs also augments biomass at two phases of gran-
ulation and flowering, even though it was improved at the flowering period than
at the seed formation stage in comparison to the plants under water stress without
the application of Fe NMs (Zareii et al. 2014). The deficiency of the micronutrient
iron leads to chlorosis and forms a major constituent of several enzymes. Foliar
application of iron NMs on safflower has been reported by Zareii et al. (2014) to
reduce the undesirable effects of water stress (Zareii et al. 2014). Foliar application
of titanium NMs on wheat diminishes the adverse effects of water stress showing
agreeable results on its gluten and starch content. Results have indicated that the
use of 0.02% TiO2NMs show improvement in terms of many agronomic characters
such as ear number, ear weight, plant height, seed number, thousand-seed weight,
final yield, biomass, starch content, harvest index including gluten, under drought
stress (Jaberzadeh et al. 2013). AgNMs have shown appreciable results in decreasing
the negative effects of water stress on lentils (Lens culinaris Medic). A combined
study of application of AgNMs and Poly Ethylene Glycol (PEG) in lentil seeds has
shown positive results in terms of germination percentage and rate, root freshness
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and length and seed dry weight. Also, AgNMs use could be ascribed to decreasing
water stress as well as loss of plant yield and growth (Hojjat and Ganjali 2016; Jalil
and Ansari 2019). Analcite [(AlSi2O6)-H2O], a naturally occurring mineral has been
used in wheat and corn seedlings by Zaimenko et al. (2014) to study its effect in
improving resistance to drought. By their experimental study they described that the
use of analcite NMs appreciably improved water stress by increasing photosynthetic
pigments and buildup of antioxidants that are protective in nature (Zaimenko et al.
2014).

The plant root cell walls is the main entry point through which Ag NMs enter in
plant cells (Fig. 23.6). Seghatoleslami et al. (2015) found that under drought use of
silver (Ag) NMs had no role in enhancing water use efficiency and yield of Carum
copticum plant (Seghatoleslami et al. 2015). Also, the NMs have been shown to hold
on to root cells and trigger physical injury, obstruct pores and decrease root hydraulic
conductivity causing decreased water absorption and capacity to uptake nutrients
(Khan et al. 2017; Martínez-Fernández et al. 2016). Mingyu et al. (2007) studied the
effect of nano-anatase TiO2 in spinach by analyzing oxygen evolution and energy
transfer in photosystem II (PSII) protein complex. Itwas analyzed that the appropriate
TiO2 concentration applied increases the absorbance of visible light and improves
energy transfer among amino acids within PSII complex and improves energy trans-
port to chlorophyll a (Chl a) from the tyrosine residue and oxygen evolution in PSII
complex (Khan et al. 2017;Mingyu et al. 2007). In contrast,Kiapour et al. (2015) have
shown experimentally that the use of TiO2 NMs could not improve drought stress
but enhanced the harmful effects of drought stress (Kiapour et al. 2015). Physiolog-
ical and biochemical performance of common flax or linseed (Linum usitatissimum
L.) has been analyzed. Researchers studied the effect of different concentrations of
nano-anatase TiO2 (0, 10, 100, and 500 mg l−1) under drought stress conditions.
They concluded from this study that the application of lower dose of nano TiO2on
the external plant surface helped in alleviating the damage induced due to drought
in comparison to that using higher dose (Aghdam et al. 2016; Khan et al. 2017).

23.5.2 Salinity Stress

Major crop plant species in theworld belong to lycophytes, which are also susceptible
to salt stress. Therefore, under critical environmental conditions such as salt stress
crop productivity can dwindle (Munns and Tester 2008). It impacts many physiolog-
ical and biochemical processes related to plant development and production. Most
common consequences of salinity stress are nutritional imbalance, ionic toxicity (salt
stress), lowering of osmotic potential. Some of the essential plant processes which
are severely affected by salt stress are photosynthesis, protein synthesis and lipid
metabolism. the effect of a hydrophilic polymer coating (polyacrylamide) and plant
growth regulators i.e. gibberellic acid (GA3) and salicylic acid (SA) were evaluated
on the performance of dill (Anethum graveolens L.) plants under salinity conditions
(Ioannou et al. 2020). The application of nano-silicon enhanced tolerance to salt
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stress in cherry tomato (Solanum lycopersicum var. cerasiformeDunal) by activating
antioxidant defense system (Tanveer et al. 2020). Salinity poses a big challenge to
the overall plant productivity as it has the capacity to limit productivity of food crops.
Thus, salinity stress is a hurdle in the path of sustainable food production. In present
times, NMs are used as a pivotal tool for enhancing growth and productivity of all
crop plants under adverse salt stress conditions. Excessive accumulation of NaCl in
the soil causes salinity stress which causes ionic and osmotic stress in the plants.
The ability of the plants to take up minerals and water to its apex is hampered by
osmotic stress, while ionic stress caused due to buildup of Na+ions in the cytosolic
space leads to lower K+/Na+ ratio (Khan et al. 2012) and generation of ROS in large
amount results into acute damage to biological molecules thus resulting into leakage
of electrolytes affecting metabolic activities of cytosol (Ismail et al. 2014). Silicon
(Si), the second most abundant element present in soil, considerably decreases salt
stress and improves the process of seed germination and activities related to antiox-
idative enzymes, rate of photosynthesis andwater content present in the leaves (Qados
and Moftah 2015).

