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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 conclude with 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 Jameel M. Al-Khayri
Lucknow, India Mohammad Israil Ansari
Motihari, India Akhilesh Kumar Singh
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Chapter 1 ®)
Abiotic Stress in Plants: Socio-Economic oo
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 of multi stress that involves a plethora of complicated morphological, 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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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 array of adaptation mechanisms
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 the world by 2100 (Field et al. 2014). Water is the most 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
etal. 2018; Shah and Paulsen 2003). To make the matter 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 be made 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 CO, concentration in the atmosphere as well as a higher
temperature accelerates growth and development and biomass production. By 2025,
complete water shortage will affect over 1.8 billion of the world 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; Wagqas 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
and may multidimensionally 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 in wax 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. Here we attempted to provide the responses and tolerance
mechanisms in crop plants to cope with abiotic stresses.

1.3.1 Growth and Productivity

A determinative 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 (Okgcu 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 Jovovi¢ 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.
As mentioned 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 as maize,
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 plasma membrane, 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;
Staxi-Bousbih et al. 2010). Similar responses in crop seeds during germination to
some extend apply to other known heavy metal 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
etal. 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 11T
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, the main 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 is more 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; Okcu 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 and water 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;
Sanchez-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. TS) 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 CO, 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 on water
potential, water uptake, transpiration rate, stem water 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. (Alarcén et al. 2006; Alvarez et al. 2012; Gémez-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 (Azevedo Neto 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 reaction might be different (Alarcon et al. 1999; Sanchez-
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 heavy metal has been supported by experimental studies on Alium 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; Przymusinski and WoZny 1985). This as a normal tolerance response in root
cells helps to maintain RWC under heavy metal stress and mitigate water fluctuation
inroot cells subjected toxic ions. This development has been observed in meristematic
cells of Festuca rubra (Davies and Zhang 1991) and maize (Doncheva 1998) exposed
to a high level of Zn and Cu, 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 and Wierzbicka 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 H;O, and CO,. The
process initiated by light breaking down water molecules into O, 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 CO, 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 CO, 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 CO,. 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 chlorophyll a was higher 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 CO,
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 CO, 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 CO,. The aerial parts, leaves in particular,
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are quick in sensing waterlogging that diminishing in chlorophyll content and CO,
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 the most 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
IT has been recognized as the most 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 CO, 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 two main 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
metabolism balance and by generating toxic metabolites that cause secondary injuries
in the plant (Cai et al. 2019; Oliver et al. 2005). At low temperatures, the efficiency



1 Abiotic Stress in Plants: Socio-Economic ... 17

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 particularly Rubisco (Rr and van Huystee 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 CO, 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 and Vonshak (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 and Wierzbicka 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
etal. 2019). Pb may 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™7;), hydroxyl
radicals (OH), and hydrogen peroxide (H,O,) (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
cadmium also reported by Prasad et al. (2005). Accumulation and allocation of Cdina
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 sulthydryl 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 CO, 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 impose multi stress, the systems that understanding them is still in great
demand. Mainly to make 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 Geda
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

M. Matakheri
Department of Horticultural Sciences, Faculty of Agricultural Sciences, University of Guilan,
Rasht, Iran

M. Kordrostami ()

Nuclear Agriculture Research School, Nuclear Science and Technology Research Institute
(NSTRI), Karaj, Iran

e-mail: mkordrostmi@aeoi.org.ir

J. M. Al-Khayri

Department of Agricultural Biotechnology, King Faisal University,
Al Hofuf, Al-Ahsa, Saudi Arabia

e-mail: jkhayri@kfu.edu.sa

© Springer Nature Switzerland AG 2021 29
J. M. Al-Khayri et al. (eds.), Nanobiotechnology,
https://doi.org/10.1007/978-3-030-73606-4_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-73606-4_2&domain=pdf
mailto:mkordrostmi@aeoi.org.ir
mailto:jkhayri@kfu.edu.sa
https://doi.org/10.1007/978-3-030-73606-4_2

