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Preface

Biotechnological implements have played a crucial role in augmenting
agricultural outputs and productivity. This has resulted in significant contri-
butions to the economic development of multiple countries across the world,
either directly or indirectly. It is noteworthy that agricultural biotechnology
and industrial development are interdependent and mutually reinforcing,
with both inputs and outputs being complementary.

In the present-day scenario, this field has made considerable strides
towards enhancing the economic well-being of farmers and promoting the
economic development of their respective countries. Agricultural biotech-
nology encompasses several fields, including genetic engineering, molecular
markers and docking gears, proteomics, crop biotechnology, disease manage-
ment, and the development of transgenic crops. These fields are employed
to modify living organisms such as plants, animals, and microorganisms, as
well as their metabolic and secondary metabolic products.

The present book expounds upon the latest strides made in the fields
of agricultural biotechnology, molecular biology, genetic engineering,
proteomics, molecular docking, and drug delivery. Overall, the book serves
as a comprehensive repository of data pertaining to advanced aspects of
agricultural biotechnology, crop biotechnology, proteomics, and molecular
biology. Additionally, the book is poised to furnish the academic community,
including students, teachers, and professionals engaged in research related
to agricultural biotechnology, molecular biology, genetic engineering, crop
physiology, and plant sciences, with invaluable insights.

—Editors
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CHAPTER 1

Futuristic and Prospective Role
of Agricultural Biotechnology in
Sustainable Environment

MANEESH KUMAR,” MOHD. SAYEED AKHTAR,?
HIMANSHU BHARDWA]J,® BIBEKANANDA BHOI,* and PRATIK KUMAR®

IDepartment of Biotechnology, Magadh University, Bodh Gaya, Bihar,
India

?Department of Botany, Gandhi Faiz-e-Aam College, Shahjahanpur,
Uttar Pradesh, India

3Department of Biochemistry, Patna University, Patna, Bihar, India

*Department of Microbiology, Dr. Harisingh Gour Vishwavidyalaya
(A Central University), Sagar, Madhya Pradesh, India

*Jhpiego, India Country Office, New Delhi, India

*Corresponding author.

ABSTRACT

Current innovations in biotechnology have enhanced agricultural produc-
tivity to meet the global food supply. Along with the basic necessity for
human survival, agricultural biotechnology effectively infers the proper
utilization of natural resources to maintain the cleanliness of the environ-
ment. Scientific communities are actively involved in meeting the requisite
demand for the production of healthy crops. This would bring an end to the
poverty and hunger issues, and make human life more secure, resilient, and
sustainable. The sustainable development goals (SDGs) ensure the future
development of new, improved, and competent cultivars to cope with the
global food desire and energy crises. Innovative technologies in the world

Agricultural Biotechnology: Issues, Challenges, and Recent Developments. Mohd. Sayeed Akhtar and
Khalid Rehman Hakeem (Eds.)
© 2025 Apple Academic Press, Inc. Co-published with CRC Press (Taylor & Francis)



2 Agricultural Biotechnology

of agronomy can provide genetic and molecular knowledge that enables
agricultural productivity against biotic and abiotic stresses. With the help of
scientific farming, many genetically modified (GM) crops can be sustainably
grown well under given environmental conditions. The use of such crops can
ease the workload and provide safety to farmers from carcinogens and other
harmful xenobiotic chemicals. Therefore, the aim of this chapter is to focus
on the revolutionary and forthcoming agricultural techniques that may fulfill
the crop demand, and also manage the sustainability of the environment.

1.1 INTRODUCTION

New scientific techniques are always valued by human society. They apply
scientific knowledge to satisfy their basic needs and improve their living
culture. These justify economic growth and rationalize the proper utility of
natural resources to achieve a sustainable environment (Rull, 2014). Scien-
tists use cutting-edge methods to improve crop production and management
to feed the world’s growing population through the application of agricultural
biotechnology (Struik and Kuyper, 2017). Agricultural biotechnology is a field
that is growing rapidly and that could help solve some of the world’s most
important problems. The agricultural biotechnology sector is scientifically
similar to the therapeutic biotechnology sector, with similar characteristics
such as a long time to market for developing goods. However, the backdrop
for innovation and entrepreneurship is substantially different when biotech-
nology is used in agriculture because of the unique difficulties, aims, and
opportunities presented by this field (Kumar et al., 2016). It is a collection
of numerous scientific approaches such as genetic engineering, molecular
breeding, molecular diagnostics, tissue culture, and vaccinations that are used
to improve crop and livestock productivity as well as the marketability of
products obtained from these organisms. Instead, it refers to a set of scientific
methods that have been developed to better the lives of organisms both large
and small. Science has devised methods to boost crop yields based on deoxy-
ribonucleic acid (DNA) knowledge. Breeder’s ability to improve crops and
livestock is bolstered by biotechnology, beginning with the ability to detect
genes that may bestow advantages on certain crops and continuing with the
ability to work with such features very accurately (Singh et al., 2018).

The progress made in the 21 century comes with many significant
problems that can’t be ignored. Climate change, the COVID-19 epidemic,
the rise in population, the loss of natural resources, and very poor socioeco-
nomic assumptions are some of the most important problems in agricultural
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production. All of these distressing circumstances ultimately result in
degraded soil and a decline in plant and animal life. Without the help of
computers and strategic thinking, none of them will be easy to do (Ben
Ayed and Hanana, 2021). This decade has been marked by a move away
from caring about other people. Global warming, ozone layer hazards, and
the expansion of deserts over previously arable land are just a few of the
critical, complex issues that scientists bring to our attention. In response,
we seek more information and place the burden of solving the issues on
organizations that lack the resources necessary to do so. Environmental
deterioration, often viewed as a concern of rich nations and a side effect of
economic development, has become a survival issue for poor countries. This
is because it adds to the environmental and economic problems that many
of the world’s poorest countries are already facing. Significant approaches
have been developed to improve the demand for sustainable feed items and
simultaneously maintain the ecosystem (Reitz et al., 2020). Although the
Green Revolution has accelerated agricultural production by several folds to
meet the huge population demands, we ignored the environmental damages
by using indiscriminate fertilizers. Climate change is one of the exclusive
setbacks in the flourishing of agricultural systems. In the past decades, climate
change has had a profound impact not just on natural ecosystems, but also
on human ecosystems. These repercussions of climate change, regardless of
their cause, highlight the susceptibility of natural and human ecosystems to
alterations in climatic system function, component interaction, or external
factors, whether natural or anthropogenic. These might lead to a high reduc-
tion in the yield of desirable crops. The indiscriminate proliferation of weeds
and pests enforces the use of synthetic pesticides that would do no good for
the soil. Climate change may affect weedy plants by making them move or
spread to new areas, changing their life cycles, or changing how many of
them there are and where they live. Weed migration will result in a differ-
ence in the structure and composition of weed communities in natural and
managed ecosystems (Ramesh et al., 2017). From the perspective of global
warming, Peters et al. (2014) identified three separate types of changes in
weedy vegetation: range changes, niche changes, and trait changes. These
changes occur across landscapes, communities, and population levels. As a
result of climate change, weeds will undergo significant shifts in their biology,
ecology, and interference potential, leading to complicated crop-weed inter-
actions that call for novel adaptation mechanisms. The C, pathway is present
in the major weeds of the planet, so it is assumed that they will become more
competitive as the climate changes. However, due to adaptation processes
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in weedy species, this is not as straightforward as it sounds. As our climate
continues to rise and the repercussions of this heat become more regular and
severe, farmers and agricultural communities all over the world will face a
growing number of obstacles. The heat waves also disturb the plant’s life
cycle and result in wilted (due to excessive transcription rates) plant growth
(Lippmann et al., 2019; Poonam et al., 2017).

Flood and prolonged waterlogged conditions disconnect the breathing
mechanism in the plants (Figure 1.1). This change is distributed unevenly
around the world. For all such reasons, there is an urgent need to shift from
the traditional paradigm of enhanced crop productivity to agricultural sustain-
ability. In adopting this, crucial choice, especially the use of digital technolo-
gies might help in improving the current circumstances (Ben Ayed and Hanana,
2021). The combination of escalating climate change and an industrial structure
that is already unstable constitutes a “perfect storm” that threatens farmer’s
livelihoods and our food supply. Fortunately, farmers can protect their busi-
nesses from climate change by adopting science-based farming practices that
will stand the test of time. However, farmers encounter numerous challenges
when attempting to alter their methods. Hence, politicians must move federal
agriculture spending to support and speed up this transformation.

FIGURE 1.1 Current impacts on agriculture due to climatic changes.
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In the future, the situation might become worse as the changes negatively
affect the agricultural production in low latitudes countries whereas effects
in northern latitudes may be negative or positive. The relationships between
climate change, land degradation, and land use are intricate. Climate change
has a big effect on land degradation because rising global temperatures speed
up the hydrological cycle. This makes it rain harder, which is a major cause
of soil erosion. As a result, with climate change, sustainable land manage-
ment (SLM) becomes even more crucial. Land-use change in the form of
forest clearance for rangeland and agriculture (e.g., to provide biofuels)
and the cultivation of peat soils is a major source of greenhouse gas (GHG)
emissions from biomass and soils. Many SLM activities (e.g., agroforestry,
perennial crops, organic amendments, etc.) enhance soil and vegetation
carbon content, giving local and immediate adaptation benefits and long-
term global mitigation benefits, as well as social and economic co-benefits.
Stopping, slowing, or reversing land degradation could help reduce climate
change and make it easier for people to adapt to it. These changes later lead
to food insecurity among helpless groups, such as the poor. These issues
also jeopardized the biological integrity of agroecosystems by the severe use
of agrochemicals, fossil fuels, natural resources, and machinery (Meena et
al., 2021). Concerns have to be taken to maintain the growth of agriculture
with a healthy ecosystem. On the whole, age-old traditional agricultural
practices have lost their integrity among the farmers. To contend with the
adverse effects governments are trying to develop traditional agriculture
with new dimensions without any external input (Meena et al., 2021; Singh
and Singh, 2017). Experts are now trying to develop efficient ways to do
agriculture to maintain the agronomic, economic, environmental, social,
trans-generational, and global conditions. Industrially, agriculture has now
been strengthened economically to feed the world. Based on the priorities
are set to lead to sustainable growth of agriculture that could be preserved for
future use (Lencucha et al., 2020; Struik and Kuyper, 2017).

Bioscience research, translational education, and entrepreneurship
are used to emphasize to development of sustainable agriculture. Preci-
sion agriculture (PA) under various key technologies started in the early
2000s including GPS, satellite imaging, and drone technology. This would
be further boosted by applying modern techniques of biotechnology.
It comprises lots of tools and techniques where we explore significant
genotypic traits from vital crops for the betterment of humans. These
traits enable transgenic crops to uphold extreme weather and protect
against harmful pests. The modern perception of biotechnology began in
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the 19" century, when the Theory of Evolution was considered to explore
more in molecular biology (Ashraf, 2016). Being a part of agriculture
biotechnology, crop yield, and food safety has become a prime concern
for farmers. It is a wide-ranging science that involves several scientists
using their skills to recognize and control the genetic structure of different
species in agricultural products. The inference of biotechnology here is
to allow the breeding of plants and maintain stabilization against extreme
abiotic stresses (Song et al., 2011). Many developing countries have been
approaching to minimize the risk of malnourished children. They are
trying to make improvements in the mode of agriculture they do. With
the concern for hunger and malnutrition, these countries make efforts to
upgrade the living standard but maintain the food and feed demands of
their respective citizens. This might be a challenge for them. The economy
and society demand ample food for survival with great hope and concern
(Ranjha et al., 2022). The gain in productivity and technological advance-
ment widely contribute to the use of natural resources and manage food
safety. This highly impacts the food chain and other biotic factors in the
environment. The consequences of genetically modified (GM) food crops
are widely accepted accordingly. Although the techniques elaborate the
concept of agriculture biotechnology, the possible risk factors are always
with flora and fauna. Being a part of the Convention on Biological Diver-
sity and Cartagena Protocol, India has also acquired the responsibility to
strengthen the Biosafety move toward the environment (Singh et al., 2018).
In past decades, biological sciences predominantly dominate agriculture to
maintain the Biosafety of the environment. The upcoming escalation in
breakthroughs, developments, and innovations, now become an essential
part of agriculture biotechnology. Such changes behave as a toolbox that
contains all the exciting solutions against the agricultural burden around
the world. Genes were first introduced in corn in 1989 by using molecular
techniques, and in the late 1990s, millions of acres were used in growing
transgenic corn. This clarifies the potential role of biotechnology in agricul-
ture in its formative years. This also encourages the commercialization of
transgenic crops with the concern of a clean environment. Every particular
phenotypic characteristic present in the transgenic plant interacts with the
environment. This ensures the impact of recombinant DNA present in the
transgenic (National Academies of Sciences, Engineering, and Medicine,
2002; Figure 1.2). Therefore, the aim of this chapter is to focus on the
revolutionary and forthcoming agricultural techniques that may fulfill the
crop demand, and also manage the sustainability of the environment.
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FIGURE 1.2 Significance of agricultural biotechnology in creating sustainable plant
products against various stresses.

1.1.1 NEXT GENERATION FOOD CROPS

Based on the needs of the global market, genetic engineering plays a crucial
role in agriculture that focuses on the concept of crop biotechnology. The
genetic technologies include GM food (transgenics), genome editing
(CRISPR, TALENSs, ZFNs, and so forth), and breeding techniques that have
been explored on a large scale in commercial farming in different global
regions (Bao et al., 2019; Kumar et al., 2020). They are the key growth areas
where skilled farmers try to utilize the new technologies. Commercial farming
is exclusively popular in developed and in some of the developing countries.

The high global population and the demand for food along with alarming
climatic changes create formidable confronts for the agriculture in coming
future. This necessitates creating better environmental protection. Now, crop
production is a hike at all times, but the quantity is insufficient for the whole
population. Current global population growth and the associated increasing
demands on farming, together with the threat of climate change and the need
for better environmental protection, pose formidable challenges for the agri-
culture of the future. Crop productivity is already reaching high capacity but
will have to increase perhaps by as much as 100% to sustain a world popula-
tion of nearly 9-10 billion by the end of 2050 (Ben Ayed and Hanana, 2021;
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De Fraiture and Wichelns, 2010; Martinis et al., 2020). The global challenges
in agriculture are also not evenly distributed. The circumstances of sustainable
agriculture are highly different between developed and developing countries.
High urbanization, aged population, and stagnant cultivation are the conditions
in developed countries whereas in developing countries population, infrastruc-
ture, and cultivating land are flourishing (Kruijssen et al., 2018; Martinis et
al., 2020). Less developed countries, on the other hand, also face demographic
growth but generally lack modern infrastructure and efficient farming skill
practices that are required for the expansion of agricultural production. Climate
change also afflicts different regions of the world with varying intensity and in
very diverse ways, generating complex effects on agricultural systems, which
remain hitherto unpredictable (Ganivet, 2020). In general, our growers face
multiple challenges during crop production and its improvements. To optimize
the diversity of the food production system, several new advancements have
exclusively been integrated to maintain and resolve the multifaceted and
interconnected physical and biological progressions that affect the yield across
diverse scales. The modern technological proceeds encourage the farmers. The
field of artificial intelligence (AI) emerged as one of the promising tools that
includes machine learning (ML) algorithms, which are needed to explore the
limitations of potential yield gap at the plot and field scales, and the proper
harness (National Academies of Sciences Engineering Medicine, 2019). The
ML approach enables the interpretation and prediction of variation in crop
production concerning climatic changes.