The application of nanofertilizers is a prospective method to deal with issues such
as soil toxicity. Plants take up a very less concentration of chemical pesticides and
fertilizers than the quantity that is being added to soil. The left over chemicals there-
fore remain unutilized, collect in the soil strata and result in soil toxicity. The foliar
application of Si NMs (5–15 nm) in peregrina (Jatropha integerrima Jacq.) under
salt stress enhanced the thickness of palisade, mesophyll, and spongy parenchyma
(Pérez-Labrada et al. 2020). SiNMs and Si based fertilizers have experimentally been
used to treat basil (Ocimum basilicum L.) under salt stress by showing promising
effects on its vegetative features and morphological characteristics such as consider-
able increase in chlorophyll content, proline level and other growth and development
indices. It was inferred that this could be due to increased tolerance to salt stress
in basil (Kalteh et al. 2018). Some other studies have shown that the application
of SiO2NMshave increased leaf dry weight, leaf fresh weight, chlorophyll content,
upregulation of antioxidant enzyme activity and proline accumulation under salt
stress. Such studies have substantiated the fact that use of Si NMs is related to
increase in the AS tolerance in plants (Kalteh et al. 2018). Use of Si NMs on geno-
types of lentil (Lens culinaris Medik.) under salinity stress has resulted into major
rise in seed germination, early seedling growth and other related traits in compar-
ison to non-treated plants under salt stress. Therefore, in plants SiO2NMs improve
diverse defense mechanisms against salinity stress (Sabaghnia and Janmohammadi
2015). Under salt stress, increase in Na+ ion concentration takes place which leads
to ionic toxicity in turn causing decreased crop growth and productivity. Studies
performed in maize under salt stress indicate that after the application of SiO2 nano-
materials, the fresh and dry weight of the plant shoot and its root increase (Jalil and
Ansari 2019). Si NMs mitigate salt stress probably by decreasing the concentration
of Na+ ions by reducing their absorption by tissues of plants. Another experimental
study in case of broccoli (Brassica oleracea) under salinity stress involves the use of
multi-walled carbon nanotubes (CNTs) known to stimulate transportation of water
by enhancing aquaporin transduction and the net assimilation of CO2, changing the
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properties of salt stressed root plasma membrane slightly in order to increase growth
(Martínez-Ballesta et al. 2016).

23.5.3 Temperature Stress

It is a prime cause affecting the growth and productivity of crop plants. It comprises-
low temperature stress (cold/chilling stress) and high temperature stress. Chilling
stress (0–15 °C) results from temperature low enough to cause injury in plant tissues
without the formation of ice crystals, whereas high temperature stress is induced
by the rise in temperature over a key threshold level for significant durationof time
adequate enough to result in an irreversible damage to the plant processes.

23.5.3.1 Chilling Stress

Very low temperatures have been known to cause chilling stress capable of damaging
plant cells and tissues (Hasanuzzaman et al. 2013). It causes distortion of cell wall
permeability and ion leakage from themembrane, which impacts the plant negatively
by reducing its growth and germination (Jalil and Ansari 2019). Plant species have
the ability to adapt and respond to different kinds of chilling stress according to their
tolerance ability (Heidarvand et al. 2011; Jalil and Ansari 2019). TiO2NMs have
got the capacity to decrease the negative effects of extreme low temperature stress
by reducing the damage caused by ion leakage from the membrane (Mohammadi
et al. 2013). Photosynthesis, an integral plant mechanism is vulnerable to chilling
stress. Plant photosystems are affected by chilling stress in a number of ways such
as reduction in their chlorophyll content, rate of transpiration, CO2 assimilation and
degradation of Rubisco (photosystem enzyme) (Liu et al. 2012). In the plant photo-
system, NMs increase production of the enzyme Rubisco (Jalil and Ansari 2019),
ability of chloroplasts to capture light (Ze et al. 2011) and inhibiting ROS production
(Giraldo et al. 2014). In the presence of TiO2NMs there is a spike in the production
of chlorophyll binding protein gene expression and Rubisco (Hasanpour et al. 2015),
antioxidant enzyme activity (Mohammadi et al. 2014), susceptibility to chilling stress
and leaf pigments. Plants suffering with chilling stress have increased levels of dehy-
droascorbate reductase, glutathione reductase and monodehydroascorbate reductase
activities that scavenge ROS and upregulated MeCu/ZnSOD and MeAPX2 genes,
which results in decrease in oxidative stress, i.e., chlorophyll degradation, lipid perox-
idation, H2O2 generation and finally increased levels of stress tolerance (Xu et al.
2014). Though, exposure of plants to NMs along with extreme low temperatures
have shown improved biochemical physiognomies and growth profile in presence of
chilling stress (Haghighi et al. 2014; Kohan-Baghkheirati and Geisler-Lee 2015).
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23.5.3.2 Heat Stress

Stress caused due to heat or high temperature at such a critical point for a longduration
of time so as to result in an irreversible loss to the growth and developmental activities
of plants is called heat stress. Extreme temperatures have the ability of triggering
off the generation of ROS and production of oxidative stress, which causes lipid
membrane degeneration and ion leakage from the membrane, preceded by protein
degradation (Karuppanapandian et al. 2011) in addition to reduction in chlorophyll
content and the rate of photosynthesis (Prasad et al. 2011). Se NMswhen used in low
concentrations lessen the effect of stress caused by heat by improving chlorophyll
content of plants, hydration ability and plant development (Haghighi et al. 2014).
At low concentrations, Se NMs exhibit antioxidative properties to plants; on the
other hand their high concentrations induce oxidative stress (Hasanuzzaman et al.
2014). In the duration of heat stress, some molecular chaperones and heat shock
proteins are synthesized by plants. Heat shock proteins are involved in heat stress
resistance and aid other proteins in carrying on their constancy during the period of
stress conditions. Studies have described that the multiwall CNTs play a role in the
upregulation of gene expression of heat shock proteins, e.g.,HSP90 (Khodakovskaya
et al. 2011). Also, in maize the exposure of CeO2NMs results in disproportionate
generation of H2O2 particles and thereafter the upregulation of HSP70 (Zhao et al.
2012). In addition, the application of plants using TiO2 NMs decreases the effect of
heat stress by regulating the process of opening of stomata (Qi et al. 2013).