30 M. Mafakheri et al.

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 tolerance mechanisms 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;
Farooqetal.2012). Whereas some other species choose to develop more 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
etal. (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
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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
CO; 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 Fe** (Colmer 2002).
In some crops such as maize, 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 necessary minerals 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 system with 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 as Atriplex patula L. 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 to morphological 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
H,O, 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 ('0,) 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, , superoxide
anion; Hy Oy, hydrogen peroxide; “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 H,O, 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 the water and/or
oxygen is CAT with an estimated transformation rate of 6,000,000 H, O, per molecule
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 H,0, potent scavenger is APX with various isoforms each one specific to
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a cellular organ or GPX that converts H,O, 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 a major
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 numerous ROS 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 (02'~ and H,0,)
in flood stressed plants, for instance, stressed V. radiata L. the content of O2°~ and
H,0; 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 in Cajanus 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 CO, 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 the matter (Aziz and Khan 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’ (Al Kharusi etal. 2019). Similarly
in two soybean cultivars with 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
(Guanetal. 2015). For example, a putative gene (PutAPX) in Puccinellia tenuiflora L.
detected and its induction under oxidative stress conferred tolerance to salinity stress,
following its transformation to Arabidopsis 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 and Polle 2002). We should keep that in mind that not all heavy metals
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 in CAT, 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
SOD was 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 to water 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 C1~ are solely osmoregulators, also these
compounds collectively known as compatible solutes mainly 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 CO, conductance and consequently higher
carbon fixation (Zivcak 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 CO, 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 to water stress plants resort to adjustment of osmose through
the accumulation of solutes (Argentel-Martinez 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-Martinez 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).
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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 a wilting 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-treated Cakile 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-8-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
(Oztiirk 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 heavy metals in soil targets root system by causing necrosis which 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 further water loss as well 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 heavy metal 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-treated wheat 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, there was a possibility of disrup-
tion in cellular membranes owing to a high level of toxic metal used (Ric de Vos
etal. 1993). Observation made on Cu-stressed segments of rice leave raised the possi-
bility of ABA involvement (Chen et al. 2001). Soluble sugars in plants under Co 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). In most 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 TaWRKY?2-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 AtMYBG61 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. (Vojtéchova 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 in waterlogging-resistance maize geno-
type, HKI 1105, whereas it down-regulation occurred in flood-intolerant line, V 372
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(van Veenetal. 2013). More, the resistantrice line indicated a higher induction level of
TAA3,IAA14, and TAA16 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-Gonzélez et al.
2007; Cho et al. 2012), additionally one of the two protein, KIN10/11, is responsible
for EXORDIUM-LIKEI1, an HUP critical for managing carbon in hypoxia circum-
stances (Schroder 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 p-glucosidase
31 and B-amylase 5 in both roots and leaves, which probably B-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 a marginal negative influence of thermos-tolerance (Schramm et 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 of HSP70 in heat-stress tolerance grape genotypes also reported (Zhang
etal. 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 DREBI1A 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, SOS composed of three proteins regulating vital 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 (Szymariska 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 of NAC TFs, inrice, regulated multiple 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 the H202
responsiveness of SERF1-dependent genes with specific promoters (Schmidt et al.
2013).

2.2.3.4 Heavy Metals

A vastrange of molecular mechanisms involves heavy metal tolerance which 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
etal. 2005). For the bZIP TFs family, an important OsbZIP39 was identified which 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) (Kégi
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 by TFs such as heat shock transcription factor A4a (HsfA4a), have been reported
to improve the Cu-resistance in rice (Shim et al. 2009). Al tolerance incremented in
rice seedlings with the induction of ASRS5 that suggested acting as a TF which 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 the modern
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 rhythm of negative changes caused
by climate change majorly 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 BrMT]1,
etc.). A body of knowledge that’s a compilation of traditional and modern 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 oo
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 (TALENSs) as well as
advanced molecular tool CRISPR-Cas9 systems which 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
(Liet 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

Stressresponse in plant cell

Heat stress

Water
lodging
stress

Drought
stress

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 (PSCS) gene of Vignaa coniti-
folia reveal resistance against drought conditions. Furthermore, O. sativa seedlings
expressing P5SCS gene illustrate enhance level of proline (Sawahel and Hassan 2002).
The overexpression of Ornithine delta-aminotransferase gene (OsOAT) of O. sativa
showed enhanced level of 8-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 as HSPs (Wang et al. 2004). Furthermore, overexpression of Hsp90
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 of O. 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 HDAG is essential for plants to survived in low temperature
(To et al. 2011), and respond in salinity condition (Chen and Wu 2010). Moreover,
HD?2 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 PDH4S5 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 Nal 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 PgelF4A 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 miRNA172¢ 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 ESK1 with siRNA gene expres-
sions along with overexpression of CBF gene in A. 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 Gémez-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