1.1.1.1 ARTIFICIAL INTELLIGENCE (AD

Artificial intelligence (Al) is a vast computational and robotic network.
UN Food and Agriculture Organization has been planning to develop the
network in agricultural production. As previously mentioned, the increase in
the global population would put a huge burden on agriculture. There would
be a shortage of cultivated land. Proper skill and robotic intelligence than
direct all around to bring a paradigm shift from what we do in farming today
(Zhai et al., 2020). Al comes up with lots of technologies including ML,
vision, expert system, and robotic approach. Machine learning (ML) is one
of the essential themes of Al. The skill enables the farmer to work more
creatively and efficiently. It consists of statistical and mathematical methods
that help in predicting the result and making a decision based on available
data. The machine learner interacts with the biotic and abiotic conditions of
the environment, collects information, and executes accordingly for better
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production (Jordan and Mitchell, 2015). The executions are performed with
a computational vision that gives meaningful information including images,
videos, and other illustration efforts (Kakani et al., 2020; Patricio and Rieder,
2018). During the execution process, expert systems are engaged in solving
complex problems by applying reasoning via knowledge, and conventional
procedural code (Bahrammirzaee, 2010). It also consists of natural language
processing (NLP) to figure out human verbal communication, computational
vision with an analog-to-digital translation such as video, and language
detection and proficient systems to reproduce the judgment (Araujo et al.,
2021; Jha et al., 2019). With proper planning and scheduling, the Al opti-
mizes the progression of all sorts of agricultural issues for farmers. Through
these activities, they follow the strategies and maintain the action sequences
accordingly (Li et al., 2010; Figure 1.3).

In an approach to supporting sustainable agricultural practices, Al has
played a pioneering role in the automation of agricultural practices (Eli-
Chukwu, 2019; Jin et al., 2020). It minimizes the stress of the traditional
mode of farming and modifies the variable outputs in food production. It is
an essential need to make a predictive multidisciplinary approach to improve
the food and agriculture sector. Artificial intelligence (Al) is an imaginative
and powerful tool that includes human intelligence and processes different
robotics and digital types of equipment. The cultivation of healthy crops
is made possible by the intelligent application of Al within the agricultural
sector. It evaluates the state of the soil and the crops and makes suggestions
on fertilizers, monitoring the weather, and crop quality. The information
would assist the farmers in improving their decision-making process and
engaging in more productive farming techniques. It is based on the three
cognitive skills of learning, thinking, and self-correction (Patel et al., 2021).

I Benefit of Al in

Agriculture Sector
National Language Processing *Help in Inventory Planning
Machine learning Deep Learning *Enable Real Time Data
Predictive analysis| ~Monitoring
Speech . Speech to text

b *Support Product Development

Artificial Expert System —— Lextto speech
Intelligence

Planning, Scheduling & *Increase Productivity
Optimization

Image Recognition| *Enhances Awareness Among
Machine Vision Farmers

Vision

Robotic
*Help in Investment Planning

FIGURE 1.3 Benefits of artificial intelligence in the agricultural sector.
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1.1.1.2 LEARNING

Learning is the fundamental part of Al solutions. From a conceptual perspec-
tive, learning improves the knowledge of an Al program by making observa-
tions in the agriculture sector. It is focused on the processing of collecting
input-output pairs. It predicts the outputs from new input. Most of the
information led to the basic kinds of literature that are studied, analyzed, and
identified in both supervised and unsupervised groups (Uddin et al., 2019).
However, that categorization is a generalization of real-world Al learning
models and techniques. The Al learning models utilize two human learning
processes that is, knowledge and feedback. The knowledge perspectives are
constructed on the basis of the illustration of input and output data points,
whereas feedback can be arranged in accordance with the interactions with
the external environment, users, and various biotic and abiotic elements (Lei
et al., 2020).

1.1.1.3 REASONING

Reasoning is a psychological process well associated with general thinking,
intelligence, and cognition. It is one of the essential parameters to analyze
Al and to predict a result from all the accessible information, details, and
beliefs. It plays a great role in the logical process allowing the machine to
draw conclusions, and predictions, and constructive with an approach based
on rational thinking just like a human brain, and gives them the ability to act
like humans (Muthu et al., 2020). In the agriculture sector, reasoning helps us
to sort out the ecological problems with all facts and beliefs. It creates new
knowledge from previously known knowledge. It would help us to find out the
valid interference. There are many threats that farmers face while performing
agriculture. During the performance, they have to manage the situation accord-
ingly. Currently, reasoning is significantly being used in maintaining lots of
agricultural activities and solving the problems regarding this.

1.1.1.4 SELF-CORRECTION

It is another expectation of Al programming. It is designed to continue to
regulate algorithms on its own and provide the most precise and potential
results. This model is fundamentally different from an active code that
possibly builds the self-correction mechanism without the use of any
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external intelligent agent. It follows the properties of the intelligence code
of the brain that actively interacts in words eliminating the errors during the
processing (Gao et al., 2013; Ng and Mahkeswaran, 2021). Automation and
Al maintain the aging agricultural workforce. By using self-driving agricul-
tural machinery farmers can focus on sustainable harvests and profits. In the
robotization of agriculture, farmers smartly manage all the data for future
use and explore self-correction strategies to minimize the risk of any further
mishappening during crop production.

1.2 IMPACT OF TRANSGENIC CROPS IN FUTURE

Many transgenic technologies exclusively impact the quantitative and quali-
tative production of crops. Incorporating genetic modification technology
into agriculture could reduce the need for costly pesticides and herbicides.
The elimination of indigenous pests will increase crop productivity and
improve crop quality. As a result, pesticidal toxin genes from a bacterium
can be inserted into the genome of the desired plant, protecting it from insect
pests. This technique is used to create transgenic plants like Bacillus thuring-
iensis crops. Virus-resistant plants can also be produced by introducing viral
coat proteins into plant cells (Kumar et al., 2012; Panter et al., 2012). The
new era of crop improvement has become a crucial process where many
concerns have been precluded for their extensive acceptance. During the
concerns, many risk factors are involved in the cultivation of the transgenic
crop. Scientists have been developing and analyzing the performance of
genetically modified organisms (GMOs) and selecting useful genes for crop
transformation. Other technologies like cisgenesis and genome editing, also
facilitate the development of GMOs with multiple useful traits (Kamthan
et al., 2016). Genetic engineering and plant transformation are played an
essential role in crop improvement. In this new, beneficial foreign gene or
silencing the expression of the endogenous gene(s) are introduced in crop
plants. Many other important traits are also being used such as abiotic stress
tolerance, disease resistance, herbicide tolerance, insect resistance (IR), and
nutritional improvement. To date, more than 525 different transgenic activi-
ties have been performed in more than 32 crops. They all are approved and
widely cultivated around the world. Transgenic technology plays a signifi-
cant role in increasing crop yields, lessening pesticide, and insecticide use,
cutting CO, emissions, and reducing the cost of crop production (Kumar et
al., 2020).
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1.2.1 GMOS SUPPORTS CLIMATIC CHANGES

Many researchers have conducted their experiments on the yield and poten-
tiality of GM grains under different climatic changes. Genetic engineering
and plant transformation have played a decisive role in gene introduction and
crop improvement. The cultivation of GM crops has the potential to reduce
the release of GHGs from farms. Increases in yield via GM have the poten-
tial to reduce emissions from both production and land-use change (Smyth,
2020). More widespread use of currently available GM crops in Europe has
the potential to reduce agricultural GHG emissions by 7.5% of Europe’s total
(Sutherland et al., 2021). In countries of Africa and Asia, climate change
has an impact lots and also, and they refuse to adopt the concept of GMOs
in their regions. Due to this somehow fails to meet the food security in a
warm climate (Van Aalst et al., 2008; Yadav and Lal, 2018). GM crops can
help to reduce GHG emissions and maintain carbon sequestration in the soil
by reducing tillage farming. Also, crop yield improvements can minimize
the need to add new land to production, eliminating further CO, emissions
from land-use change, while global demand for food production continues to
rise. There is still a lot of controversy around genetically GM crops and new
genomic breeding technologies, especially in Europe. Most of the criticism
is based on unproven assumptions about potential harm rather than on any
consideration of the existing or potential advantages. Higher crop yields,
increased farm income, and, in certain circumstances, reduced chemical
pesticide use have all been linked to the widespread adoption of GM crops,
which have positive effects on the economy, the environment, and human
health. Some studies also demonstrate that the use of GM crops can aid in the
reduction of GHG emissions and the promotion of carbon sequestration in
the soil (Blaustein-Rejto and Qaim, 2022; Kovak et al., 2021; Qaim, 2020).

1.2.2 GMOS ROLE IN INSECT AND PEST CONTROL

Carbon sequestration is critical for minimizing net GHG emissions. GHG
emissions are reduced by moving CO, from the environment into soil storage
pools via photosynthesis, where it becomes soil organic carbon (SOC).
Previous studies have shown that these soil storage pools will be depleted
roughly 15-20 years after the implementation of sustainable management
practices, rendering the resulting carbon sequestration benefits null and void.
However, new studies show that soil storage potential can be increased for
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decades after land management modifications are implemented if sustainable
practices are consistently implemented (McConkey et al., 2020; Sutherland et
al., 2021). The study was conducted on the GM herbicide-tolerant (HT) canola
plant. The adoption of HT canola and conservation tillage has a synergistic
connection, resulting in proportional decreases in GHG emissions. Indeed,
smaller equipment, cheaper glyphosate, better crop input technologies, and
advancements in crop genetics have all helped to reduce tillage practices, but
there is growing evidence to suggest that sustained land-use changes would
not be possible without GM HT crops. Because the technology is so good at
controlling weeds, farmers can use less tillage and summer fallow on GMHT
crops. This means that more carbon is being stored and less burden on the
soil, while other GM characteristics have been created, IR and herbicide toler-
ance are the most frequently used globally (HT). These characteristics assist
in reducing crop damage caused by insect pests and, accordingly, weeds,
which increases effective yields. According to the findings of a global meta-
analysis, the average yield benefits of GM crops are around 22%, with some
variations between traits and geographical regions. The use of GM crops in
industrialized countries located in temperate zones results in average yield
increases of 10% for IR and 7% for HT, respectively. For the European Union
(EU), these ideas seem to have some truth to them, as long as existing GM
cultivars are used (Kovak et al., 2022; Qaim, 2020).

The combination of HT GM crops and glyphosate can boost soil carbon
sequestration, preventing carbon dioxide (CO,) from being released into
the atmosphere and contributing to global warming. The study stresses that
using tillage as a method of weed control contributes to soil disturbances,
resulting in the release of carbon into the atmosphere. Substituting tillage for
weed-control techniques that cause minimum soil disturbance and increase
carbon absorption through continued crop production reduces carbon emis-
sions. This research lends credence to the idea that the increased use of
glyphosate on GM crops has a direct impact on the amount of carbon being
stored in the soil. The results showed that farmers’ ways of taking care of
their land have changed a lot in the past 30 years. This is because of the
spread of GM crops and HT types, which often involve using glyphosate
(Sutherland et al., 2021). In countries of Africa and Asia, climate change
has an impact lots and also, and they refuse to adopt the concept of GMOs
in their regions. Due to this somehow fails to meet the food security in a
warm climate (Van Aalst et al., 2008; Yadav and Lal, 2018). GM crops
can help to reduce GHG emissions and maintain carbon sequestration in
the soil by reducing tillage farming. Also, crop yield improvements can
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minimize the need to add new land to production, eliminating further CO,
emissions from land-use change, while global demand for food production
continues to rise.

1.3 PROSPECTIVE SIGNIFICANCE OF SUSTAINABLE AGRICULTURE

Sustainability faces severe problems in the 21 century, which humanity
must overcome. The requirement to boost agricultural productivity to main-
tain food security for a worldwide population that is projected to reach 9-10
billion people in the next decades, while also contending with a changing
climate that challenges sustainability, will place a strain on agricultural
systems. There is a demand for crop production systems that produce more
food with a higher nutritional value while also having less of an impact on
the environment (Delgado and Berry, 2008; Delgado et al., 2019). During
the 20" century, agricultural intensification was achieved by the extensive
use of fertilizer, pesticides, and irrigation, at a huge environmental cost.
These innovations contributed to the Green Revolution, which enabled
billions of people to achieve food security. The problems of the 21 century
are unique, and soil and water conservation will be vital to achieving food
security. Sustainable precision agriculture and environmental (SPAE) will be
needed so intensive agriculture and a changing climate does not cause extra
impacts that could speed up climate change (Delgado et al., 2019; Fulton
and Darr, 2017). For agriculture to be sustainable on a field level and across
a watershed, the next generation of cropping systems must be created. These
systems should combine biologically-based technologies (like plant-bene-
ficial microorganisms and cover crops) with PA and precision conservation
(PC). The employment of PA and PC in the development and deployment
of technology with the ability to manage and communicate precise informa-
tion and data at all levels of the agricultural ecosystem is essential to SPAE
and the quick growth of these cropping systems. The relationship between
PA, PC, and sustainable agriculture is inextricable. Sustainable agriculture
and PC emphasize conservation effectiveness, environmental impact, and
sustainability, whereas PA focuses on immediate cost savings in a particular
area by maximizing input returns (Delgado et al., 2019). Sustainable agri-
culture is a relatively young field that requires more attention from scientists
and researchers, and it is regarded as a necessity for human life. In recent
decades, sustainable agriculture has attracted broad interest due to its ability
to simultaneously achieve environmental and economic objectives. Green
Chemistry is the design of chemical goods and processes to eliminate or
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limit the usage and production of hazardous compounds. Green chemistry is
primarily founded on 12 principles and plays a crucial role in environmental
conservation. Both sustainable agriculture and green chemistry are crucial
for human progress.

1.4 IMPORTANCE OF GREEN CHEMISTRY IN FUTURISTIC
AGRICULTURE

Green chemistry has been around for more than 30 years and has given
scientists and chemical engineers a way to work in the big field of global
sustainability. As a natural next step in efforts to stop pollution, the idea of
“greening chemistry” has come up in the business and government worlds.
It emphasizes the idea that contributors must take a systems approach to
reduce environmental effects through the conscious design of chemical
products. This includes not only how raw materials are obtained and how
industrial and consumer goods are made and used, but also how these
materials and goods can be reused, repurposed, or upcycled (Ganesh et al.,
2021). The main reason why green chemistry strategies are needed in the
agrochemical field is to make sure those pesticides and fertilizers are used
smartly. Since pesticide production has such a direct bearing on human
and environmental health, it is particularly well-suited to the concepts
of green chemistry. However, farming practices today are still based on
methods of intensive production that use technologies created during the
“green revolution” that are not sustainable (Becer, 2021; Zimmerman et
al., 2020).