23.5.4 Heavy Metal Stress

Globally, heavymetal stress is a severemenace to crops plants due to increased levels
of toxicity and reduced plants growth (Chibuike and Obiora 2014). Plant growth is
hampered due to heavy metal toxicity in the soil since it results in deficiency of
essential nutrients in the soil due to interruption of the process of uptake of essential
minerals and suppression of enzyme activities (Capuana 2011). Addition of heavy
metals enhances extensive production of ROS, thereby causing oxidative damage to
the cell by changing cell structure, decreasingmembrane permeability, and degrading
proteins (Sharma et al. 2012). On the other hand, plants have developed their defense
systems in order to combat stress due to heavymetals. Also, plants produce polyphos-
phates, organic acids and metal-chelates which minimize the intake of heavy metals,
activate antioxidant enzymes that scavengeROS and releasemetal ions. Activation of
the plant defense systems is an important requisite for developing resistance against
heavy metals. Experimental results have shown that NMs are extremely successful
in decreasing phytotoxicity induced by heavy metal stress (Tripathi et al. 2015).
NMs being very small in their size and having large surface area can easily pene-
trate into plant cell wall and also possess high affinity towards heavy metals. Studies
have shown that introduction of quantum dots (QDs) decreases access of Pb and Cu
(Worms et al. 2012). Though, the entry of heavy metals through the plant cell wall
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(crossing the biophysical barriers and entering into the plant cell) have the ability
to respond to stress by activating antioxidant enzymes and building up nutrients and
biomolecules in order to combat heavy metal stress. Studies have suggested that the
exposure to TiO2NMs decreases cadmium toxicity, enhances photosynthetic rate and
plant growth (Singh and Lee 2016). In brown mustard (Brassica juncea L. Czern.),
hydroxyapatite NMs treatment decreases cadmium toxicity (Siddiqui et al. 2014). In
pea, supplementing Si NMs in plant growth media lessens the toxicity of chromium
(Tripathi et al. 2015). In one such recent study, the application of Si NMs in plants has
ameliorated the effects on Cr induced toxic effects (Tanveer et al. 2020). In addition,
treating cowpeas using gold ions stimulates the decrease of Au3+ to non-toxic gold
NMs by phenolic compounds in germinating seeds (Shabnam et al. 2014).

23.5.4.1 Nanomaterials and Phytoremediation Against Heavy Metal
Stress

NMs in addition to reducing metal-induced toxicity in the plants, act as effective
adsorbents of metal ions and are essential in phytoremediation process of metal ion
removal from the contaminated zones (Singh and Lee 2016). Studies have shown that
maghemite nanotubes (NTs) can be used for the extraction of metal ions from water
by acting as a potential magnetic nano-adsorbent (Roy and Bhattacharya 2012).
Nano-composites made up of silica/graphite oxide act as a useful adsorbent for
removing metal ions, while graphite oxide removes nearly 90% metal ions (Sheet
et al. 2014). There are reports that strong reductant ions such as zerovalent iron (ZVI)
NMs have the ability to decompose halogenated hydrocarbons (HCs) in water and
soil (Khan et al. 2017). Use of ZVI NMs in farmyard manure improved Cr(VI) to
Cr(III) reduction by giving rise to microbial activity causing reduced bioavailability
of Cr(VI) by Brassica juncea plant (Table 23.1). The response of plants to NMs
depends on the NMs applied and the type of plant species. Zn and ZnO NMs for
example, considerably slow down the process of root growth and seed germination of
cucumber, corn, ryegrass, radish, rape and lettuce while AlNMs support the growth
of rape and radish root (Khan et al. 2017). Also, in presence of TiO2NMs,microalgae
Microcystis aeruginosa (Kützing) showed enhanced toxicity symptoms due to Cd
when graphene oxidewas introduced into themedium (Tang et al. 2015), while Singh
and Lee (2016) reported that Cd toxicity decreased (Table 23.1). Other literature
studies pointing to the fact that the root growth response of different plants varies
with varying NMs can be observed in Table 23.1.

23.5.5 Other Stresses

In addition to above described types of stresses, plants do encounter a number of
other stress types like flooding stress, post-harvest stress and UV-B radiation stress.
These stresses damage flowers, vegetables and plants in a number of diverse ways.
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23.5.5.1 Flooding Stress

Flooding stress is caused by an inadequate supply (up to 104-fold slower rate of
diffusion) of oxygen (hypoxia) in water than in the air. Under hypoxic conditions,
plant experiences energy deficient conditions, up-regulation of ethylene synthesis-
related genes and decreased respiration rate (Khan et al. 2017). Hypoxic conditions
hamper the process of seed germination, hypocotyl pigmentation and root growth
(Komatsu et al. 2012) and vegetative and reproductive growth (Khan et al. 2017).
Flooded plants are devoid of energy supply due to reduction in the number of Adeno-
sine Triphosphate (ATP) molecules formed under hypoxic conditions, therefore in
order to sustain energy level to run cellular process plants are enforced to switch to
fermentation from their carbohydrate metabolism (Banti et al. 2013) and pyruvate
decarboxylase and alcohol dehydrogenase genes are up-regulated during flooding
stress (Mustafa et al. 2015b). NMs nevertheless, reduce flooding stress and enhance
plant growth by hindering ethylene biosynthesis (Syu et al. 2014). Ag NMs treated
plants may possibly experience less oxygen-deprivation conditions therefore, these
genes are down-regulated and glyoxalate II production is decreased at the transcrip-
tional level (Mustafa et al. 2015b) causing better growth of treated plants under
flooding stress (Rezvani et al. 2012). A gel-free proteomic technique in soybean
under flooding stress showed that Al2O3NMs performed better than ZnO and Ag
in improving plant growth by regulating the process of energy metabolism and cell
death (Mustafa et al. 2015a). Based on the information available on use of NMs
in plant interaction during flooding stress, NMs play a significant part in reducing
hypoxic conditions under flooding stress by alteringmetabolism and gene expression
thereby leading to improved plant performance under flooding stress (Table 23.1).