PTC produces 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 or with mutagenesis, 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
etal. 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 against Fusarium oxysporum (Mishraet 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 new way of genetic
engineering of genes of interest. Genome editing by ZFNs (Kim et al. 1996) and
TALENSs (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-His?2 zinc finger (ZF) (Kim
etal. 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). TALENSs 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
CRISPRaimplementation) or to deactivate (CRISPR impedance or CRISPRi) 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 SIAGAMOUS-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; Rodriguez-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 approach may 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, genome editing tools are the momentous innovation of 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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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 of NPs including their preparation methods as well 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~° 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
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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 x 1 m x 1 m thus the number of atoms are 2.7 x 10%C
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

The NM are 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
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managed to explain phenomena, which classical physics cannot explain (Madkour
2019). For instance changing the color of gold when 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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l kx
1- Dimensional quantization
T One dimension confinment to the electron

k.

é X
/ Two dimensions confinment to the electron
2- Dimensional quantization
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nz
nX . . . .
— 3- Dimensional quantization
f The electron was confinement in three dimensions

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 = 472, its
volume = 4/3mr?, 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 =3/107 =3 x 10°. 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 m”. If the cube divided into two
equal parts, the area is 12 m?. If it’s divide into three equal parts, then the area will
be 18 m?. 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). Quantum mechanics 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 and mass

Area=6 x 1 m 2= 6 m? Area=6x (1/2m)2x 8 =12 m? Area= 6x (1/3m) 2 x 27 =18 m?

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

The NM crystal structure is identical to bulk materials. 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 the NM varies 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 kg T (k or k) is
the product of Boltzmann constant, and 7 the temperature), an energy gap is created.
Relevant nanoscale parts will 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 = p L/A; where p: 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.

Conduction band

Ef: Fermi energy levels

Eg: Energy gap which is

A nf3 A equal less than (4ev) in semi
nf2 Ef conductor material

nfi 4

nf1, nf2, nf3: Fermi levels
Eg= Ec- Ev
Ec: energy of conduction band

Ev : energy of valence band
Ev
valence band

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 bulk materials, 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 bulk materials. 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 physical methods work 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 deposition method
(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 forming molecules or collecting atoms to produce materials
with nanoscale sizes (Omar et al. 2019). The primary chemicals are a mixture of
chlorides, oxides and minerals, 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) and microwave 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. Atom distribution 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 regular XRD configuration to high-resolution XRD
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 pm), 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 A 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 .. = 2dsinf when
n: Is an integer, \: The wavelength of incident light, d: Is the inter planar spacing of
the crystal and 6: 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
etal. 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, ¢ 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.

Abdulgahar)
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Fig. 4.6 Shows the X-ray diffraction patterns for (Coj4,TiyFes.2,04) 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. Abdulqgahar)

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 the microscope (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 pm) 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 vacuum microscope column (Orfowska 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 the microscope 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.
Abdulgahar)
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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 ~2000 A by magnification using a magnifying 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 (Ka, KB, La) (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 (Giinther 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 the material (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 concerned with 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).
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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~! has existed only in lemon (Photo by L. M. Alnaddaf)
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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™! 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 Mm AgNQ3). 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, type of product and its specifications in terms
of structure. The synthesis needs to be further explored and optimized which 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 NM microstructure are still relatively little, and many areas
still need to be searched. Nanomaterial,s unique properties endow them with broad



4 Nanomaterials Fundamentals: Classification ... 97

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 oo

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 can be implemented in agriculture through the use of 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 production with an eco-friendly manner 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)
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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 from natural 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 (Byczyriska 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 TiO,. TiO, 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, nTiO, enhances plant growth and
accumulate photosynthetic pigments (Latef et al. 2017). In barley, nTiO; 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

Carbon NPs are a form of carbon resembling two-dimensional graphene sheet rolling
into a tube, forming single-walled (SWCNTSs) and multi-walled carbon nanotubes
(MWCNTSs). SWCNTSs 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 by Ratna Kalita)

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

R. Kalita et al.

Area Nanotechnology Applications | Examples References
Crop production
Plant protection Nanocapsules, NPs, and Thymol Kumari et al.