1.5 CONCLUSION

Climate change, population growth, natural resource depletion, and inad-
equate socioeconomic assumptions are major concerns in agriculture. All
of these upsetting circumstances erode soil and reduce plant and animal
life. Numerous studies have been conducted to elaborate on the role of
agricultural biotechnology under such abiotic stresses last decades. Most
have been discovered; they increase crop productivity, primarily by
lowering production costs by reducing the need for pesticide inputs; they
provide better rotations to conserve natural resources, and they improve
agricultural production by developing varieties resistant to biotic and
abiotic stresses. The relevance of biotechnology in the agricultural sector
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has been demonstrated by the production of disease-free plants with
enhanced nutritional value. However, the cost and accessibility of next-
generation sequencing technology will alter the area of applied genomics,
thereby speeding up the ability to identify the genetic elements underlying
agriculturally relevant traits. We seek further information and ask groups
without the resources to solve the problems. Environmental deteriora-
tion, a worry of rich nations, and a side effect of economic progress have
become a survival issue for poor countries. It adds to the environmental
and economic issues many poor countries face. Ways have been found to
manage the ecosystem and increase the demand for feed that is good for
the environment.

Many developing countries want to reduce child malnutrition by
improving their agriculture. Concerned about hunger and malnutrition,
these countries work to improve living standards while meeting food and
feed needs. This could be difficult. Economically and socially, people want
enough food to survive. Productivity gains and technological advances
help manage natural resources and food safety. This affects the food chain
and other biomes. GMO food crops’ implications are well understood.
Although the techniques expanded agro-biotechnology, flora, and fauna
are constantly at risk. As a member of the Convention on Biological Diver-
sity and Cartagena Protocol, India must promote environmental biosafety.
Researchers have the potential to learn more, quickly, with the assistance
of Al in sustainable agriculture. As a consequence of this, agricultural
biotechnology companies are increasingly looking to Al for assistance in
order to breed healthier plants, maximize growth, and gain a better under-
standing of the complex interaction that exists between genetics and the
environment. These would be a great business opportunity to create effec-
tive digital operations to achieve efficient and cohesive support of better
agricultural products, through Al. Green chemistry is also significantly
involved in reducing the use of nonrenewable resources like synthetic
fertilizers and pesticides, making farms more profitable and improving
soil quality. Methods like organic, natural, biodynamic, and ecological
farming do not use chemicals. Insects, weeds, and other pests can be killed
by natural bio-pesticides, which also make plants healthier. Biopesticides
deteriorate over time. Green chemistry, crop protection, and agrochemicals
are needed for long-term progress. Sustainability and green chemistry are
compatible. Sustainable farmers employ green inputs. Agrochemicals,
pharmaceuticals, and food use biocatalysts. Biocatalysts enhance output
and reduce waste.
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Improvement in Waterlogging Tolerance
in Plants via Melatonin
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ABSTRACT

Water stress (drought and water logging) has a significant impact on plant
growth and development. There has been minimal research on the bioac-
tive plant hormone melatonin’s impact on water logging stress situations,
despite the fact that it has been widely investigated in the context of water
shortage stress in a number of plant species. Melatonin controls the levels of
nitrogen and reactive oxygen species (ROS), which modifies the molecular
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defense mechanism and improves plant resistance to water stress. Melatonin
and other phytohormone interaction is also a crucial part of plants under
drought stress. The aim of this chapter is to provide recent updates on the
role of melatonin in the water logging and drought tolerance mechanism
by improving physiological, molecular, and anatomical changes and also to
discusses the impacts of nitric oxide and hydrogen sulfide (H,S) during the
tolerance mechanism.

2.1 INTRODUCTION

Abiotic stress, specifically the water stress, that is, waterlogged or drought
condition, is being severed due to alteration in environmental conditions in
the agriculture industry, primarily in the dry regions, that is, arid and semi-
arid regions, due to an average increase in the global temperature, greenhouse
effect, rainfall inequality, and poor water management under field conditions
(Stuart et al., 2011; Xoconostle-Cazares et al., 2010). According to Jackson
and Colmer (2005) water logging is a significant environmental stressor that
has an impact on crop survival, development, and productivity in regions with
high water table variations, excessive rainfall, and inadequate soil drainage.
Water logging stress caused by many factors, that is, heavy rainfall, flooding,
and inadequate drainage, could pose a danger for food security. On the other
side, the human population is growing with an increasing trend and expected
to be 10 billion in 2050 (Hasanuzzaman et al., 2018). Higher plants need
access to molecular oxygen to support their development and metabolism.
However, too much water in the soil frequently leads to an insufficient supply
of oxygen to the plant cells, which causes several phenotypic, physiological,
and metabolic disturbances, such as the inhibition of shoot and root growth,
a decrease in water and nutrient uptake, reduced efficiency of photosynthesis
and photochemical reactions on the leaves, respiratory problems in the
roots, and leaf senescence (Boru et al., 2003). Additionally, water logging
frequently causes plants to produce significantly more ethylene. According
to (Najeeb et al., 2017), the high ethylene content under water logging stress
frequently results in a considerable reduction in shoot and root growth, as
well as leaf senescence, and abscission, and photosynthesis (Pierik et al.,
2007). S-adenosyl-L-methionine (SAM), which is produced from methio-
nine by SAM synthetase, is the first step in the biosynthesis of ethylene. The
formation of 1-aminocyclopropane-1-carboxylic acid (ACC) from SAM is
subsequently catalyzed by ACC synthase (ACS), and ACC oxidase (ACO)
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converts ACC to ethylene (Najeeb et al., 2017). Low molecular weight and
aliphatic nitrogenous substances known as polyamines (PAs) include sper-
midine (Spd), spermine (Spm), and putrescine (Put) (Groppa and Benavides,
2008). They have been considered a class of plant growth regulators and
implicated in the growth and development of plants (Tavladoraki et al.,
2012). Additionally, many studies have suggested links between PA metabo-
lism and plant responses to environmental stress conditions, such as drought,
high temperature, salinity, nutrient deficiency, and others (Zhao et al., 2017),
due to their roles in preserving nucleic acid and protein structures, promoting
membrane stability, and scavenging free radicals (Alcazar et al., 2010).

The major effect of drought stress is the large production of reactive
oxygen species (ROS) and malondialdehyde (MDA), which damage the cell
membrane, nucleic acids, and proteins directly and/or indirectly (Arbona et
al., 2008). This has a negative impact on gas exchange and photosynthesis,
as well as plant development, quality, and quantity (Hossain et al., 2009;
Laxa et al., 2019). In practice, a global-scale examination of published
studies on maize and wheat over the last four decades found that water
scarcity was responsible for 20—40% of yield losses (Daryanto et al., 2016).
Meanwhile, water logging has been predicted to cause a 40—-80% loss in
crop productivity over 1.7 billion hectares (Shabala et al., 2014; Voesenek
and Sasidharan, 2013). Plants have evolved numerous techniques to deal
with water stress. Plants counteract the negative consequences of drought by
closing their stomata, accumulating solutes, and producing wax biosynthesis
(Hasanuzzaman et al., 2018). Furthermore, plants increase their resistance
to oxidative damage by activating anti-oxidative capacities and inducing
some molecular chaperones (Elkeilsh et al., 2019). As a result, plants alter
their metabolism to shift towards anaerobic, glycolytic, and fermentative
metabolism. The antioxidant enzyme system, heat shock proteins (HSPs),
and osmolyte production are activated due to anoxia (Tewari and Mishra,
2018). The diverse plant responses are facilitated using different key regu-
lators in the form of phytohormones (Verma et al., 2016). According to
Ahmad et al. (2002); and Arnao and Hernandez-Ruiz (2019a), melatonin is
an important plant regulator and antioxidant that controls a variety of physi-
ological plant processes in difficult environmental settings and shields plants
from oxidative stress in water-stressed environments. However, there have
been a lot of studies on melatonin compounds and their health benefits that
have been published recently. To fully understand the functions of melatonin
under biotic and abiotic stress, however, more study is required (Bose and
Howlader, 2020; Moustafa-Farag et al., 2019). The aim of this chapter is
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to provide recent updates on the role of melatonin in the water logging and
drought tolerance mechanism by improving physiological, molecular, and
anatomical changes and also to discusses the impacts of nitric oxide and
hydrogen sulfide (H,S) during the tolerance mechanism.

2.1.1 MELATONIN-INDUCED DROUGHT STRESS TOLERANCE

Melatonin (N-acetyl-5 methoxy tryptamine), an antioxidant occurring
naturally, is an outstanding and potent antioxidant that effectively manages
the stress under severe drought impacts in plants (Arnao and Hernandez-
Ruiz, 2019b). Melatonin a low molecular weight essential amino acid
L-tryptophan (Koyama et al., 2013) and considered as general signal
molecule in plants and mammals (Tan et al., 2012). Melatonin is therefore
highly recommended for reducing drought stress in a variety of plant
species, including Arabidopsis, and rice (Lee and Back, 2019; Yang et al.,
2019), fruit crops (Xia et al., 2020), field crops (Cao et al., 2019; Su et
al., 2019), vegetable crops (Campos et al., 2019; Karaca and Cekic, 2019;
Kaya and Doganlar, 2019), medicinal and ornamental plants (Campos et
al., 2019). The study also suggested the role of melatonin to control the
PAs levels in human skin and rat brains (Lee et al., 2003). There haven’t
been many studies done to clarify how melatonin affects PA metabolism
in plants under abiotic stress, including water logging (Zhang et al., 2019).
There were different concentrations were reported in different field (1
mM) in maize and fruits crop such as grapes 50 nM for the improvement
of drought stress (Fleta-Soriano et al., 2017). Furthermore, seed priming
(Khan et al., 2019), seed coating (Wei et al., 2015), direct soil treatment
(Ding et al., 2019), foliar application (Li et al., 2019), in nutrient solutions
and hydroponic systems (Zou et al., 2019), coupled with fertilization (Xia
et al., 2020), and application in the root zone at germination stage (Li et al.,
2019) can all be used to decrease drought stress. Similarly, another study
suggested that melatonin treated showed more production of melatonin
absorption from the environment at post-transcriptional control relative to
control (Zheng et al., 2017).

2.1.2 MELATONIN USED AS DROUGHT STRESS TOLERANCE

Chlorosis is a typical sign when intense water logging condition

caused excess generation of O, and H,O,, which degrades chlorophyll



Improvement in Waterlogging Tolerance in Plants via Melatonin 29

and chloroplasts break down (Smethurst and Shabala, 2003). Previous
research has investigated the protective benefits of melatonin against
chlorophyll degradation and photosynthetic capacity under various
abiotic conditions, that is, high temperature and waterlogged condi-
tions (Wang et al., 2019). It has been established that the chloroplast
is the primary location for melatonin synthesis, but it was also one of
the organelles that was most adversely affected by ROS. To maintain
its structure and functionality, plenty of melatonin is needed to regulate
different metabolic and biological pathways. Therefore, the absorbed and
in vivo production of melatonin can work in lessen damage due to water
stress and helps to plants for survival under such circumstances (Zhao
et al., 2017). Because of the widespread usage of melatonin in the treat-
ment of drought stress, scientists have been looking into the direct signal
of melatonin’s role under waterlogged condition. Different melatonin
biosynthesis genes that is, tryptophan decarboxylase (TDC), serotonin
N-acetyltransferase (SNAT), N-acetyl serotonin methyltransferase
(ASMT) and caffeic acid O-methyltransferase (COMT) were involved
for abiotic stress tolerance against drought. These genes were triggered
and up regulated under drought stress condition and alter the plant toler-
ance mechanism under such conditions. However, endogenous melatonin
levels fluctuate in response to changes in plant development cycle. Under
abiotic stress response including drought and water stress enhanced the
melatonin levels, as a result protective mechanism initiate to withstand
against drought stress (Ahmad et al., 2021; Arnao and Hernandez-Ruiz,
2015). These biosynthesis genes were expressed and increased the
endogenous melatonin levels. Similar results were reported by (Arnao
and Hernandez-Ruiz, 2013) suggested that drought influence the global
crops such as lupins, barley, and potato at different growth stages,
however, melatonin applications improved the growth and development
at different stages. Different studies were reported on the application of
melatonin on crop plants, that is, Arabidopsis (Yang et al., 2019), barley
(Lietal., 2016), Bermuda grass (Shi et al., 2015), apple (Li et al., 2015),
grapevine (Jiao et al., 2016), and rice (Wei et al., 2016) were reported
under drought stress. Similarly, another study reported on drought stress-
induced melatonin biosynthesis enzymes content between 2 and 6-fold
in one or more transcripts suggested the role of melatonin under drought
stress (Arnao and Hernandez-Ruiz, 2019; Wei et al., 2016). The role of
melatonin in different crop plants under drought condition was tabulated
in Table 2.1.
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TABLE 2.1 Melatonin’s Role in Different Crop Plants Under Drought Stress Conditions

Crop Name Drought Stress Effects References
Rice Water drainage Expression of DEGs, growth Lee and Back
characteristics, mitochondria (2016)

Arabidopsis
Maize
Maize

Wheat

Wheat

Barely

Soybean
Cassava

Cotton

Alfalfa
Rapeseed

Tobacco

Water withholding
Water with holding

Artificial induced
PEG drought

40-60% field
capacity

30% pot holding
capacity

Drought and cold
stress

20% field capacity

20% artificial
induced PEG

10% artificial
induced drought by
PEG

Water withholding

4% PEG 6000

Water withholding

structure enhance

Soluble sugars, and drought

responsive genes
PSII efficiency

Physiological and biochemical

effects

Chloroplast structure, photo-
synthesis, antioxidant enzyme,

membrane damage

Recovery after rehydration, growth
attributes, antioxidants enzyme,

physiology attributes

Endogenous melatonin, ABA
water status, photo system II,

photosynthesis

Electrolyte leakage, radicle and
plumule, germination status

Antioxidant enzyme activity

Chlorophyll, stomatal closure,
antioxidants enzyme, cellular redox

Chlorophyll, stomatal closure,
antioxidants enzyme, cellular redox

Osmo-protectants, antioxidants,

plant growth

Drought tolerance, MDA

Shi et al. (2015)
Fleta-Soriano et
al. (2017)

Ye et al. (2016)

Cui et al. (2017)

Ye et al. (2015)

Lietal. (2016)

Wei et al. (2015)

Ding et al.
(2019)

Bai et al. (2020)

Antoniou et al.
(2017)

Lietal. (2018)

Lee and Back
(2019)

2.2 MECHANISM OF TOLERANCE IN PLANTS VIA MELATONIN

2.2.1 PHYSIOLOGICAL AND MORPHOLOGICAL MECHANISMS

Melatonin’s reported multi-dimensional regulators roles in plants under
drought conditions at different growth stages that is, at morphological
and physiological characteristics in recent years. Similarly, Wu et al.
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(2016) reported that anatomical changes were recorded in plant organ
at cell membrane levels, in chloroplast grana lamella (Cui et al., 2017)
reduced chloroplast ultra-structural damage and enhanced the tolerance
level (Meng et al., 2014; Zhang et al., 2013), managed the cell extension,
improved leaf width, improved porous tissue, and enhanced the stomata
closure (Khan et al., 2019; Meng et al., 2014), cuticle formation (Ding
et al., 2018), and wax accumulation (Li et al., 2019). Similarly, the other
way the action of melatonin acts as biosynthesis moderator improves
the mitochondria and chloroplast structure condition demonstrates more
defense measures as stress level increases (Back et al., 2016; Tan et al.,
2013). By improving the antioxidant enzyme activity, melatonin improved
the physiological characteristics under sever circumstances (Sharma et al.,
2020; Xia et al., 2020), by limiting oxidative injury, lowering the ROS and
reactive nitrogen species (RNS) (Antoniou et al., 2017). Furthermore, the
following processed were also reduced such as electrolyte leakage (Lee
and Back, 2016), toxic substance (Liu et al., 2015), reduced cellular redox
interruption (Antoniou et al., 2017), relative conductivity, lipid peroxida-
tion (malondialdehyde reduction) (Ma et al., 2018) and improved nitro-
oxidative homeostasis (GSH).