23.5.5.2 Post-Harvest Stress

Transport of horticultural items to long-distances anddifferent handling issues related
to their commercial movement result in a number of post-harvest stresses. Some of
these is the generation of ROS, reduction in the production of plant chlorophyll (chl)
content, enhanced ethylene production, membrane damage, suppression in photo-
synthetic and antioxidant enzyme activities (Khan et al. 2017). All these factors
collectively lead to modifications in the cellular machinery thus leading to senes-
cence and abscission altogether affecting the commercial worth by reducing the
shelf life of plant and plant products. Horticultural items suffering from post-harvest
stress is attributed by oxidative stress, lipid peroxidation, increased respiration and
water loss which affect weight and nutritive value of the product (Ouzounidou and
Gaitis 2011). Applications of NMs in plants alter their physiological and biochem-
ical processes and help in prevention of loss of fruits, vegetables and ornaments.
Silver (Ag) ions are studied to restrict abscission process of flower buds and flowers
(Khan et al. 2017). Use of Ag NMs and copper (Cu) NMs improve longevity of
chrysanthemum flowers and shelf life of parsley leaves respectively (Kazemipour
et al. 2013). Increased petal longevity has been reported by use of Ag NMs on oxida-
tive stress induced by dark stress. It was also found experimentally that the combined
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application of thidiazuron and Ag NMs during storage in the dark decreased petal
abscission in four cultivars of geranium (Hatami and Ghorbanpour 2014).

23.5.5.3 UV-B Radiation

Ultraviolet-B (UV-B, 280–315 nm) radiations which are non-ionizing and non-
photosynthetically active radiations promote production of ROS in plant cells (Khan
et al. 2017) that damage several cellular processes (e.g., photosynthesis), chloroplast
structure and DNA as well (Hideg et al. 2013). In order to combat harmful UV-
radiations plants have adapted to enzymatic and non-enzymatic antioxidant defense
system by accumulation of phenolic compounds (Khan et al. 2017). NMs protect
plant photosynthetic systems against UV-B stress by increasing chlorophyll content,
improving Rubisco enzyme activity, process of light absorption, transformation and
transport of light energy, suppressing oxidative stress and absorbing harmful UV-
radiations (Table 23.1). In contrast, presence of NMs in the plant growth medium
may stimulate the harmful effects of UV-radiations. For example, the application of
CuO NMs alone had no harmful effects; however their use in combination with UV-
radiation caused major negative influence on many biochemical and physiological
aspects ofwesternwaterweed, i.e.,Elodea nuttallii (Planch.) H. St. John (Regier et al.
2015). Likewise, another study in wheat plants pointed that the combination of Cd
telluride-QDs andUV-B radiation reduced antioxidant enzyme activities, chlorophyll
content and enhanced DNA damage (Chen et al. 2014).

23.6 Conclusions and Prospects

Nanotechnology has a number of applications in the agricultural sector like
nanobiosensors, nanopesticides, nanofertilizers or as agents for environmental reme-
diation. The response of application of NMs varies according to the plant species
and may help to improve the growth and yield of crop plants. Based on the data
available, it is clear that NMs help in decreasing the damage caused by the stress
induced by abiotic factors by activating plants’ defensemechanism.NMs being small
in size allow easy penetration and regulation of water channels which promotes plant
growth and germination of seeds. Increase in surface area promotes enhanced adsorp-
tion and directed delivery of materials. On the other hand, NMs are known to activate
ROS generation along with many other toxic effects in plants. Increase in level of
ROS by NMs can be linked to increase in stress signals that might trigger defense
system of plants in more effective way. However, with regard to the mechanism of
action of NMs, the data currently available is emerging and incoherent to sum up
the complete mode of action. Though, on the basis of some of the studies and find-
ings it can be said that NMs either imitate Ca2+ions or other signaling molecules
present in cytosol or some other NMs-specific proteins. As a result, induction of
a range of signaling molecules promotes gene expression resulting into improved
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stress tolerance. However, a definite understanding about nanomaterials’ fate and
environmental impact/s will facilitate complete picture about the behavior, role, fate
and ecotoxicity of NMs. Effectiveness and mechanism of action of NMs can be opti-
mized by regulating their properties. Hence, extensive progress in the development
of improved methods of synthesis will be of immense use to improve their efficacy.
Further, knowledge at the field level and molecular studies based on a varied class
of NMs in different plant species would be extremely helpful for implementation of
nano-based strategies at a large-scale. In order to tackle existing bottlenecks in the
sustainable development of agriculture, incorporating nanotechnology in new and
emerging technologies is urgently required. Developments in the near future include
incorporating nanoparticulate formulations having better selectivity and higher effi-
cacy in the agricultural sector. These should be made easily available to the farmers
at a viable rate. Since not much is known about the fate and toxicity of nanomaterials
in the environment this aspect needs to be further researched. Use of nanotechnology
in a balanced way that does not harm the environment or its components is the key
to developing sustainable agriculture.
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Chapter 24
Nanomaterials in Combating Plant
Stress: An Approach for Future
Applications