products

nanoemulsions for disease and
pest control

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

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

insecticidal
Nano-fertilizers and | Nanocapsules, NPs for Zinc Oxide Milani et al.
Naopesticides enhanced nutrients absorption | Nanoparticles (2015); Delfani

and targeted delivery of
nutrients; use of
nanoherbicide,
nanoinsecticide,
nanofungicide

Iron and magnesium
NPs

et al. (2014)

Soil improvement

Water/liquid Zeolites and nano-clays, for Zeolite based Manikandan and
retention water or liquid agrochemicals | nanofertlizer Subramanian
retention in the soil (2016); Pulimi
and Subramanian
(2016)
Diagnostic

Nanosensors and

Carbon nanotubes, nanofibers

Liposome-based

Vamvakaki and

diagnostic devices and fullerenes, as bio-sensors | nano-biosensor Chaniotakis
to monitor environmental (2007); Kaushal
conditions, soil environments, and Wani (2017)
plant health and growth. Also
for precise application of
fertilizers and pesticides

Plant breeding

Plant genetic NPs carrying DNA or RNA to | Mesoporous silica | Torney et al.

modification

be delivered to plant cells for
their genetic transformation

NPs; iron oxide
NPs; calcium
phosphate NPs

(2007); Zhao
etal. (2017);
Nagqvi 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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Increase
efficiency

towards pest

Controlled
release of active
ingredients

Increased
solubility

Potential lower
risk to
environment

Fig.5.3 Benefits of nano-pesticides applications in agriculture (Figure constructed by Ratna Kalita)

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 governed manner. 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 controlled use can enhance crop
productivity and support sustainable agriculture (Sekhon 2014; Gonzélez-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 Genome Manipulation

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 and Rubiales 2009). It has been found that 3 nm mesoporous 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 essential macro and micro 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
span of fertilizers in soil and enhances its availability for uptake by plants (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 the most widely used nanoadditives, particularly montmorillonite,
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 on human health, 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 e
in Managing Environmental Plant Stress

Under Climatic Changing Era

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

Abstract The necessity of novel technologies to address the long-standing and wors-
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; Rockstrom 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 highly populous countries with growth of middle-class will bring diver-
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 rise will
intensify the severity of other stresses in which the only 1 °C rising in global temper-
ature causes a massive reduction in crop productivity (lizumi 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

The momentum for sustainable agriculture is needed now more 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 organic matter (Alvarez etal. 2016; Antonaccietal. 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
current monitoring remote sensing systems use spectroscopy (Gitelson and Merzlyak
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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 as water 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. 20006).

A combined application of nanomaterials and the recognized key signal molecules
(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 key molecules that determine the tolerance mechanisms (Yoshida et al. 2014; Zhu
etal. 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 and monitoring 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., H>O), 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 been majorly 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 (Humplik 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 etal. 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 use Agrobacterium-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
singling molecules and fluorescent protein (roGFP2-Orpl), Nietzel et al. (2019) have
been developed biosensors that identify H,O, in Arabidopsis and largely clarifies the
dynamic of H,O, 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 through H, O, signaling,
when cells experience fluctuation in light intensity. They developed a genetically
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encoded fluorescent H,O, sensor, HyPer2, proved the involvement of direct trans-
formation of H,O, from chloroplast to nuclei to induce possible expression of respon-
sible genes. The most recent application of key signaling biomolecules, H,O,, 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 H,0O,, utilizing near-infrared fluorescent SWCNTSs, which manifested
high sensitivity (10-100 wM, within the physiological range of H,O,) 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 wA 13 and FLIPglu—600 A 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 (fig22 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 signaling molecules, lipid phosphatidic acid
(PA) with alarge 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
(pldal) lacking phospholipase Dal (PLDal) required for PA biosynthesis showed
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that the latter had alow and delayed aggregation of PA. Additionally, their comparison
showed the interplay of PA with 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 pM
in the physiological range. The potentials of this probe in in vivo quantification and
reporting of glucose by Raspberry Pi camera and confocal laser scanning microscopy
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 and water 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 (11; 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 Hg?* also has been successful; Xu et al.
(2015) designed a single-stranded DNA (ssDNA)/AuNPs complex from a double
helix DNA by T-Hg?*-T base pairs. A significantly high sensitivity was acquired in
detection of Hg?* (0.45 pg mL~"), and further assessments proved in applicability
to detect Hg?* content in real samples. Additionally, examining the discriminatory
of this nanosensor for other heavy metal cations (Zinc; Zn>*, Cu?*, Nickle; Ni%*,
Pb?*, and chromium; Cr?*) revealed the absence of significant response to these ions
at the concentrations up to 20 WM. In another study, simple and highly accurate
nanobiosensor to detect Hg?* (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 Hg?* (Yang et al. 2017). As a notorious heavy metal
ion, high precision monitoring of Pb%* 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 Cd?>* and Pb?* by anodic stripping mechanism under voltam-
metry. This approach involves the use of a calibration curve from 5 to 80 nM for
Cd?* and Pb?* and limits of detection (LOD) of 0.7 nM for Cd** and 0.2 nM for Pb%*
(Zhang et al. 2016). Exploiting DNAzyme graphene QDs and AuNPs, an optical
nanobiosensor fabricated detection of Pb>* by (Niu et al. 2018), which exhibited a
notably wide detection range, 50 nM to 4 uM, for Pb?* and16.7 nM as detection
limit.