Different enzymatic and non-enzymatic activities were regulated under
stress condition. The enzymatic activity involved peroxidase (POD), ascor-
bate peroxidase (APX), catalase (CAT), and superoxide dismutase (SOD),
as well as nonenzymatic antioxidants (plant polyphenol, vitamin C, E,
glutathione, and carotenoids) and Osmo-protectants (Ahmad et al., 2019;
Ding et al., 2019), and secondary metabolites, that is, flavonoids, phenolics,
and phenylalanine ammonia lyase were involved. Melatonin improves the
photosystem of plants, as evidenced by higher chlorophyll content (Liang
et al., 2019), faster food production process (Huang et al., 2019), and
higher transpiration rates (Campos et al., 2019). Melatonin has also been
shown to improve photo-protection by increasing photosystem II efficiency
(Fleta-Soriano et al., 2017). Melatonin, as a multifunctional molecule,
modulates the cell’s osmotic potential (Ye et al., 2016) by accumulating
soluble carbohydrates and proline (Li et al., 2018). Furthermore, under
drought conditions, one of the significant difficulties for melatonin to control
is water status. Melatonin improves plant resilience by increasing stomatal
conductance (Ye et al., 2016), cell turgor and water holding capacity (Ma
et al., 2018), and maintain the stomatal closure (opening and closing)
process (Wei et al., 2018). Furthermore, the results also shown to enhanced
the germination activity (Li et al., 2019), growth and development of root
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(Zhang et al., 2013), reproductive process (Wei et al., 2015; Zhang et al.,
2019), quality characteristics (Ma et al., 2018), seed yield (Zou et al., 2019),
leaf senescence (Liang et al., 2018), and speedy recovery after rehydration
(Sharma et al., 2020) are all improved tolerance mechanism were involved
after the application of melatonin.

2.2.2 MOLECULAR MECHANISMS

Melatonin’s defensive mechanisms have also been investigated, with a
particular focus on its capacity in response to drought stress, to protect plant
cells from redox homeostasis disruption. Melatonin affects ROS and RNS
levels as well as enhanced the antioxidant-related genes such as glutathione
S-transferase (GSTP), glutathione reductase (GR), dehydroascorbate
reductase (DHAR), APX, POD, SOD monodehydroascorbate reductase
(MDHAR) and CAT (Cui et al., 2018; Sharma et al., 2020), by managing
the proline and osmo-protective components using proline synthesis
genes (Antoniou et al., 2017). Melatonin not only protects plants from
oxidative damage, but it also controls the genes expression (up and down
regulation) involved in carbohydrate/fatty acid and amino acid metabolism
(Ding et al., 2019; Wei et al., 2015), the carbon metabolic pathway (Shi
et al., 2015), nitrogen metabolism and transport (Ding et al., 2019; Liang
et al., 2018), plant secondary metabolism (Sharma et al., 2020), energy
production (Cui et al., 2018; Ding et al., 2019), carotenoid metabolism
and photosynthesis (Sharma et al., 2020; Xia et al., 2020), and cuticle
wax biosynthesis (Ding et al., 2018). Similarly, another study was done in
soybean where melatonin was used in solution form with seed coating for
the improvement of drought stress tolerance, the results suggested that the
metabolism of carbohydrates and fatty acids contents were stimulated due
to melatonin application under treated relative to control (Wei et al., 2015).
Application of melatonin results suggested that the N uptake and metabolic
genes were up-regulated in tree leaves due to melatonin application under
water stress condition and acts as significant N regulators helps to improve
the metabolism and translocation of photosynthates under drought stress
condition (Moustafa-Farag et al., 2020).

Melatonin also regulates the gene expression of glycolytic protein
and electron transport gene in the respirational chain, promoting energy
production in water-scarce situations (Cui et al., 2018). Furthermore,
melatonin regulates the photosynthesis process by regulating different



Improvement in Waterlogging Tolerance in Plants via Melatonin 33

genes (i.e., PGK, TKT, FBA, RPI, FBP, GAPA, TIM, RPK, Rubisco, SEBP,
and RPE) regulate the CO, fixation and enzymatic activities (Liang et
al., 2019), carbon fixation protein expression (Su et al., 2019), photosyn-
thesis light reaction (cytochrome P450) (Ding et al., 2019), and tetrapyr-
role pigment biosynthesis (Ding et al., 2019; Jiao et al., 2016). Another
study also recorded similar results regulates the photosynthesis activity
process was enhanced when soybean seeds were primed with melatonin
solution that regulates certain mechanism under abiotic stress condition
especially drought and salinity (Wei et al., 2015). Photosystem I and II
subunits (PsbO and PsbP) combined with oxygen improved the oxygen
enhancer protein due to melatonin (Wei et al., 2015). Ferredoxin (PetF)
gene was recorded to regulate the ascorbate reduction that protects the
chlorophyll contents from filth. The relative expression of PetF gene
recorded higher expression under the melatonin application treatments.
Similarly, another gene VTC4 also encodes ascorbates biosynthesis
enzyme regulates L-galactose 1-P-phosphatase recorded similar function
(Wei et al., 2015). Melatonin suppressed the gene regulation and enzyme
activity of different genes (PPH, Chlase, and Chl-PRX) regulates the
chlorophyll degradation under water stress condition (Ma et al., 2018).
Different biosynthesis genes that is, KCS1 (fatty acid elongation), TSS1
(triterpenoids synthesis), and LTP1 (triterpenoids synthesis) for lipid
transport were significantly evaluated. It was noted that drought stress
elevated the transcripts of the four genes, which were then further induced
by melatonin treatment, confirming the significance of melatonin used in
wax production (Ding et al., 2018).

Melatonin also considered as plant phytohormone that promotes
stomatal closure via the signaling route of PMTRI1 (Phyto melatonin
receptors), control the hydrogen peroxide (H,0,) generation and the Ca**
signaling transduction cascade (Wei et al., 2018). PMTRI1 interacts with
subunit of G-protein A (GPA1) in the plasma membrane that regulate the
process (Wei et al., 2018). The dissociation of G and G (heterotrimeric
G-proteins) is triggered by phyto-melatonin-receptor interaction, which
causes NADPH oxidase-dependent H O, release and promotes Ca** and
K" efflux, resulting in stomata management (Wei et al., 2018). Further-
more, as a respiratory burst oxidase, NAPDH oxidase creates superoxide
radicals, which are then dismutase to H,O, either enzymatically or non-
enzymatically reactions. Melatonin also modulates the activity of critical
transcription factors including Myb4, AP37, and zinc finger (Lee and
Back, 2016; Shi et al., 2015), as well as transporter proteins like proton
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transporter (UCP1), potassium transporter (HKT1), and water channel
protein (PIP2;1) significant for drought stress tolerance (Lee and Back,
2016). Furthermore, melatonin signaling orchestrates controlled several
stress-signaling genes such as Ca** and protein kinases-related, suggesting
kinase signaling role in drought tolerance (Shi et al., 2015). When plants
experience water shortage due to drought, melatonin’s play a protective
and regulatory role, in combination with other anti-stress measures, begins
to avoid, reduce, or eliminate the stresses (Ahmad et al., 2021; Arnao and
Hernandez-Ruiz, 2019b). Under water stress condition stress signals were
transferred to the nucleus through the cell membrane to manage with the
harsh impacts of drought (Wei et al., 2018; Zhou et al., 2018), by triggering
the melatonin-biosynthesis genes (Li et al., 2015; Ma et al., 2018). As a
results, the nucleus quickly starts to initiate the melatonin biosynthesis
pathway and its associated genes, that is, tryptophan, in mitochondria
and chloroplasts and overcome the stress situation (Back et al., 2016;
Tan et al., 2013; Wang et al., 2017). Surprisingly, melatonin begins by
delivering stress feedback to the nucleus, which then triggers the suitable
stress reaction (Cui et al., 2017; Ma et al., 2018). Numerous protective
genes regulated agronomic, physiological traits directly or indirectly.
Therefore, these mechanisms were controlled by many genes responsible
for chlorophyll degradation, photosynthesis, photo-protection, antioxi-
dants enzymes systems, cell membrane stability, hydration, oxidative cell
damage and leaf senescence improved under water stress condition. As a
result, the whole condition of the plant is improved, including germina-
tion, juvenile stage, flowering, and reproductive stages by improving the
tolerance, while harmful compounds are reduced, resulting in drought
tolerance.

2.3 MELATONIN-WATER STRESS RESEARCH: INTERACTIONS OF
MELATONIN WITH OTHER COMPOUNDS

Melatonin application with micronutrients in the form of nitric oxide
(NO), and H,S also played a significant effect under drought circum-
stances and plant defense mechanism (Bhuyan et al., 2020). Melatonin
regulates a variety of plant responses under water shortage conditions
as explained above. NO is a basic signal that acts as a pro-oxidant and
antioxidant in response to harmful settings. Their endogenous absorption
and local production are harmful for plants (Zhu et al., 2019). H,S is a



Improvement in Waterlogging Tolerance in Plants via Melatonin 35

major metabolic regulator in plants that regulates enzymatic antioxidants
to alleviate the damaging effects of drought and water logging (Cheng
et al., 2013; Jin et al., 2011). There was a strong connection was present
among the melatonin, nitrogen oxide and H.,S to overcome the biotic and
abiotic stress response drought (Mukherjee et al., 2014), and salinity
(Antoniou et al., 2017), as well as melatonin was used in fruit ripening
process (Mukherjee, 2019). Melatonin protects alfalfa plants from drought
damage by altering nitro-oxidative equilibrium through enzymatic and/or
transcript-level control of RO and NS metabolic enzymes (Antoniou et al.,
2017). However, it is yet unknown how endogenous melatonin is involved
with NO in the presence of water scarcity (Zhu et al., 2019). There is
dire need to determine the exact mechanisms were involved using the
plant omics and advance next generations sequencing (NGS) techniques
to determine the conditions specific transcripts and genes involved for
tolerance mechanisms.

2.3.1 PHYTOHORMONES

Through the control of phytohormone levels, melatonin-a key hormone
regulating molecule increases plants’ tolerance to drought stress. There were
different types of phytohormones present in nature such as abscisic acid
(ABA), auxin (Aux), gibberellic acid (GA), salicylic acid (SA), jasmonic
acid (JA), and brassinosteroids (BRs). In response to drought stress, the
main physiological processes that are heavily regulated by phytohormones
include antioxidant metabolism, carbohydrate synthesis (carbon metabo-
lism), stomatal movement, and leaf senescence (Burgess and Huang, 2016).
There were different Phyto-response up-regulate under drought stress such
as JA, ABA, and BRs (Burgess and Huang, 2016; Sharma et al., 2020),
while downregulate the GAs and CKs. However, the exogenous application
enhanced the CKs, GAs, JA, and BRs (Sharma et al., 2020), and downregu-
late the ABA (Sharma et al., 2020). A schematic diagram presents the role
and function of different phytohormones under melatonin and drought stress
condition (Figure 2.1). ABA generation is stimulated by a lack of water
(Behnam et al., 2013; Elkeilsh et al., 2019), which in turn downregulates the
primary metabolic pathways, helps to leaf senescence and stomata regulation
(Burgess and Huang, 2016). Under water stress, cytokinin manufacture and
transport are suppressed, which results in cytokinin decrease and accelerated
leaf senescence.
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FIGURE 2.1 A schematic diagram showing the role and functions of each phytohormone
along with melatonin under drought stress.

CKs are an essential phytohormones that prevent chlorophyll degrada-
tion and leaf senescence (Kudoyarova et al., 2007). Better photosynthetic
efficiency and tolerance to drought-induced effects were recorded due to
result of melatonin treatments and upregulation of CKs levels and several
associated signaling pathways (Ma et al., 2018). Drought stress prevents
the manufacture of gibberellin, which is greatly increased in response to
melatonin therapy and results in drought tolerance (Sharma et al., 2020).
Stomatal motility, photosynthesis, and the antioxidant defense system are all
critically dependent on the buildup of salicylic acid (SA) (Hasanuzzaman et
al., 2018). Melatonin-treated plants have been shown to exhibit an increase
(albeit not a substantial one) in the defense hormone salicylic acid in maize
plants under dry circumstances (Fleta-Soriano et al., 2017). Through the over
expression of melatonin-biosynthesis genes under drought conditions, which
led to a decrease in IAA that may have been caused by competition for the
same precursor, tryptophan, enhance drought tolerance was achieved using
primarily transgenic plants (Yang et al., 2019; Zuo et al., 2014). Plant breeders
should focus on enhancing the root’s resilience to abiotic stressors, such as
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drought, since it is the first plant organ to interact with the environment. It’s
interesting to note that melatonin targets plant roots, acting similarly to auxin.
In this context, Pelagio-Flores et al. (2012) offered strong relations in Arabi-
dopsis thaliana results in the creation of lateral and adventitious roots, which
confers a vast root system. Further research is required because there hasn’t
yet been a detailed study that reveals how melatonin interacts with ethylene or
strigolactone in drought-like conditions. All the aforementioned information
demonstrated that melatonin functions as an important regulator of numerous
plant hormone components, or a “plant master regulator,” making plants more
tolerant of irrigation water shortages (Arnao and Hernandez-Ruiz, 2020).