Zahra Iqbal, Mohammad Israil Ansari, Anjuman Gul Memon,
Garima Gupta, and Mohammed Shariq Iqbal

Abstract In a present scenario, the global agriculture system has been adversely
affected by climatic changes. Apart from this, natural as well as human activities
have added various xenobiotics type nanomaterials to our environment, leading to
deprived crop productivity and food security. In order to overcome such problem,
nano-engineering has been emerged as a noble tool for improving production of
crops and food sustainability. However, at present nano-engineering techniques has
been employed in the crop fields and gaining more and more consideration, but
plant- nanomaterial interaction is still in early stages of study. Apart from this, the
fortune and transformation of the nanomaterials within plants system is still the
subject of consideration. As a result, many investigations have been carried out
concerning nanomaterials and their applications in diverse fields together with nano-
agricultural products like nano-fertilizers, nano-herbicides, and nano-pesticides. In
addition, these nanomaterials can be used as a source of nano-remediation in the field
of agriculture having various environmental issues such as sustainability in agricul-
ture, management of plant diseases with crop protection, management of wastewater,
limiting nutrient loss and most importantly, enhancing plant’s ability towards abiotic
stresses. However, nanomaterials when used at higher concentrations may cause
toxic effects due to the production of free radical species, thereby affecting plant
growth as well as development. Consequently, an extensive research is required at
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cellular, sub-cellular and molecular level so as to define the performance of nano-
materials in restraining the plants against various stress factors. Thus, the present
chapter provides an overview on the role of nanotechnology in sustainable agricul-
tural practices with an understanding of plant-nanomaterials interaction, in order to
better understand their implications with respect to stress physiology of plants for
their future applications in plant science.

Keywords Abiotic stresses · Agriculture · Nanomaterials · Nanotechnology ·
Plant stress

24.1 Introduction

It has been observed that high yield production from crop plants primarily depends
upon the soil quality, water availability and various other environmental conditions
like light, temperature and so on (Hakeem 2015; Meena et al. 2017; van der Laan
et al. 2017). Any fluctuations in the aforesaid environmental conditions may affect
the yield of plant, leading to diminished productivity (Daryanto et al. 2017; Donfouet
et al. 2017;He et al. 2017).However, climatic variations togetherwith human involve-
ments resulted in severe declined in soil fertility, thereby causing decrease in crop
productivity (Chen and Lackner 2017; Khan and Akhtar 2015). Apart from this, due
to the practice of outdated techniques for fertilization as well as irrigation including
other methods of agriculture has been led to escalate this issue (Manyi-Loh et al.
2018; van der Laan et al. 2017). The remedy for such a problem is the usage of novel
technologies in fertilization and irrigation with identifying plant nutrition, which is
less toxic to food crops (Bargaz et al. 2018). Apart from this, the advancement of
new strains of plants species that can tolerate biotic and abiotic stresses are needed
(Rejeb et al. 2014). As abiotic factors are concern, nanoparticles that are naturally
synthesized are common element of biological systems that have various structures
and broad range of biological roles (Hedayati et al. 2016). Amongst novel technolo-
gies, nanotechnology is a developing and fast emerging field of science that can
assist in improving these stress parameters by various methods such as development
of competent antioxidant system and fertilizers that are more competent and less
harmful (Zuverza-Mena et al. 2017). Abiotic and biotic stress factors responsible
for plant stress have be reported by various researchers (Abiri et al. 2017; Calanca
2017; Pandey et al. 2017; Wani et al. 2016). The abiotic stresses that involve salinity,
flooding, drought, ultraviolet radiation, freezing and chilling including various other
factors leads to worldwide damage in crop production (He et al. 2018; Li et al. 2017;
Wani et al. 2016). Several researchers have reported plant abiotic stress, including
other stresses as a result of adverse environmental conditions, such as temperature
fluctuations, high intensity UV rays, drought conditions, freezing, salinity and heavy
metal concentrations and hypoxia (Ahmad and Prasad 2012; Hirt and Shinozaki
2004; Pandey et al. 2015; Waqas et al. 2019). Moreover, recent research on plant
abiotic stress at cellular, sub-cellular and molecular level have also been reported
(Asensi-Fabado et al. 2017; Iqbal et al. 2020; Mudalkar et al. 2017; Rossini et al.
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2016; Wang et al. 2017). Due to cumulative chances of climate variation around the
world and numerous abiotic stresses, pressing need is for adaptation and modifica-
tion of plant abiotic stress factors (Grover et al. 2011; Raza et al. 2019; Wani et al.
2016). Thus, an intense exploration on plant growth and developmental stages due
to diverse effect of abiotic stresses needs to be identified at morpho-physiological,
biochemical and molecular levels (Hasanuzzaman et al. 2013; Wani et al. 2016).
Diverse plant mechanisms in response of various abiotic stresses together with safe-
guarding their growth and development would be of remarkable importance (Zhu
2016). Though, the usage of nanomaterials is evolving, but there is need to come up
with significant solutions for plants response towards abiotic stresses with respect to
previously accepted solutions of plant abiotic stresses (de la Rosa et al. 2017; Hatami
et al. 2016; Iqbal et al. 2020; Reddy et al. 2016) (Fig. 24.1).