In an innovative and promising approach, Wong et al. (2017) fabricated a
CoPhMoRe-based Bombolitin IT 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 IT 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 pM)
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 in water. Citrate-stabilized AuNPs 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
Q/(mg/L)/cm?2 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 H,O, 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 5 uM and 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 (Galvdo 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 diseases mainly 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 in Capsicum sp. and Solanum lycop-
ersicum L. a devastating pathogen particularly in the warm season. They used circular
dye, tris-2, 2’-bipyridyl dichlororuthenium (II) hexahydrate (Rubpy)-doped SNPs
with diameters of 50 (£4.2) nm manifested 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 nm AuNPs 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 (Yiiksel 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 on microbiological 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, fig22, 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 SWCNTSs aim to report
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induction of H,O, in leaves of Arabidopsis stressed with stimuli fig22 with consider-
able high sensitivity (10-100 uM). 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 as Afsharinejad et al. (2015). They developed wireless
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
Ganoderma boninense-related oligos was designed. Modification of QDs with 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
which make the identification of signaling molecules 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
etal. 2017; Wong et al. 2017). By interaction of organic component of SWCNT with
signaling molecules 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;
Sonetal.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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etal. 2019). The intensity of SWCNT fluorescence is sensitive to fluctuation in H,O,
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 proposed method 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 signaling molecules. 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 oo
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
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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 now become a major 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 (Calanca2017; 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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Classification of
Stress

Biotic stress: Stress imposed on the plants by Abiotic stress: Stress imposed by the
the organisms through predation or parasitism unavoidable natural calamities. These stresses
and the stress of allelopathic chemical are irreversible and affect large areas. It can
reactions released by these organisms. adversely affect the national economy and
food security. )

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 land have always been 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 the molecular 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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Adapted strategies

|
l I | |

Gene encoding enzymes Gene encoding Gene encoding stress induced Genes encoding
involved in osmolyte antioxidant protectants protein involved in maintaining protein kinases
biosynthesis cell integrity

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 Cj
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).

Identification of the stress tolerance
genes and proteins

Isolation of the candidate gene
~ associated with the particular stress

Quantitative Trait Loci (QTL) "
mapping of the isolated gene

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 are many genes yet to be recognized who 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 no wonder that the world’s population is indeed increasing dras-
tically with an estimation of approximately 9 billion by the year 2050 (United Nations
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 the world 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 and Kole 2016; Cheng et al.
2016). Itis proving its efficiency in multi-disciplinary areas as well and is emerging as
a promising method to reduce the crop damage by various environmental constraints.
Nanoparticles are synthesized by various methods from metal, 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.