2.3.2 TOLERANCE TO MELATONIN-INDUCED WATER LOGGING STRESS

Though the application of melatonin is important for alleviating the abiotic
stress especially salinity and drought condition, however, the research is at
early stage via melatonin induced alleviating stress tolerance. Researchers
have suggested that melatonin has a high capability to remove ROS, by
lessen oxidative injury, resistance against water logging, and, as a result,
overcome the yield, and quality losses (Chen et al., 2015).

Melatonin treatment increased endogenic melatonin levels, chlorophyll
content, antioxidant enzyme activities, anaerobic respiration and photosyn-
thesis, and aerophilic respiration while limit the malondialdehyde (MDA),
ROS, and wilting (Zheng et al., 2017). Melatonin enhanced the biosynthesis
enzyme genes (MbTSH I, MbAANAT3,and MbASMT9) expressionunder water
stress (Zheng et al., 2017). They studied the effect of melatonin pretreatment
on alfalfa on seed under water scarcity and suggested that melatonin might
reduce stress damage while increasing plant growth, chlorophyll content,
and PSII efficiency under drought due to up-regulation of stress related
genes. Furthermore, melatonin also regulate the polyamine (putrescine, sper-
midine, and spermine) levels while decreasing ethylene, which is controlled
by changes in gene expression (Zhang et al., 2019). Production of ethylene
and polyamine (PAs) showing tolerance behavior under drought stress with
melatonin application in crop plants (Figure 2.2). Melatonin application is a
useful method for mitigating the severe effects of water logging. Zheng et al.
(2017) reported that the melatonin mediated water logging mechanism was
involved in apple seedlings studied. The studied suggested that melatonin
regulates the aerobic respiration and photosynthesis by maintaining the ROS
production and mitochondrial genes involved during the reaction. They
also proposed another concept in alfalfa, their direct or indirect production
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of ethylene and polyamine (PAs) were recorded positive effect relative to
control plants (Zhang et al., 2019). The results suggested that under stress
condition the genes recorded (2—5) fold increase in melatonin (endogenous)
level relative to control. However, the melatonin limit the ethylene produc-
tion by downregulating the desired genes involved in ethylene production
during the process and reduced the stress pressure by inhibiting chlorosis and
premature senescence (Zhang et al., 2019). Similarly, melatonin enhanced
the (PAs) levels by enhancing the polyamine metabolism enzymes genes
expression. Melatonin enhanced water logging tolerance, at least in part, via
modulating polyamines and ethylene production, resulting in more stable
cell membranes, improved photosynthesis, and reduced ethylene response.
Water stress increases ethylene production, melatonin (2-5 fold), polyamines
(PAs), and ROS in plants. It was also suggested that melatonin production
limit the ROS production. Similarly, another study also suggested that the
pretreatment of melatonin enhanced the physiological, enzymatic, non-
enzymatic and (PAs) in Alfalfa and enhanced the stress tolerance mecha-
nism under drought. The study also suggested that melatonin enhanced the
tolerance by reprograming PA and ethylene biosynthesis pathway. The PAs
production was enhanced while ethylene production was decrease during
the process. As a results, the membrane stability, photosynthesis, and leaf
senescence (Zhang et al., 2019).
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FIGURE 2.2 Role of melatonin on ethylene and PAs production and tolerance mechanism
under drought stress.

Source: Adapted from Zhang et al., 2019
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2.4 CONCLUSION

Tolerance against drought can be attributed towards functional and structural
alteration at physiological and molecular levels. Improvements in the root
area, number drought resistant genes involved in root zone area, enhanced
growth, limit the oxidative injury, modulate osmotic potential, enhanced
leaf water status, stomatal closure and osmolytes deposition resilient the
stress affect and improved the yield under drought condition. Melatonin is
a key component of the regulatory pathway network that controls all these
systems, and it is a favorable substance for upcoming research and practical
implications. Under water stress, the control of melatonin and its metabolic
pathway is still unknown. There is dire need to figure the mechanism
involved to determine the role of melatonin as nutrient and understand its
exact mechanism would help us a lot and will provide us with a fantastic
opportunity to exploit this beneficial chemical to improve plant toler-
ance and adaptability under drought condition. Furthermore, deep insight
research employing microarray, transcriptome, and proteome analyses to
clarify molecular pathways would aid in identifying the genes that regulate
plant morphological, physiological, and biochemical characteristics due to
exogenic melatonin usage under drought condition. Future research will
investigate how novel receptor mediated Phyto-melatonin signaling played
a significant role to enhance the physio-chemical properties and enhanced
the tolerance mechanism. Furthermore, the most well-known facts on mela-
tonin’s interactions with other tiny signaling molecules, such as NO and
H,S, may be useful. The nitric oxide and H_,S signaling molecules with the
association of melatonin signals molecules enhanced the tolerance mecha-
nism and has made tremendous progress in the recent decades. As a result,
more research needed for melatonin allocation in plant parts with respect to
H,S and NO application alone or in combination. The molecular processes
exposing the interaction between the melatonin and other antioxidant
enzymes with phytohormones like strigolactone and ethylene in improving
drought tolerance warrant further research using mutagenesis or genome
editing technique used to engineer the plant with novel characteristics and
become a model plant under low water status. Because of the complexity of
plants’ interactions with a variety of environmental agents, future study on
the association among melatonin and different stress combinations should
be considered. Finally, using synthetic melatonin, a very inexpensive
molecule, or Phyto-melatonin-rich extracts to improve plant tolerance may
be an attractive strategy.
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ABSTRACT

Crop output is negatively impacted by drought stress, which has also resulted
in sizable losses for the world economy. Due to the restriction or cessation
of photosynthetic activity as well as other metabolic activities in plant cells,
has a significant impact on canola (Brassica napus L.) yield and essential
oil quality. Phytohormones, such as ABA, react to water-scarce condition
causing stomatal closure and thereby decrease sweating. The drought-resistant
breeding lines of canola are usually used for physiological and biochemical
changes. In canola production, drought stress also affects carbon uptake and
translocation, lowering yield at the reproductive stage. Conventional breeding,
marker-assisted breeding, and other genomic approaches are utilized to define
the genetic and metabolic mechanisms conferring drought tolerance in canola.

Agricultural Biotechnology: Issues, Challenges, and Recent Developments. Mohd. Sayeed Akhtar and
Khalid Rehman Hakeem (Eds.)
© 2025 Apple Academic Press, Inc. Co-published with CRC Press (Taylor & Francis)



48 Agricultural Biotechnology

For genetic improvement, a number of quantitative loci (QTLs) and alleles
were found and exploited. Additionally, processing technologies can be used
to cultivate high-yield canola varieties that are more petroleum-efficient and
tolerant of volatile weather conditions. New genome editing technologies
can be applied in plant gene introgression, gene targeting, updating signaling
regulatory networks, and high throughput sgRNA libraries. Crops that have
been genetically engineered with clustered regularly interspaced short palin-
dromic repeat (CRISPR) technology have a greater potential to reduce drought
stress, which has improved qualitative characteristics as well as production.
The aim of this chapter is to focus on the potential use of genomic-assisted
breeding strategies to increase canola resistance under drought conditions. It
also highlights the challenges and opportunities associated with abiotic stress,
its process, management, and future endorsements.

3.1 INTRODUCTION

Plants are subjected to a variety of abiotic challenges, such as water stress,
temperature stress, salt stress, and heavy metals. According to Kumar et al.
(2020), drought, harsh weather, and salinity each year result in significant
losses of US $ 1.43 billion, 186 million, and 354 million. Shubha and Tyagi
(2006) reported that environmental pressures cause more than 50% of the
major damage to crop crops. Growth and development can be harmed
permanently by the extreme effects of drought stress, which result in extreme
protoplasmic water loss (Harb et al., 2010). Drying either completely stops
or significantly reduces the metabolic and photosynthetic activity of plant
cells (Dubey et al., 2018, 2019; Hashem et al., 2019; Kumar et al., 2010,
2013a, b, 2014, 2015).

Depending on the crop type, some abiotic stresses can be tolerated
(Rozema and Flowers, 2008). Following exposure to stress, especially
drought, adaptive mechanisms are activated and up-regulated, including
the expression of stress-related genes that code for proteins and promote
the synthesis of protective metabolites (Fukao and Xiong, 2013) during the
canola growth cycle, drought sensitivity. Low-premium canola oil can be
found in Erusic acid and glucosinolate. The drought stress reduced the antici-
pated seed production projection to 31% (Elferjani and Soolanayakanachally,
2018). Additionally, the seed yield was reduced by drought by 35% during
the flowering phases and by 18% during the grain-filling stage (Godarzi et
al., 2017). This unfavorable effect on canola growth and productivity forced
the researchers to develop strategies to improve canola’s drought efficiency.
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Different physiological parameters help Canola to adjust to water scarcity
at different levels of development. Some dryness and salinity indicators in
seed germination, seedling emergence, 50% blooming, and seed maturation
help to detect and pick germplasm. Different physiological, biochemical, and
molecular responses have been established to accommodate abiotic stresses
in the plants. The genetic and biological paths that were validated to enhance
drought tolerance are used by modern and classical genetic approaches,
including classical breeding methods (Zhang et al., 2014). The availability
of water and genes for biochemical, cellular, and evolutional dryness respon-
sibilities are determined by different genes (Tuberosa and Sialvi, 2006). The
use of genome-based approaches and unique morphological characteristics
that convey tolerance to drought and the production of maximum yields
under drought conditions can be used for the specific plant genes or alleles
linked in QTLs (Shamsudin et al., 2016). The collection of dry features is
expected to be supported in genomic methods and the implementation of
molecular marker approaches. The requisite information on pedigree, geno-
type, and hybridization of QTL targets is available in sequence-based data
(Das et al., 2017). The aim of this chapter is to focus on the potential use
of genomic-assisted breeding strategies to increase canola resistance under
drought conditions. It also highlights the challenges and opportunities asso-
ciated with abiotic stress, its process, management, and future endorsements.

3.2 DROUGHT EFFECT ON CANOLA

Different species respond differently to drought stress. Plant metabolism
changes as a result of drought stress in a number of ways (Lisar et al., 2012).
Depending on the severity, length, and crop stage of the drought, seed output
has been reduced by 14 to 50% (Li et al., 2009; Zscheischler et al., 2014).
Water scarcity results in oxidative stress, cellular damage, and the production
of reactive oxygen species (ROS). Enzymatic and non-enzymatic defense
responses reduced the negative effects of ROS (Munns and Test, 2008). The
resilience to drought depends on maintaining the ROS scavenging equilib-
rium (Noctor et al., 2014). Drought reduces plant development (Sairam and
Srivastava, 2001) and makes cell growth more vulnerable due to a drop in
turgor pressure (Nonami, 1998).

3.2.1 PLANT GROWTH AND DEVELOPMENT

Growth is a process that depends on several levels. It involves cell division
and expansion and is influenced by morphological, ecological, physiological,
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and molecular measures (Figure 3.1). Water stress and drought can have an
impact on all processes associated with the growth of the plant (Fahad et
al., 2017). In higher plants cell elongation is suppressed as a result of water
scarcity and water transportation disruptions are repressed from the xylem
to neighboring cells and tissues (Hussain et al., 2008). Some crop species
increase their proline and other amino acids in the branch chain in response
to drought (Din et al., 2011), while carbon dioxide (CO,) assimilation and
net photosynthesis decrease due to the closing of the stomach. Concurrently
a phytohormone raises the ABA concentration when plants suffer from
drought or water stress conditions (Wilkinson and Davies, 2010). Water-
limiting conditions affect the growth, yield, and biochemical composition
of plants (Birun Ara et al., 2011; Din et al., 2011) observed various forms of
drought-tolerant canola and reported a reduced grain yield in the flowering
stage, because of drought conditions. When droughts occur during the repro-
ductive stage, the delayed flora, dehiscent fruit, and reduction in seed yield
affect canola plants (Birun Ara et al., 2011). The ROS produces a metabolite
flux that raises tissue load oxidative pressure by photorespiration. Under the
conditions of drought, injuries caused by ROS are major constraints to the
growth of biological macromolecules (Farooq et al., 2009).

FIGURE 3.1 The diagram model describes different impacts of drought stress.
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3.2.2 CARBON ASSIMILATION AND TRANSLOCATION

Drought has a very different impact on CO, diffusion and depends on organ-
isms, stress intensity, and process. Carbon assimilation is related directly
to the availability of carbohydrates and water. Water restriction (drought)
reduced yield (Flexas and Medrano, 2002). In addition, stomata diffusion
limitations reported reducing CO, carbon assimilation by about 55% due
to drought (Yan et al., 2016). Carboxylation of Rubisco under abiotic stress
is restricted by restricting diffusion of CO, by stomata or in mesophyll
pathways. In addition, these stresses affect the catalytic reaction enzyme.
Drought stress increases biomass distribution to roots and may increase
water absorption potential (Leport et al., 2006). Furthermore, the export
rate also decreased, with the reduction of both the photosynthate and the
metabolism of carbohydrates and saccharose in the foods (Kim et al., 2000).
Drought stress restricts photosynthesis stomatal conductivity and mesophyll
and affects resource efficacy (water and nitrogen). This reduced the net
photosynthesis and carbon assimilation rate. Furthermore, the rate of carbon
assimilation and transport of electronics was reduced, and the resulting yield
drought (Elferjani and Soolanayakanahally, 2018).

3.2.3 YIELD FORMATION (CARBOHYDRATE, PROTEIN, AND OIL)

Crop yield is significantly reduced when canola plants are exposed to drought
at the blooming and grain-filling stage (Gan et al., 2004). In normal circum-
stances, in transgenic and non-transgenic canola, all the agronomic and yield
characteristics are the same. However, in contrast to the non-transgenic
genotype derived from the transgenic line, transgenic canola species perform
better on yields under limited water source conditions (Wang et al., 2005).
Table 3.1 identified the impact of drought on seed development, fatty acid
content, and oil yield of species of Brassica. Experiments on the floral and
pod-filling effects of drought showed that the leaf chlorophyll, protein, and
proline content in all the tested canola varieties decreased. Some drought
tolerance measures are included in B. napus species (Table 3.1). Drought
stress induces sterility, reduced assimilation, and the flow of the developing
ear during the flowering stage (Yadav et al., 2004). When canola plants expe-
rience drought stress during flowering, adverse events are reported. Drought
drives the bloom in its reproductive process and consequently decreases the
dehiscence of the fruit and eventually the final yield (Birun Ara et al., 2011).
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TABLE 3.1 Indices for Drought Tolerance Influence of Drought Stress on Seed Yield, Oil
Content, and Oil Yield in B. napus

Drought Indices Stages Agronomic or Drought Type References
Physiological Traits
Biomass and water Seedling Biomass and Greenhouse Ashraf and
potential osmosis/osmotic Mahmood
pressure (1990)
DSI Maturity Yield and yield Field Chauhan et al.
components experiment (2007)
LS, PSS, RVI Germination Biological traits Petri dish along Yang et al.
with induced  (2007)
PEG 6000
solution
Growth stages Whole stages Physiological traits ~ Field Moaveni et al.
(TDM, LAI, RGR, experiment (2010)
CGR)
DTI Flowering and Agronomy and Pot experiment Din et al.
reproductive  physiology traits (2011)
stages
PCA, clustering ~ Flowering Agronomy and Rain available Zhu et al.
morphology water (2011)
Leaf wilting index Seedling Biological traits Pots experiment Li et al. (2012)

Abbreviations: PCA: Principal component analysis; DSI: drought susceptibility index; TDM:
total dry matter; LAI: leaf area index; CGR: crop growth rate; and DTI: drought tolerance
index.