Owing to their distinctive physiognomies, nanomaterials have been already used
in numerous applications comprising of industrial, medicinal and agricultural divi-
sions (Jeevanandam et al. 2018; Khan et al. 2017; Patra et al. 2018; Servin andWhite
2016). Regarding the agricultural usage of nanomaterials, it has been observed that
an upsurge and indefinite use of nanomaterial was found; such as in nanopesticides
(Chhipa and Joshi 2016; Kah and Hofmann 2013), nanofertilizers (Ahmed et al.
2019; Chhipa and Joshi 2016; Tarafdar et al. 2014), nanosensors for nano-farming
(Bogue 2009; Chhipa and Joshi 2016; Yılmaz et al. 2017), soil nano-reclaimants

Fig. 24.1 Probable sources of nanoparticles (NPs) and its effect on plant with respect to its yield
and productivity. (Figure constructed by Mohammed Shariq Iqbal)
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(Floris et al. 2017; Patra et al. 2016), soil and water nanoremediators (Gomes et al.
2016; Gil-Díaz et al. 2017; Paul et al. 2018). The usage of such nanomaterials might
assist in limiting the utilization of various agro-chemicals such as fertilizers and
pesticides, which may lead to curtail environmental pollution thereby, helping in
sustainable agriculture (Panpatte et al. 2016; Shang et al. 2019). Concerning the
connection between plant stress and nanomaterials, various investigations have been
reported elucidating more information about their relationship (Kole and Banerjee
2016;Khan et al. 2017; Zaytseva andNeumann 2016). The foremost notable outcome
of plant abiotic stress is oxidative stress, which is in general first mode of action of
defense by the plants (Servin andWhite 2016). Due to oxidative stress, nanomaterials
could assist plants under stress in improving their defense system that comprises of
enzymatic antioxidants such as catalase (CAT), superoxide dismutase (SOD), and
peroxidase (POX) (Patra et al. 2016). However, when these nanomaterials used in
higher concentration may leads to oxidative stress in plants, which is due to the
production of reactive oxygen or nitrogen species (ROS or RNS) that leads to damage
the cell or its organelles (Iqbal et al. 2018; Khan et al. 2017; Zaytseva and Neumann
2016). Thus, plants and nanomaterials interactions under abiotic stress must be
explored under various morpho-physiological, biochemical and molecular levels.
Therefore, the objective of the present chapter is to provide better understanding of
nanoparticles-plant interactions with plant’s stress physiology, which could deliver
the future application of nanoparticles in sustainable agricultural practices.

24.2 Plants Uptake, Translocation and Biological Effects
Nanoparticle

Nanotechnology implicational strategies in plants requires a precautionary but exact
assessment of interactions between plant and nanoparticles (Shang et al. 2019).
It could deliver the understanding for the mechanisms of nanoparticles uptake,
its translocation within the plant body and finally its accumulation (Fig. 24.2).
It also further provides the evaluation of probable confrontational effects on the
growth and development of plant (Behzadi et al. 2017). Nanoparticles uptake by
plants is unforeseeable, as various factors are responsible for it such as net charge,
surface functionalization, chemical composition, and shape and size of nanoparti-
cles (Gupta and Xie 2018). Apart from this, several other factors are also responsible
for the effect of nanoparticles on plants, like application routes, interactions with
components in environment like soil type, water accessibility and microorganism
present in the soil (Remedios et al. 2012). However, it was reported that plant’s
anatomy, morphology physiology and individual plant species differently interact
with nanoparticles (Remedios et al. 2012). It was reported in previous studies that
easy tracking and detection using microscopy techniques facilitated us to under-
stand the uptake and interaction of metal oxide nanoparticles and metal ions in
plants (Plascencia-Villa et al. 2012). However, the interaction of nanoparticles with
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Fig. 24.2 Nanoparticles uptake, translocation and accumulation in plants and its biological effects
(Figure reconstructed by Mohammed Shariq Iqbal based on Yan and Chen 2019)

plants a handful of information is available, but only limited information is available
about the types of nanoparticles, i.e., shape, size, charge and coating interaction with
plants is concerned (García-Gómez et al. 2018; Moon et al. 2016; Song et al. 2013;
Vidyalakshmi et al. 2017; Zhu et al. 2012).