Published Journal articles on agri-nanotechnology

3000 2795 USA
= France
2500 England
£ 2000 1933 1828~ Iran
g 1555 = Spain
E 1500 121 ® Germany
= Taiwan
1000 e
165 631 553, uln Im
500 55 T 28 69 7 5 = China
3214 ?8675?8 7471 ® South Korea
0 —
nJ
Pubmed Sciencedirect Apan

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, SiO,, TiO,) 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
E2456-062006). 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



156 K. Kisku and U. C. Naik

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), Bacillus megaterium (Ag/Pb/Cd-
NPs synthesis), Pseudomonas stutzeri (Ag-NPs synthesis), Desulfovibrio desulfuri-
cans (Pd-NPs synthesis) and many more (Chokriwal et al. 2014). The green nanopar-
ticle is mostly derived from plants and microorganisms and have now become a matter
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 targeted delivery by the nanomaterials
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 e
Different Plant Extracts and Their
Characterizations

Lina M. Alnaddaf, Abdulsalam K. Almuhammady, Khaled F. M. Salem,
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 enhancing NPs
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, these NPs 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.
These methods 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. This method utilizes toxic chemicals that may 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 from plant 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 extraction methods 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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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 of Medicago 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 sulthydryl 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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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 (TiO,) and ferric
oxide (Fe304) 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 100500 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
obtained mostly in relatively small sizes ranging from 2 to 45 nm (Table 8.3). Vijayan
etal. (2019) used the microwave in synthesized Ag and Au NPs. The reaction mixture
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 Color modification of silver-green synthesizes NPs 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, TiO,, Mn3Oy4, Fe;04, 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, ¢ Biological silver
(Ag) NPs, d Biological gold (Au) NPs (Source Vijayan et al. 2019)

AT T '_

® - =)

Fresh

C.ramala leaves

-" 2y | o

AgNO,; solution Aq. extract of C.tamala leaf

Dry leaves Fine Powder Distilled water

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
water washed the granules and then dried for about 12 hin 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
adhering mud particles and potential impurities and dried for a week 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), ¢ 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 CuSO,4.5H,0 (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*? + 2N,H; + 40H™ — 2Cu + N, + 4NH,OH

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. Abdulgahar)

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 and Kaladhar 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 pH has affected the shape and size of the prepared silver NPs. 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 (Martinez-Fernandez 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



190 L. M. Alnaddaf et al.

@ (b) © (@

Fig. 8.10 Nanomaterial classification a 0 D spheres and clusters, b 1 D wires, nanofibres and rods,
¢ 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
and monochlorobenzene (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,



192 L. M. Alnaddaf et al.

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 e
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, used water
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). When AgNPs 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 sand must be covered with AgNPs for practical applica-
tion (Hua et al. 2012). Farhana and Meera (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 from wastewater.
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 Fe;O4 NPs
to remove toxic metals 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 (Nadaroglu 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 (N,O) (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 catalyze malondialdehyde
(MDA) accumulation in wheat and tomato plants. There was 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
CuO NPs. Thus, CuO NPs 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 in White Lupin (Lupinus termis) seedlings with 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
(Alhugqail 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 parts was 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 of C. 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 120 minin 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 IM of Au NPs were handled for G. superba seed. The concentration of 1000 IM
has the most important influence on seed germination rate and G. Superba vegetative
growth. Singh et al. (2016) made zinc oxide (ZnO) NPs from the Russian olive