A wide range of atmospheric conditions (heat stress) significantly
decreased yield at the blooming and filling stage (Karaba et al., 2007).
Studies have shown that many physiological responses to drought stress in
Brassica, that is, protein synthesis, metabolite buildup, stomatal conduc-
tance (SC), and photosynthetic activity affected directly or indirectly and
ultimately reduced the quality and yield attributes (Sangtarash et al., 2009).
During all phases of development, B. napus is subtle to drought. Germina-
tion time was extended with a drastic reduction in germination rate in 5.
napus treated for osmotic stress induction with polyethylene glycol (PEG)
(Willenborg et al., 2004). Yang et al. (2007) indicated that seed germination
was affected in stress conditions with time-and-rate, vegetative growth is
delayed and consequently yield losses were recorded on the B. napus. The
heat and drought of the protein were raised, with oil quality decreasing when
flowering and siliqua were subjected to dryness (Elferjani and Soolanay-
akanahally, 2018). Drought stress in the cultivation of canola can change
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breeding and planting. In addition, the supply of nutrients and storage of
photosynthesis have been decreased because of the delayed growth of their
reproductive structure (pollen tube extension) (Barnabes et al., 2008). Canola
oil is more a seed processing income. Abiotic stresses affect oil thickness,
contents, and composition (Si et al., 2003). Oil is derived from the assimila-
tion of photosynthetic carbon of the sheet, later carbohydrate, converted by
metabolic route into tricyclic glycerol (Baud and Lepiniec, 2010). The impact
on oil quality of drought was varied due to the high interactions between G
x E (Zhang et al., 2014). Although water stress during the blooming and
silique production stage was reduced to 6—12% in canola (Champolivier and
Merrien, 1996), oil content was decreased under drought conditions (Aslam
et al., 2009).

3.2.4 WATER USE EFFICIENCY (WUE)

In these areas where crops depend on canal water or sub-surface water or
where competition exists for sources of water between farm use and urban
needs, water use efficiency (WUE) is important. The WUE characteristic
helps plants to reduce slower soil negative effects due to drought and water
depletion. One approach to WUE growth is to assimilate CO, alters into each
unit of hydrochlorinated water (Chaerle et al., 2005). Efficiency can also
increase the development of high grain filling and high seed yield beyond
ground dry matter. It is therefore possible that WUE can be employed in
genotypical selection as an indirect criterion for the yield of seed. In Brassica
genotypes, there have been well documented genetic variations and water
use quality. In addition, the resistance to dryness was limited to the canola
varieties (Cowling, 2007).

In Brassica napus and B. rapa lines Fletcher et al. (2015) suggest a
technique to maximize the use of water and the root system that supports
the absorption of more root water. The true change between escape and
drought avoidance helps to minimize the chance of drought tolerance
between the genotypes, and the dry escape breeding strategy alone can
do so. Kooyers (2015) notes that there is no invariant association between
floral time and water quality, while in the wild some Arabidopsis thaliana
L. genotypes exist that have short floral cycles and enhance WUE. These
features also occur in Brassica species and increase tolerance among
genotypes. These features are important for the enhancement of drought
tolerance but rely on the climate. It also includes soil humidity content,
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local weather data, and irrigation methods. The moisture absorbance for
transpiration is maximized during successful use of water by crops, non-
stomatal transpiration is decreased, and soil evaporation is minimized.
Drought tolerance wheat species enhances cell extension modification of
osmotic and partially open pores to retain CO, attachment in extreme water
scarcity (Ahmad et al., 2018). The harvest index (HI), a matrix for repro-
ductive function and apportioning assimilation, is significant for the yield
factor. The drought stress at the grain filling phase affects the reproductive
feature, harvest index, and assimilated reproductive partitioning (Blum,
2009). Plant water status contributes to the enhancement of WUE through
the continued assimilation of sources and plants leads to reproductive
success, and thus increases the plant’s final production (Passioura, 2007).
Drought stress reduction in CO,, photosynthetic rate, chlorophyll content,
and sweat rate (Shafiq et al., 2014). Photosynthesis is taken up, and the
production of biomass influences the early and high degree of stomata
closure, while the soil’s water quickly loses and thus loses yields after
anthesis (Saradadevi et al., 2017).

3.2.5 PHYSIOLOGICAL CHANGES DUE TO DROUGHT

Phenotypical and molecular techniques provide unique possibilities for
investigations and more precise use for yield under water stress conditions
on the genetic and functional basis (Tardieu and Tuberosa, 2010). Parents
with a range of complex characteristics cross through physiological repro-
ductive technology to find the outcomes of compound genes that enhance
their outcome. Also important for finding out genome selection are selected
progeny using remote sensing techniques. Identification, as a fundamental
genetic basis for drought and genetic transformation, is the identification
of single genetic tools to improve yield components in the Calvin cycle
expression. The physiological characteristics-based cross-test is designed to
meet breeding targets. In addition, the genotype (G x E) interaction feed
models help grow new genotypes in the new environment (Reynolds and
Langridge, 2016). Direct selection or marker-assisted selection can deter-
mine the physiological characteristics of breeding programs; this depends
heavily on genetic relationships with yield, genetic diversity, genotype, and
environmental interactions. In direct selection, the breeding introgression for
physiological properties is determined by using three different stages (pre-
breeding, characterization, and early selection). A vast array of data sets for
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genetic resources are given for physiological breeding to achieve the best
genetic characteristics that can also be used for separating yield generations.
Table 3.2 provided several major measures of drought tolerance for agro-
nomical and physiological characteristics. Under stress, plants accumulate
metabolites including amino acids, are protein precursors, which play a role
in growth and metabolism. Furthermore, proline is the key player of the anti-
oxidant resistance molecule, metal chelator, and signaling molecule during
stress (Hayat et al., 2012). Excess development of prolines occurs underwater
deficit condition in plants, as a result, to the preservation of cell turgor, a
softening cell membrane that helps to protect the leakage of electrolytes and
rust that prevents oxidative eruption. Plant phenology can leverage genetic
diversity under incremental moisture stress and confirm genes resistance to
drought which can remain stable for dry yield (Trethowan and Reynolds,
2006). Drought condition decreased expression levels of BnCOMT! (lignin
synthesis gene). BNCOMT] is responsible for the synthesis of a certain sub-
unit of lignin due to the acquisition of complete lignin and the transcript
BNCOMTI (Li et al., 2016).

TABLE 3.2 Some Gene Responses and Protein Functions Under Drought Conditions in
Brassica and Arabidopsis

Plant Genes Encoding Protein References

Arabidopsis DREBIA  Dehydration response element binding protein ~ Kasuga et al. (1999)
Arabidopsis  OsCDPK7 Stress-induced Ca-dependent protein kinase Saijo et al. (2000)

Arabidopsis ERECTA  Transpiration efficiency Masle et al. (2005)
Arabidopsis ERAI Negative regulator of ABA sensing Wang et al. (2005)
Arabidopsis  FTA Farnesyltransferase Wang et al. (2009)

AtFTB B-subunit of Farnesyltransferase

B. napus BnLAS Transcriptional regulator members in GRAS Yang et al. (2011)
family

B. napus AnnBnl Membrane-binding proteins Ca®* Xiao et al. (2012)

Multiple regulatory factors that favor dryness and other forms of
abiotic strains, based on phylogenetic distances, have been included in
physiological responses (Mizoi et al., 2012). Farnesyltransferase protein
(subunits o and B) is negatively regulating ABA stomatal response
units, and their efficacy has been established in the Brassica napus as
an engineering objective of drought tolerance and yield safety (Wan et
al., 2009). Drought-tolerance varieties in canola must grow, which can be
used to increase the yield in drought-prone areas (Cattivelli et al., 2008).
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Arabidopsis is a model plant compared for canola research helps to
figure out the genes for ABA synthesis as a result many genetic mutants
were developed. Scientists also figure out genes significant for pheno-
typic characters under water scarcity conditions. The three important
(abi) genes were directly evaluated under 10 micronutrients ABA, and
many phenotypical alterations were recorded under different abi mutants
(Finkelsteins et al., 2002). A decreased functionality of the abi mutant,
for example, induces a degradation of the signal of the guard cell and
the reduction of Ca?* caused by ABA, which eventually leads to stomach
closure failure. A Petri plate experiment containing low concentrations of
hormone and £RA 1 cloned gene was used as the first discovery of an ABA
hypersensitive mutant (Cutler et al., 1996).

Pie et al. (1998) documented the detection of several hypersensitive ABA
mutants by comparative experiments with wildlife that decreased dry stress
wilting. As canola plants experience dryness, plant cells experience various
physiological and chemical changes such as lipid peroxidation and enzyme
activity. Artificial drought stress-related induction of PEG enhanced malo-
ndialdehyde (MDA) contents as the by-product of lipid peroxidation, which
enhances roots and shoots enzyme activity (peroxidase, superoxide dismutase
(SOD), and catalase (CAT)). Moreover, B. napus increased stress tolerance
for amino-levulinic acid. In the seedlings B. napus L., the aminolevulinic
acid, based on the spring biomass, the chlorophyll quantification contents,
and the function of antioxidant enzymes, were improved in favor of stress
growth under stress (Liu et al., 2011).

3.2.6 DROUGHT GENES ENHANCED DROUGHT TOLERANCE

When plants encounter drought stress, mechanisms for plant protection cause
the accumulation of many genes that are immune to stress. Several genes
have been correlated with the loss of functional analyses, such as AtFTA4,
and ABI1 (Wang et al., 2005). Hypersensitivity during the germination of the
guard cell was recorded in their mutant sense and increased stomach closure,
a decrease in perspiration, and enhanced turgor pressure under drought
conditions (Zhang et al., 2008) as similar to over-expression of SNAC! (Hu
et al., 2006) and AtMYB44 (Jung et al., 2008). In Brassica and Arabidopsis,
some gene reactions and protein functions react under droughts in Table 3.3.
The transcriptional regulatory and gene expression of B. napus L. abiotic
stress networks are shown in Figure 3.2.



Abiotic Stress Tolerance 57

FIGURE 3.2 The diagram model imagines different transcriptional regulatory networks and
gene expression under drought stress.

Cold, drought, and salt stress signal transduction pathways are sub-
divided into three major classes, namely ROS scavenging enzymes, and
antioxidant compounds, or oxidative/osmotic stress, Ca’*" dependent
signaling stimulates genes embryogenesis of form involved in stress-
responsive protein manufacturing, and The excessively sensitive signaling
(SOS) of Ca* based salt controls homeostasis affecting the anionic stress
pathways (Xiong et al., 2002). Several stress-related genes (ROBS5, DNH4,
SOD3, and CBF1I) have been identified and overexpressed in canola, by
assessing the germination, seed intensity, and seed yield effects in drought,
heat, and cold stress treatments under controlled conditions. The most
productive genes assessed were ROBS and SOD3 under high-stress condi-
tions, as demonstrated by earlier germination, increased tiller number,
flower initiation, ripening, improved seed sizes, and higher seed yield.
ROBS5 performed better than control at various locations under moderate
stress conditions (Xiao et al., 2008). The transcription factors as Factor Y
and B subunits help protect against drought in both Arabidopsis and maize
(Nelson et al., 2007). Another aid to the plant against drought tolerance
is its expression of isopentenyl transference genes that require cytokinin
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biosynthesis (Rivero et al., 2007). This leads to faster stomach closure
due to increased sensitivity of the signals of ABA under water deficiency
(Wang et al., 2005; Table 3.2).

3.3 MANAGEMENT STRATEGIES
3.3.1 SELECTION AND BREEDING APPROACHES

Previous studies indicate that traditional plant reproductive methods with
collaborative approaches have improved the yield of canola crops. Espe-
cially, the introduction of quantitative trait locus (QTLs), especially to resist
both abiotic and biotic stress, was helpful to various advanced breeding
methods. For desired characteristics, phenotyping included screening
methods suitable according to respective environments and identifying more
reactive genotype stress levels. To achieve desired breeding goals, the use of
the combination of genomic and conventional breeding tools is very critical
(Osterlund and Paterson, 2002). Because of its polyploidy stage, B. napus
has a highly complicated genome; the QTL techniques alone cannot render
actual markers for the transition between genotypes. However, the determi-
nation of the desired gene and allene interaction is critical through the new
technology of molecular markers. Further sequencing generation and QTL
techniques make it easier to identify the target gene and function as a gene
link (Afzal et al., 2018). Functional genomics involves crop phenotyping and
the precise discovery of the trait gene to be transferred to and subsequently
used for gene functional check. The functional genomics strategies help to
find several genes responsible for abiotic stress and provide a clear picture of
the biological pathways under control and drought conditions. Furthermore,
structural genomics is also significant in studying the chromosome (Morgante
and Salamini, 2003). There are some breeding attempts to optimize crop
adaptation with abiotic and there are also restrictions (Ishitani et al., 2004).
Genes and alleles in a genome that act with resistance to drought stress as
well as disease resistance are important for structure and functional analysis
to identify using new breeding technologies (Kuraty et al., 2005). Positional
cloning techniques permit a mutated gene or allele to be determined through
an analysis of the association using markers that include genes or alleles
within the genome. Sequencing of Arabidopsis and other crop genomes is
possible and used by DNA polymorphisms to enhance crop plants (Buell
and Last, 2010).
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Many population studies on drought stress in crop plants have been
published. Wu et al. (2012) said there were phenotypic trait shifts in more
than 8% of the mutant population. In addition, B. napus has been predicted
by Zhu et al. (2015) as being morphological and agricultural traits were
categories based on a principal component’s analysis during pre-flowering
and post-flowering stages, under drought stress. The results of PCA predicted
an important positive association between B. napus drought tolerance during
the pre- and post-flowering period. Novel insights are provided by genetic
studies including genome editing, genome-wide mapping, and study of
genetic diversity. The introduction of new genes and gene combinations leads
to drought tolerance and gradually increases yield. Expression profiling may
be useful to classify the gene of mutants, which are stress-specific and favor
the gene in drought (Gilchrist and Haughn, 2005).