24.3 Application of Nanomaterials in Agroecosystems

The physicochemical characteristic of nanomateriales or nanoparticles like particle
morphology, surface area, pore size, and high reactivity, led the pavement to
nanotechnology for its novel application in agro based i ndustry (Ahmad et al. 2020;
Gatoo et al. 2014; Jeevanandam et al. 2018; Mani and Mondal 2016; Panpatte et al.
2016; Servin and White 2016). The application of nanotechnology, with respect
to agricultural sectors can be useful in various ways, which includes plant protec-
tion (Li et al. 2017), remediation of terrestrial environments (Gomes et al. 2016;
Gil-Díaz et al. 2017; Guerra et al. 2018; Khan et al. 2014; Patra et al. 2016;), fertil-
ization sector (Chhipa and Joshi 2016; Derosa et al. 2010; Dubey and Mailapalli
2016; Mani and Mondal 2016; Panpatte et al. 2016; Shang et al. 2019), food sector
(Ghanbarzadeh et al. 2016; Li et al. 2017; Rashidi and Khosravi 2011). The nano-
materials or nanoparticles could improve the capability of up-taking nutrients by
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the plants, thereby proliferating the fertility of the soil along with enhanced crop
production. Additionally, soil affected due to increased concentration of salts could
bemanagedby the use these nanomaterials,which could bringbetter cropproductions
(Patra et al. 2016). The environments for agroecosystem comprises of water, soil,
air, plants, sediments, microbes and various other components, which are generally
affected by various biotic or abiotic stresses. As a result of these stresses, agricultural
production is affected and gets deteriorated. Considering this, various studies have
been carried out on these stress factors such as marginal lands, soils affected due to
high salt concentrations, wetlands, water and soils pollution, agroforests, changes in
climatic conditions, and bushfires (Amini et al. 2016; Smith et al. 2016). The afore-
mentioned agroecosystem has numerous stresses like soils affected due to high salt
concentrations because of drought stress and salinity stress, land pollutions leading
to oxidative stress, changes in climatic conditions because of flooding or drought
and salinity (Gupta et al. 2020; Omena et al. 2019; Rizwan et al. 2017; Venkat-
achalam et al. 2016). One of the serious and extreme environmental challenges is
salinity, which causes extreme decline in crop productions. However, it is considered
as salinity to be the major factor in limiting crop production in dry lands or semiarid
lands around the globe (Ashraf et al. 2009). It is very well recognized that, a great
danger to land efficiency could be due to the presence of salts that are soluble in water
as well as surface water and underground water. The poor agricultural productivity
was also observed due to high concentration of salt content in plants supplied from
soil or water, thereby limiting the uptake of essential nutrients in plants. Additionally,
soil affected due to high salts concentration leads to various problems comprising of
high Na+ concentration, nutrients loss, poor porosity, waterlogging and water limi-
tation in plants. Various techniques have been applied to manage lands that are salt
affected by the process of chemical reclamation and as a modern approach by nano-
materials (Patra et al. 2016). Thus, nanomaterials based reclamation of soil is now a
fast developing approach for soils that are affected with high salt concentrations. The
nanomaterials-based reclamation of soil by the use of nano-calcium, nano gypsum is
more effective and easily producible, which can improve hydraulic property of plants
and better stability of soil (Mukhopadhyay and Kaur 2016). It has been reported by
Patra et al. (2016) that by using nanomaterial could help in soil reclamation that
are affected by high salt concentrations. Hence, it could be elucidated that, nano-
materials generally have an influence on various agroecosystems having negative as
well as positive properties. With respect to negative properties, nanomaterials might
affect plant with toxic effect, also affect microbes present in soil, which are useful
for soil as well as for plants and other organisms found in water. When, positive
factors are observed nanomaterials can be used for the remediation of soil and water
pollution, nano-nutrients uptake by the plants, and limiting the adverse effect on
plants due to abiotic stresses. Therefore, a prudent and maintainable approach in
sustainable agroecosystems must be maintained by the use of nanomaterials. The
futuristic approaches of nanotechnology in combating against plant stress condition
is detailed in Fig.24.3.
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Fig. 24.3 Various approaches of nanotechnology in stress management of plants in near future
(Figure constructed by Mohammed Shariq Iqbal)

24.4 Limiting Effect of Nanomaterials in Plant Stress

It is being observed in various reports that nanomaterials could be employed for
sustainable crop production by limiting the loss of nutrients, and inhibiting plant
diseases, thereby improving yields of crop plants (Khan et al. 2017). It was reported
that nanomaterials hold numerous benefits including improvement in plant growth
and developmental stages, initializing from germination of seeds, seedling forma-
tion, root initiation and growth, and photosynthesis up to flowering stage, under
low concentrations of nanomaterials used (Kole and Banerjee 2016). Regarding
the defense of plants, against oxidative stress, the nanomaterials may well perform
or simulate the role of enzymatic antioxidants like peroxidase (POX), superoxide
dismutase (SOD) and catalase (CAT) (Zaytseva and Neumann 2016). The use of
nanomaterials in higher concentrations might be phyto-toxic, due to the formation
of reactive oxygen species (ROS) and its accumulation might damage the cell with
respect to cell membrane, nucleic acids and proteins (Khan et al. 2017).
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24.5 Exploitation of Nanomaterials in Limiting the Abiotic
Stress

24.5.1 Silica Nanomaterial (SiO2)

Plants generally possess silicon (Si) in substantial concentrations (approx. 1 to 10%
of the dry matter), or sometimes even in higher amounts in different plant species.
The Si uptake capability of roots leads to its accumulation in plants at different
levels causing variation in Si amounts (Parveen and Hussain 2008). Silicon, being a
constructive element for plants, which delivers substantial benefits in several ionic
conformations. Silicon nanomaterials plays a significant role in alleviation of salt
stress. Several reports about the capability of silicon nanomaterials to counteract the
adverse effects of salt stress on plant growth and development rates were documented
(Wang et al. 2010). Therefore, the usage of nano-silica could more effective than
normal silica, which enables nano-silica advantageous and to be used by root system
of plant. The leaves relative water content can be enhanced by the use of nano-silica
as it helps in retaining xylem humidity, translocation of water and maintains turgor
pressure by using water efficiently.

24.5.2 Silver Nanomaterials (Ag+)

The prospect of the use of silver nanoparticles for enhancement of crop plants
productivity was evaluated by several researchers. It was analyzed for growth of
plant and improving photosynthesis by enhancing chlorophyll content (Hatami and
Ghorbanpour 2013; Shang et al. 2019; Shelar and Chavan 2015; Vannini et al. 2013).
The antimicrobial activity of silver nanoparticles is been used to manage various
plant diseases, caused by microbes (Lamsal et al. 2011). It was studied that silver
nanoparticles have been used quiet efficiently in enhancing the germination rate
against salinity stress of cumin and fennel (Ekhtiyari and Moraghebi 2011). It was
further reported by Almutairi (2016) that by the use of silver nanoparticles enhanced
the resistance of tomato seeds under salt stress (NaCl stress), which boosted the
germination rate as well as fresh weight and dry weight of seedling and root length.