a b c d € | il g
Fig. 9.3 Changes in wheat seedling length with different mixing ratios. (a, b) Control, (¢) Lemon
juice: silver nitrate (4:1, 10 Mm AgNO3, 90 min), (e, g) Lemon juice: silver nitrate (4:1, 10 Mm,
15 Mm AgNOs3, 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 AgNOs3) 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
and antioxidant enzyme activity of tomato (Solanum lycopersicum). The highest 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 efficacy may 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 treated with (1.5 g ZnO-NPs/30 ml for 2 h) were reported with
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 distilled water). On the
other hand, the lower concentration of CsNPs (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, especially when the seeds were soaked for 3 h (Rahman et 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 ZnSQOy, (4 g/kg seeds) treatment. Rizwan et al. (2019) investigated the effects
of seed priming with (Fe NPs) and (ZnO NPs) on the wheat (7. 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 seeds were touched with higher NPs. Generally, NPs play a vital role in increasing
biomass, nutrients and decrease the toxicity of Cd in wheat. Xiao et al. (2019) investi-
gated the toxicity of MgO and ZnO NPs for pomelo (Citrus maxima Merr.) by soaking
seedlings in hydroponic systems containing 0 (control), 250, 500 and 1000 mg/L of
MgO or ZnO NPs. Results showed that Mg?* and MgO exposure at all concentra-
tions indicated extreme toxicity and high oxidative stress. Zinc oxide NPs showed
only mild toxicity. Whereas Zn?* 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 Fe;O4 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 some beneficial 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 granatum L.), almond (Prunus amygdalus Batsch), grapes (Vitis vinifera L.),
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
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effect by improving the growth, final products and quality of fruits. Higher concentra-
tions of NFs may 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 and Cu NPs 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 O 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/LL 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~ 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 application methods. Foliar spray
of 500 ppm ZnO was found more effective than 1000 ppm ZnSO,. Seed treatment
with bulk ZnSO, gives high total dry matter and grain yield but grain zinc content
was highest in nano ZnO treatments. Among the method 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 phloem way from leaves
to stem then to roots. Hussein et al. (2019) used (SeNPs) to induce growth enhance-
ments of groundnut (Arachis hypogaea L.) cultivars (Gregory and Giza 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
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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, TiO,, CeO,, Fe;04, Ni(OH),,
C70 fullerenes, Al, Cu, Ag and carbon nanotubes (CNT) are uptake and translocated
to plant stem where partly are deposited (C70, Fe304,CeO,, Ni(OH),) or partly are
foliar deposited (Al, Ag, Cu, Zn, ZnO, CeO,, Fe;04, C70) (Predoi et al. 2020). A
plant root cell has different absorption zones for various forms of nanomaterials. For
example, Fe;Oy4 has absorption areas in epidermis, cortex and cambium, Ni(OH),
in the epidermis, cambium, cortex, and metaxylem, Ag in epidermis and cortex
and Ag”* 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/LL + 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/ + 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



9 Applications of Plant-Derived Nanomaterials ... 215

Roothair
Epidermis
Cortex
Endodermis

Melaxylem
Phloem

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 Fe;O4 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
Fe;04 NPs in the xylem vessels between lima beans and pumpkin. While results of
Corredor et al. (2010) illustrated that the presence of Fe;O4 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, Fe;O4 NPs enhanced their
accumulation in Lemna gibba plants (Barhoumi et al. 2015). Numerus scientific
discussions reported how a plant absorbs and uptakes NPs. 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 Fe;O4 NPs by lima bean and pumpkin plants mostly occurred
close to the roots and move towards the leaf tissues. Hong et al. (2005) found that
the translocation of Fe;O4 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
etal. 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 that NPs 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 in Cucurbita 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 (Schonherr 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 CeO, 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 pm
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; Schonherr 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, TiO,, 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 CeO,
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, Fe, 03, MgO, TiO,) NPs on watermelon plants, they concluded that
NPs equal or less than 100 nm were 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 TiO, 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 on plants with subsequent soil quality
and fertility reduction (Azeez et al. 2019). It also constitutes burdens on human health
when eventually transferred through plant 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 and nutrient 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 (Igbal 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 (Igbal 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-Sio;

Silicone NPs promote plant growth despite environmental stress and the use of nano-
Si0; 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 H,O,, 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 Ca®*, Si, K in the shoot and pheny-
lalanine lyase activity. Low silicone levels (1 g/kg added as SiO,) 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 SiO, (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 of Mg 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 plasma membrane 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, SiO; 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 SiO; 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 (H2O,), 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 tolerance may alleviate the salt stress in
moringa plants using foliar applications of ZnO and Fe; 04 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



224 M. M. Saleh et al.

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 ppm ZnO to the stressed cotton crop contributes to increasing
cotton growth and yield (Hussein and Abou-Baker 2018). In maize 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 shaped NPs and
the size ranges from 65-80 nm. The efficiency extraction of NPs chromium metal 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 CuSOQy 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
treatment with Cu was 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 TiO, 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 CO,, 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 TiO, improves these contents due to the positive correlation
between titanium application and photosynthesis rate (Jaberzadeh et al. 2013; Zhao
etal. 2008). Titanium NPs 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 of M. 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
35 pl metal ion. Due to the variation in optical density (Kaur and Komal 2019). Igbal
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 application which 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 and management of soil nutrients (Ingale and Chaudhari 2013).
Production of green synthesized NMs and appliances sustains agriculture (Bartolucci
et al. 2020), such as the production of reduced graphene oxide Gro/gold (Au) NPs
biosensor from E. 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
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the primary pest Spodoptera littoralis which 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 sustain