3.3.2 BIOTECHNOLOGY AND GENOMICS

Tilling is another powerful, efficient technique for high-performance gene
profiling that can be used to classify genes, alleles of mutants, or pairs of
alleles in B. napus L. developed by Gilchrist et al. (2013). It would be helpful
to identify new mutagens and genes of interest in important crop species from
mutagenized genotypes and having high mutation density. The mutagenized
population and DNA are used in the classical TILLING method, and only
mutagenized components selected using mismatch endonuclease techniques
were defined. Another successful tool that can be employed by researchers to
decode the molecular mechanisms of drought stress in canola is sequencing
for the next generation. In B. rapa a broad expression pilot genome study
with a genome array was performed by Yu et al. (2012) and concluded that
the dry response gene, its associated transcription factors, and the develop-
ment of kinases that stabilize stress. Agricultural characteristics are corre-
lated with coding transcripts of stress response. Using the next generation
sequencing (NGS) and de-novo assembly technologies, the transcripts data
collection in B. juncea during high temperatures and drought stress was
also determined (Bhardwaj et al., 2015). The differentially expressed genes
(DEGs) related to positive ion transport, ABA signaling, and wax production
helped to sustain canola crops under extreme conditions by comparative
genome study. In addition, certain DEGs were involved in the cell division
and catalytic activity has been identified in the findings of gene ontology.
The roots are the precursor and play a major part in drought and can detect
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when plants suffer from water deficit. To identify root hydrotropic-specific
genes, a whole micro-array genome analysis has been conducted and 793
genes have been identified that display hydrotropic reactions out of the 22,
810 transcription-control genes (Moriwaki et al., 2010). Gene widespread
association studies provide information to classify target genes that can help
tolerate drought in crops (Liang et al., 2011). An overview of regulatory
components in promoter regions used to classify genes involved in different
osmotic stresses. Approximately 500 top-scoring genes with stress response
were selected (Li et al., 2008).

3.3.3 CROP MANAGEMENT STRATEGIES

Blossoms and stress triggered the senescence of elderly leaves during
vegetation cycles that occurred when the canola plant experienced droughts.
The flowering process aborts flowers and the pot set in B. juncea is substan-
tially reduced. Reports on the increased rates of nitrogen (N) application
have been released in recent years. When N is delayed, the yield will not
be substantially affected (Moody, 2008). Additional N applications can be
used during canola growth in the reproductive phase effect under favorable
seasonal conditions (Motley et al., 2001). Flowering time is susceptible to
abiotic stresses, which can be handled efficiently by early maturity and rapid
seeding. Besides the use of the various maturity classes, several varieties of
canola may also be used, which have improved frost and drought resistance,
and pests and pathogens (black leg disease). ABA-related plant phytohor-
mones are used to control stomach sequence and to handle drought stress in
canola under minimal water conditions (Hunt et al., 2003). Drought expo-
sure affects the stomatal closure, lowered leaf water potential, relative water
contents, and ABA. Increased ABA susceptibility reduces stomatal lead by
stomach closure, resulting in a substantial drop in transpiration rates and a
general impact on drought-tolerant plant photosynthesis (Nir et al., 2017).
Reduction of stomatal closures by targeting farnesyltransferase can be
achieved in plants (Wang et al., 2009). The modification of the farnesylation
protein of C15 carboxyl residues targets a protein linked to drought and heat
stress after translation. These proteins are triggered in defense cells when the
ABA response is negative. In Table 3.2, we report the use of protein farnesyl
transferases to increase drought resistance in canola (Wang et al., 2009).
An Arabidopsis-led, drought-inducible rd294 promoter, used to boost ABA
sensitivity, shows that transgenic canola plants with an anti-sense construction
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of ERAI display a substantial reduction in stomatal conductance and water
transpiration under severe drought stress conditions. Overexpression of the
BnFTA gene, FTA-regulated genes, increases yield in the field under drought
stress (Wang et al., 2009). In aquatic plants, elevated ABA levels cause potas-
sium fluxes in stomatal-protecting cells, increasing turgor; consequently,
stomatal closure occurs. Therefore, potassium is considered to contribute to
minimizing water stress by specifically affecting stomatal closure. This role
of stomatal closure may explain why dehydration is observed in plants in
potassium-low soils (Benlloch et al., 2007). Several compounds, including
brassinosteroids (BRs)—poly-hydroxy steroids involved in various growth
processes—have been used to minimize stress-repressive crop conditions.
The primary functions of BRs include cell division, seed germination, cell
differentiation, vegetative growth, and apical dominance (Sasse, 2003). In
addition, BRs increase resistance to abiotic stresses such as chilling, water,
and high-temperature stresses, and pathogens (Kagale et al., 2007). Osmotic
modification was a significant shift observed in the plant body, improving
drought resilience due to osmolyte deposition as the plant was subjected to
osmotic pressure changes (Dubey et al., 2018; Hashem et al., 2019; Kumar et
al., 2013a, b, 2014, 2015). Osmolytes enable the plant to retain more external
water, serving as a buffer to reduce internal water consumption (Jaleel et al.,
2007). Similarly, Yancey (2001) found that osmolytes help improve protein
structure and cell membrane stability under water-deficit conditions. Soluble
sugars also protect against drought stress-induced damage to hydrophilic
membranes, sugar, and protein hydroxyl groups (Garg et al., 2002). The
overexpression of genes has been previously employed using transgenic
approaches to enhance the stability of these sugars (Shinozaki et al., 2006).
Various enzymes have been used to enhance drought resistance in Arabidopsis
(Valliyodan and Nguyen, 2006), for example, trehalose phosphate synthase
(TPS) or trehalose-6-phosphate phosphatase (TPP). Drought tolerance in
canola has also been enhanced through molecular breeding. As a result, various
researchers have identified important QTLs in different crops to enhance
drought resistance (Table 3.3). For example, QTLs regulating heat tolerance
in pollen have been established in maize (Yang et al., 2002), and genetic
heterogeneity in thermal tolerance has been observed in wheat (Dhanda and
Munjal, 2006). Kahraman et al. (2004) reported that lentils, rapeseed, and
ryegrass possess QTLs for winter hardiness (Asghari et al., 2007). Significant
data on drought, cold, and heat stress are available for quantitative trait loci
(QTLs). Characterizing QTLs helps to identify drought-resistant genes and
provides a foundation for enhancing stress tolerance in canola.
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TABLE 3.3 Important Transgenic Canola Produced by Genetic Engineering for Enhancing
Drought Tolerance

Target Gene Phenotypes Approach References

COX (choline oxidase) Moderate stress resistance ~ Gene expression Haung et al. (2000)

DREBIA/C (repeat Binding Improving the drought Transgenic plants  Avonce et al. (2004)
factor 3) tolerance

ERAI improves the abscisic Improved drought tolerance Antisense Wang et al. (2005)

acid activity and yield protection down-regulation

AtGolS2 (drought inducible Increased yield during Overexpression Umezawa et al.

galactinol-synthetase gene) drought stress (2006)

DWARF4 Improve plant size and seed Overexpression Kagale et al. (2007)
yield

BnDREB, BnCBFS Enhanced drought tolerance Transcription factors

Phosphatidylinositol- Protect at flowering and Gene expression Georges et al. (2009)

phospholipase C, maturity

BnFTA (farnesyltransferase) Yield under drought stress RNAi Wang et al. (2009)

3.3.4 GENOME MODIFICATION TO OVERCOME DROUGHT

A potent genome excision method, inaccessible to bacterial immune system
machinery, enabling scientists to modify genetic materials, CRISPR is a
Cas-9/sg ribonucleic acid (RNA) system. This technique is a cost-effective,
simple-to-use, and fast method for editing genomes, allowing for complex
tissue genomic changes. The Cas-9 protein is an endonuclease oriented toward
the RNA, applied to generate targeted double-stranded breaks (DSB) in short
RNA sequences to assemble locations for recognition in specific plants and
animals. Genome engineering with CRISPR allows for better precision in
implementing desired modifications compared to conventional biotechno-
logical approaches, which may introduce modifications to plants in different
regions within the genome. Plant studies include gene function, regulatory
reporting networks, and the screening of sgRNA libraries (Khatodia et al.,
2016) for existing genome-editing efforts. Many benefits have been disclosed
by targeted mutagenesis and transcriptional control models in crop plants
using CRISPR (Khatodia and Khurana, 2014). In plants, there are three kinds
of endonuclease-guided RNA applications. Cas-9 produces a double-strand
break with a non-homologous end joint, used for physical and chemical
mutagenesis under the target of DNA (Saika et al., 2014). Another model
adjusts homologous recombination (HR) DSBs to produce target muta-
tions or targeted gene introduction, gene substitution, and gene stacking at
a specific position within the genome. The Cas-9 model is used to fix the
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DSBs at an alternate location. However, multiplex genome editing can be
carried out by targeting multiple sgRNAs together with Cas-9 nuclease at
different sites in the third group. In the dissection of gene functions and the
ultimate analysis of epistatic connections between them, multiplex genome
editing can be used in plants (Xing et al., 2014). The CRISPRIi (interference)
system is used for stable and effective modulation by the fusion of effector
domains to the transcription of targeted genes in plants using the inactivated
dCas-9 (Larson et al., 2013). It is widely used in genomics, gene expression,
and regulation. However, gRNAs use specific DNA structures as a fusion
protein with transcription factors, instigating or suppressing domains (Gilbert
et al., 2013). By expressing sgRNA with a single site (Gilbert et al., 2015),
the CRISPR activator (CRISPRa) regulates gene expression on a 1,000-fold
scale. Several alternatives for genome editing, gene silencing, and tran-
scriptional regulation, with improved and decreased targets in Drosophila,
bacteria, yeast, humans, and plants, are now available. Zetsche et al. (2015)
stated that light and agrochemical transcriptional activation can be used with
the Cas-9 system in conjunction with a chemically inducible dCas-9 system.

Random mutagenesis and genetic diversity approaches, combined with
conventional plant breeding strategies, are capable of adding new features to
cultivated genotypes. Targeted mutagenesis in plants through the CRISPR/
Cas-9 method is now possible with the development of precise tools for
genome editing (GE), leading to rapid gains in creative strategies to evolve
desirable features in plants. Conventional approaches that use mutagenesis
cannot access every gene for inactivation because gene integration is highly
random in nature. CRISPR/Cas-9, however, allows for specific modifica-
tions in required areas of the genome, essential for generating mutants
for previously inaccessible genes, mutant loci, and broad deletions. These
new genetic instruments introduce specific modifications to a healthy and
heritable plant genome. Furthermore, after targeted gene editing, transgenic
areas can easily be removed to produce “transgene-free” plants, which can
boost crop variant conditions (Kanchiswamy et al., 2015). Although geneti-
cally modified (GM) crops have been involved in environmental and health-
related controversies, they have offered fast solutions for plant improvement
(Hilbeck et al., 2011). With Cas-9/sgRNA, zinc finger nucleases (ZFNs),
and transcription activator-like effector nucleases (TALENSs), modern plant
breeding techniques (NPBT) are much more specific than existing options
for genome editing. New and improved breeding strategies can produce a
split-line and bypass transgenic inserts more fully than traditional breeding
techniques (Schaart et al., 2015). Importantly, modifications of plant content
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derived from NPBTs are classically indistinguishable and can be measured
by the finished product instead of the production process (Woo et al., 2015).

3.4 CONCLUSION

In recent decades, tremendous advances have been made in canola improve-
ment. Intensive and collaborative breeding activities have contributed to the
production and commercialization of oil seed crops. An improvement in stress
tolerance abilities in canola, as well as in their viability with oil and non-meal
areas for oil seeds, was achieved via agronomic, physiological, and molecular
efforts. There are, however, continuous changes, while we have more holes
in the understanding of improving the quality and stability of oil seed canola
crops. Nevertheless, ABA and brassino steroids are of great concern and have
proven to significantly impact plant metabolism and help to regulate drought
stress among plants. Stomatal closure is controlled by stress signals associated
with brassino steroids and plant ABA levels. For stress signals and resistance,
brassino steroids are essential, but their key function is not yet fully understood.
Traditional crop reproduction and modern approaches towards plant omics are
used in crop drought tolerance. A variety of drought-resistance genotypes,
including MAS and genetic engineering, have been established that can resist
harsh environments compared to current molecular breeding approaches.
However, findings show that most species of Brassica are vulnerable to drought
in the region. It is therefore important that phenotypical data related to drought
information are diligently compiled, which helps scientists assist breeders in
identifying genotypes resistant to drought. Gene mapping and QTL analyses
offer qualitative and quantitative findings that are more indulgent to the casual
genetic shows controlling such functions. This will use knowledge about
these characteristics to effectively use genes to improve characteristics under
conditions of stress in the field. The current state of the Brassica genome has
opened the door to computer studies and reverse genetic engineering that can
help increase tolerance to drought. The use, through micro-RNAs, of genomic
tools to identify and use the motives behind drought-regulated genes would
allow us to identify targeted genes and ultimately increase their yields. The
main challenge is the information about QTL identification, using agricultural,
physiological, MAS, and new molecular methods of breeding, to improve
competition in technologies for producing drought resilience genotypes. The
enhanced dryness stress tolerance in the QTL mapping and some limitations
still exist to incorporate QTLs to identify dryness-reactive traits, along with
various genes that contribute to the yield characteristics. Often, with desired
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alleles in elite germplasms, it is difficult and demanding. Therefore, for the
identification of QTLs to verify signal transduction for stress response, a
multidisciplinary approach must be adopted. Under regulated conditions,
the transgenic lines using plant growth hormones, transcription factors, and
plentiful proteins outperformed. Compared to natural areas, the output of the
transgenic line under field stress conditions is not established since genotypes
face varying levels of environmental stress under normal conditions. Genetic
diversity in crop plants can contribute to improving stress mechanisms.
However, much is expected with refining the editing multiplex tools to find
more complex traits related to agronomic traits in crop plants. To understand
quantitative characteristics, GOI, metabolic pathways, genetic functions and
eventually adapting crops in a demanding climate, CRISPR/Cas-9 represents
a better substitute for conventional breeding techniques. However, CRISPR
technology is an immensely useful way of enhancing food safety and public
understanding of GE varieties. Researchers can use more resilient GE and
non-GE plants to abiotic and biotic stresses through the development of solid,
advanced technologies, which will eventually contribute to more productive
agricultural opportunities. Drought tolerance is a highly polygenic complex
phenomenon and new approaches (e.g., omics, comprehensive genetic studies
on natural variations, and genome-wide associations in the crop species can be
performed directly in crop species) would help in the identification of genes
of interest. Furthermore, these methods open new revenue, for drought-related
studies aimed at improving the tolerance of drought in crop species including
brassica. These reproductive strategies can be used for species production
and adaptation to the dynamic environment to improve the capacity of over 9
billion people to provide food, fuel, and shelter by 2050.
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ABSTRACT

Crop productivity and sustainable agriculture both depend critically on the
mobility of nutrients. Various complex processes are involved in nutrient
intake, mobility, transport, and metabolism in a variety of crop plants. Some
important macronutrients like nitrogen, phosphorus, potassium, and so forth,
as well as micronutrients like iron, zinc, and manganese and so forth, might
play a crucial role in the growth and development of plants. Therefore,
the aim of the chapter is to focus on nutrient management techniques for
maximizing crop output, quality, and resilience. It deals with the issues of
nutritional imbalance, inadequacies, and environmental factors that affect
nutrient availability and also the techniques for improving the effectiveness
of nutrient utilization.