24.5.3 Zinc Oxide Nanomaterials (ZnO)

One of the important micronutrients for plants, needed for favorable growth and
development is zinc (Zn) that helps in directing vital metabolic reactions and stimu-
lates better growth and development for plant. Apart from this role of zinc in plants
growth and development, it plays a significant role in limiting the heavymetal toxicity
in plants, thus inhibiting plant from cadmium-heavy metal toxicity (Baybordi 2005).
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It was reported by Cakmak (2008), that zinc plays a vital role in plants endurance
against environmental stress, where it enhances the plant’s resistance to tolerate
against drought stress. As stated previously, micro element in minute size, i.e., in
nano size may enables plants for enhanced uptake and as well as required in lesser
quantity. Therefore, the role of Zn can be more efficiently accomplished by the use
of Zn in nano size. It was reported by Seghatoleslami and Forutani (2015) that, the
ability of the sunflower plant in using water under water stress was shown better
in nano-ZnO, rather than with bulk ZnO, thereby increasing its yield. The results
pointed out that the complete irrigation management led to the maximum biomass
and seeds with bulk ZnO treatments, however under the water stress conditions the
maximum biomass and seeds were found to be with ZnO nanoparticle treatment.
Thus, it could be assumed that by the use of ZnO nanoparticle, the usage of water
by the plant can be improved efficiently, and furthermore, yield of seeds can also be
enhanced.

24.5.4 Titanium Oxide Nanomaterials (TiO2)

Biologically plants are readily affected by titanium,which is favorable at low concen-
trations, however toxic at higher levels. Pesticides photo-catalytic degradation using
TiO2 as well as other catalysts had revealed a potential technique for water remedi-
ation (Lee et al. 2003). In a report by Akbari et al. (2014), titanium oxide nanomate-
rials can increase photosynthetic apparatus in plants, thereby enhancing the plant’s
capability to capture the sunlight, which could affect the production of pigments
as well as the alteration of the light energy to energize electrons within the cell
and, thus chemical activity, hence improving the photosynthetic efficiency in maize
plant, specially under drought stress condition. TiO2 nanomaterials was also detected
in stimulating the developments in spinach plant, by increasing the photosynthetic
rate and metabolism of nitrogen in the plant (Yang et al. 2006). It was reported by
Mahmoodzadeh et al. (2013) in canola plant and again by Jaberzadeh et al. (2013)
in wheat plant, that TiO2 nanomaterial could improve nitrogen content and water
uptake and furthermore it can excite enzymatic antioxidants like catalase (CAT),
superoxide dismutase (SOD), and peroxidase (POX) within the plant. In another
interesting study by Shallan et al. (2016) explored the effects of silica nanomaterial
and titanium oxide nanomaterial on drought stressed cotton plants by estimating
yield and chemical components of the plant The effects revealed that pretreatment
with silica nanomaterial and TiO2 nanomaterial on cotton plants subjected to drought
stress, resulted in improved pigment content, sugar content, total phenolics content,
soluble protein content, free amino acids content, proline, reducing power, antirad-
ical ability and enzymatic antioxidant activity as well as improvement in yields. To
conclude, it can be assumed that the foliar usage of silica nanomaterial and titanium
oxide nanomaterial may perhaps enhance tolerance towards drought stress in cotton
plants. However, the usage of TiO2 nanomaterial in soybean plants can contest with
cadmium (Cd) induced stress in plant which may be due to the establishment of new
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bonds between cadmium (Cd) and TiO2 nanomaterial within the plant (Singh and
Lee 2016). Thereby, to understand the role of nanomaterials in lower concentrations
in improving the plant system against abiotic stress by initiating the signals to the
cell of the plant through the formation of reactive nitrogen species (RNS) or/and
reactive oxygen species (ROS) or by stimulating the enzymatic and non-enzymatic
antioxidants (plant defense system), or by storing osomolytes, free amino acids and
other nutrients required for plants (Khan et al. 2017). However, subjected to high
concentrations, these nanomaterials might cause toxicological effect on the plants
(Husen and Siddiqui 2014). It is noteworthy to mention that, usage of nanomaterials
for the plants under stress condition, subjected to environmental factors, might boost
the formation procedure of various free radicals i.e. RNS and ROS, thereby causing
cell injury due to the oxidative stress so produced (Chichiriccò and Poma 2015; Khan
et al. 2017).

24.6 Conclusion and Prospects

The agricultural plant production is facing extreme problems around theworld, due to
climatic changes, exhaustion of land and water resources, biotic and abiotic stresses
and depletion of energy. Therefore, the appropriate way in encountering these issues
must be made with consideration to be eco-friendly as well as to be more sustainable.
Now-a-days, one of the most imperative and favorable techniques used to overcome
these issues is nanotechnology. Through various studies, it has been elucidated that
nanomaterials could be used in lessening the damage caused due to various abiotic
stresses, as nanomaterials helps plant by activating their defense system in order
to combat any stress conditions. It is very well implicit that because of the small
size of the nanomaterials, it can readily infiltrate through plant tissues and can bind
to the active site, where it is required within the cell. The nanomaterials, increases
the surface area, thereby enhancing the abilities to be more operative in the process
of adsorption as well as in the delivery targeted constituents by the cells and its
organelles. It is also been reported that nanomaterials can regulate the uptake of water
by the plant vascular tissue, thus enhancing the germination of seeds and improving
plant growth and development. With consideration to the characteristic of nano-
materials in resisting the abiotic stresses of plant leading to various damages such
as hindering growth and development of plant and/or soil and water toxicity, more
research is needed at cellular andmolecular levels to fully elucidate the effect of nano-
materials in combating against stress by the plants. Furthermore, as a future perspec-
tive, plant-nanoparticles interactions could deliver a base for manipulating desired
genetic characters in plants. However, the uptake of nanoparticles, its translocation
and accumulation is still completely unrevealed, thereby leading to ethical issues
and safety perspectives. Thus, nanoparticles field application needs an improvement
through further extensive research. It is important to reveal biomolecular interaction
with nanoparticles, which causes regulation in expression of plant genes. Therefore,
further research is desirable to fully elucidate the plant-nanoparticles interactions at
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molecular and sub-molecular levels which could be useful for a perky future of agro
based industries.
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