4.1 INTRODUCTION

Due to diminishing food resources, the globe is dealing with a number of
issues that make it difficult to meet the demands of a growing global popula-
tion with enough food (Rehman et al., 2020a). Nutrient deficiencies are an
issue in many nations (Saeed et al., 2020). Numerous elements, such as soil
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light, temperature, nutrient availability, and water availability, affect plant
growth. The rhizobacteria also promote plant development and fix atmo-
spheric nitrogen, solubilize insoluble phosphate, and secrete hormones like
indole-3-acetic acid (IAA), kinetics, and gallic acid (Gas) are other microbes
that are crucial to the plant’s growth (Rehman et al., 2020b). One of the first
scientists to demonstrate the importance of nutrients for plant growth was
the German scientist Justus von Liebig. There are more than 100 chemical
elements, according to studies, but researchers have found that only about
17 of them are important (Jones and Jacobsen, 2005). These minerals are
essential for plant growth and development (Kalsoom et al., 2020). Some of
the 17 essential elements, including carbon (C), hydrogen (H), and oxygen
(O), are non-mineral nutrients since they are derived from water and air. The
remaining 14 nutrients are made up of eight micronutrients, including boron
(B), chlorine (Cl), copper (Cu), iron (Fe), manganese (Mn), nickel (Ni), and
zinc (Zn), as well as six macronutrients, including nitrogen (N), phosphorus
(P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) (Adnan et
al., 2020; Brady and Weil, 2008).

The availability and uptake of soil-bound macronutrients and micronu-
trients affect the nutrition of plants (Acosta-Duran et al., 2007). Most plant
nutrition experiments have focused on analyzing the impact of a single
nutrient on plant growth; however, there have been few studies that have
looked at the impact of many nutrients in a single experiment. Collaboration
between the nutrients in this situation can be seen in the crop’s response
to adding extra nutrients and the consequences of increasing the nutrient
concentration (Fageria, 2001). Due to the population’s rapid growth and
the need to satisfy rising food demands, it is essential for cultivated land
to fulfill the maximum yield per unit area standards in order to achieve the
highest level of productivity. Plant nutrition affects agricultural productivity
and quality. The only way to provide these nutrients is through the use of
fertilizers. On the other hand, excessive fertilizer application may result in
the buildup of heavy metal, which can also cause crop distraction (Hayyat
et al., 2020). Additionally, one of the biggest issues in the development of
sustainable crops is imbalanced plant nutrition (Wasaya et al., 2019). They
may cause nitrate buildup and eutrophication of the water (Savci, 2012).
Similar to how excessive phosphorus application adversely affects water
quality. Micronutrient deficits are also common in industrialized nations with
high levels of development. Over 3 billion people worldwide experience
Fe and Zn deficiency (Graham et al., 2001). Additionally, it is anticipated
that between 6 and 10 billion people will live on Earth in 2050 (Byrnes
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and Bumb, 1998). A significant increase in food production is required to
ensure human well-being and to feed a planet with rapidly growing popu-
lations. The projected increases in global population will put a significant
strain on the currently cultivated area through intensification and urbaniza-
tion for crop production. Given the circumstances, we must concentrate on
sustainability because it has recently been a phrase that is used broadly in
many aspects of our lives, especially in agriculture due to the impact that
some crop production techniques have on the environment (Hanson et al.,
2007). Agricultural sustainability is the management and consumption of an
agricultural ecosystem in a way that preserves its productivity, biotic diver-
sity, capacity for regeneration, functional vitality, and ability so that it can
fulfill ecologically significant, social and economic functions now and in the
future at the local, national, and international levels while not harming other
ecosystems (Lewandowski et al., 1999). The present chapter deals with the
types of nutrients, their roles, method of uptake, and deficiency symptoms
which are discussed in detail.

4.2 TYPES OF MACRO- AND MICRO-NUTRIENTS AND THEIR ROLE

All plants require a variety of inorganic mineral elements from their
surroundings in order to successfully develop their vegetative and reproduc-
tive organs. Based on the proportional amounts needed for plant growth,
minerals can be separated into two categories. Nitrogen (N), potassium (K),
calcium (Ca), magnesium (Mg), phosphorus (P), and sulfur (S) are among
the macronutrients. Plants often contain these elements in amounts greater
than 0.1% of dry tissue weight. Iron (Fe), zinc (Zn), manganese (Mn), copper
(Cu), boron (B), chlorine (Cl), molybdenum (Mo), and nickel (Ni) are
currently recognized micronutrients; they are often present at concentrations
less than 0.01% of dry tissue weight. It is widely acknowledged that these 14
minerals, along with the elements carbon (C), hydrogen (H), and oxygen (O),
are necessary for all plants to flourish. Despite the fact that more than half
of the elements in the periodic table have been detected in plant tissue, many
other elements are thought to enter plants non-selectively. The majority of
these non-essential elements offer the plant no known benefits, and many
like cadmium (Cd) or chromium (Cr) are even harmful to plant growth. A
significant factor in the processes of eutrophication in the waters of both
industrialized and developing countries is the use of N- and P-fertilizers in
agriculture (Conley et al., 2009; White and Hammond, 2009).
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4.2.1 CRITERIA FOR ESSENTIALITY

The need for plants for minerals has long piqued scientist’s curiosity. Mineral
enrichment of soils was known to encourage growth and increase agricul-
tural yields as early as the early 1800s. Arnon and Stout’s essentiality criteria
were published in 1939. These can be rephrased as follows: (i) a particular
plant must be unable to complete either the vegetative or reproductive stages
of its life cycle in the absence of the mineral nutrient; (ii) the function of
the element is unique to that element and cannot be substituted by another
mineral element; and (iii) the element must directly affect a plant’s metabo-
lism or structural function rather than indirectly influencing plant growth by
improving certain unfavorable soil microbiological or chemical conditions
Solution culture is a technique used by plant nutritionists. In the hydroponics
approach, plants are grown in an aerated liquid medium with a known
chemical composition. Specific nutrients can be excluded from this medium
to investigate how the absence of those nutrients affects plant metabolism
and growth. Hydroponic culture has been used to determine all micronutrient
minerals that have been determined to be essential thus far. Experiments
sometimes required meticulous impurity removal from the chemicals used
to create the hydroponic solutions, complete cleaning of the containers used
to grow the plants, and/or filtration. Hydroponic culture has been used to
determine the essentiality of every micronutrient mineral up to this point.
However, some experiments called for meticulous impurity removal from
the chemicals used to create the hydroponic solutions, meticulous cleaning
of the plant-growing containers, and/or air filtration to avoid dust contami-
nation. These initiatives have helped to build a greater knowledge of the
common essential mineral nutrients.

4.2.1.1 NITROGEN

Because it is a component of all proteins and amino acids, as well as all
enzymes, nitrogen plays a crucial part in cellular metabolism. Nitrogen has
a crucial role in the transcription, translation, and replication of genetic
information as a component of nucleotides and nucleic acids, including
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). In the soil,
nitrate and ammonium ions are the two forms in which nitrogen may be
found. Nitrate is chemically converted to ammonium within plants before
being incorporated into organic molecules. For some species, atmospheric
nitrogen (N,), which is obtained through the nitrogen fixation process, serves
as a substitute source of nitrogen.
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4.2.1.2 PHOSPHORUS

Through the pyrophosphate bond in ATP, phosphorus plays a crucial role in
the transfer of energy, and the attachment of phosphate groups to a variety
of sugars produces metabolic energy for respiration and photosynthesis. Two
tiny purple acid phosphatases (PvPAP3, PvPAP4) from common beans were
cloned, and Tian et al. (2016) described how P-starvation increases their
expression in both leaves and roots. Plants primarily take up phosphorus in the
form of H,PO,* and HPO, orthophosphate anions. Phosphorus is taken up by
plant roots. Plant roots must forage for phosphate because it is found in the soil
solution at incredibly low concentrations (White and Hammond, 2008).

4.2.1.3 POTASSIUM

Potassium is soluble in soil solutions. Since K" and its accompanying anions
are the most prevalent cation in the cytoplasm and are not metabolized,
they considerably increase the osmotic potential of cells. According to Ilan
(1971), cytokinin treatments altered the K* and Na* selectivity in sunflower
leaves and cotyledon cells. The regulation of turgor, which affects cell exten-
sion and growth, the regulation of stomatal opening/closing, which affects
leaf gas exchange, and pressure-driven phloem translocation, which affects
long-distance nutrient flow are all examples of how potassium functions
in plant water relations processes. The usage of expensive K fertilizers in
agriculture has been suggested to be reduced by breeding crops that uptake
and/or utilize K more effectively (Fageria, 2009; Rengel and Damon, 2008).
The potassium ion also aids in creating the electrochemical gradient across
membranes, which aids in the movement of several chemical species across
membranes.

4.2.1.4 CALCIUM

Particularly in the cell wall and on the surface of membranes, calcium forms
intra and intermolecular connections. In the absence of calcium, cultured
plants may continue to grow for a while by utilizing endogenous calcium
(Eklund and Eliasson, 1990; Williams, 1995). Calcium is easily absorbed
from soils as the abundant cation, but its free ion concentration in the
cytoplasm is kept low by sequestration in the vacuoles, by complexing
with calcium-binding proteins (e.g., calmodulin), and by interacting with
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calcium ions. As its release from intracellular pools stimulates numerous
protein kinases, phosphatases, or phospholipases, whose target molecules
subsequently regulate many physiological activities, calcium plays a crucial
part in stimulus-response coupling involving signal transduction pathways
(Bush, 1995).

4.2.1.5 MAGNESIUM

It is important for the formation of chlorophyll and enhances phosphorus
mobility and use. Component and activator of several plant enzymes. It is
also connected to grass tetany directly increases plants’ use of iron and also
influences the uniformity and earliness of maturity.

4.2.1.6 SULFUR

It is an essential component of amino acids. It aids in vitamin and enzyme
development and promotes the growth of nodules on legumes. It also aids in
the development of seeds. Chlorophyll synthesis requires it even if it is not
one of the ingredients Tripeptide glutathione, engaged in the detoxification
of oxygen radicals; phytochelatins and metallothioneins, involved in the
detoxification of heavy metals; and the proteins thioredoxin and ferredoxin,
involved in redox chemistry, are all significant sulfur compounds.

4.2.1.7 ZINC

It helps the plant’s enzyme system and growth hormones. It is required for
the formation of chlorophyll, synthesis of carbohydrates, and production of
starch. It also helps the seed to develop.

4.2.1.8 MANGANESE

Mn?* is the main source of manganese in soils, however, manganese can also
be found in biological systems in oxidation states II, III, and IV. Manganese
is crucial in redox processes because Mn*" is easily converted into Mn*
in the photosystem Il-related protein complex that splits water. Several
enzymes involved in the catalysis of oxidation-reduction, decarboxylation,
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and hydrolytic processes are activated by manganese, which also functions
as a cofactor. Mn is needed by plants for a number of enzymes that catalyze
redox, decarboxylation, and hydrolytic reactions as well as the manga-
nese protein in photosystem Il and the manganese-containing superoxide
dismutase (SOD) (Marschner, 1995).

4.2.1.9 COPPER

In soils, copper can be found as either a divalent (Cu2) or a monovalent (Cul)
cation. It easily forms complexes with several organic molecules, including
proteins, and because of its high monovalent electron affinity, it is a good
choice for a variety of redox processes. According to Sandmann and Boger
(1983), there are three different categories of copper-containing proteins:
blue proteins, which function in one-electron transfer, like plastocyanin, a
component of the photosystem’s electron transport chain; non-blue proteins,
which catalyze peroxidation reactions, like CuZn-SOD; and multi-copper
proteins, which have at least four copper atoms per molecule and function as
oxidases, like cytochrome oxidase.

4.2.1.10 CHLORINE

The monovalent chloride ion which represents chlorine in aqueous solu-
tions is easily assimilated by plants. Despite the fact that plants contain a
large number of chlorinated organic compounds, nothing is known about
their functional use. Chloride can have a role in osmoregulation, particularly
in stomatal guard cells, and it is necessary for the water-splitting protein
complex of photosystem II. It also boosts the activity of the vacuolar proton-
pumping ATPase.

4.2.1.11 MOLYBDENUM AND NICKEL

Molybdenum and nickel are the two elements that plants need the least for
their growth and development. These minerals work in redox processes
because they are transitional elements that can exist in various oxidation
states. Only a small number of enzymes, including nitrate reductase, nitroge-
nase, and xanthine oxidase/dehydrogenase for molybdenum, and urease for
nickel, have been verified to require these minerals. As a result, both of these
minerals are crucial for nitrogen metabolism.
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4.3 EFFECTS OF MINERAL NUTRIENTS ON PLANT GROWTH

Abiotic factors like pH, redox state, and temperature, as well as biotic factors
like microbial release of organic acids and phenolic compounds produced
metabolically or through the breakdown of soil organic matter, can both
affect the speciation and solubility of minerals. By releasing protons, chela-
tors, and/or chemical reductants into the rhizosphere, plant roots can also
alter the rhizosphere to change the availability of nutrients. Plants have the
ability to activate high-affinity transporters and other processes in their roots
to help them satisfy their mineral nutrient needs when faced with a specific
nutrient shortfall, such as limited availability. By restricting the biosynthesis
or expression of essential elements of energy capture and/or metabolism,
mineral shortages have an impact on plant growth.

4.4 NUTRIENT MOBILIZATION AND UPTAKE

The ability of the roots to absorb nutrients and the concentration of nutrients
at the surface of the root are the factors affecting nutrient uptake by roots.
The availability and movement of mineral elements in the soil can vary
substantially over time and space due to various factors like the presence
of rhizosphere bacteria, siderophores, organic acids, seasonal and climatic
conditions, and soil qualities (Wenzel et al., 2003). In order to boost metal
absorption, plants have developed a variety of techniques, including acidifica-
tion, the secretion of organic chelators, and the development of high-affinity
metal transporters (Rauser, 1999). To enhance the solubilization of cations
like Fe, Cu, and Zn, protons are released into the rhizosphere in the first of
these mechanisms (Palmer and Guerinot, 2009). In the plasma membrane
of root cells, ATP-dependent proton pumps (H"™-ATPases) mediate this.
Some members of this family, like 424HA 1, are expressed constitutively in
Arabidopsis thaliana, while others, like At4HA2, are activated in response
to Fe deficiency (Santi and Schdmidt, 2009). Moreover, it has been observed
that large populations of root-associated microorganisms are supported by
the carbon-rich root exudates, and they enhance the weathering of minerals
by excreting organic acids, phenolic compounds, protons, and siderophores
(Draver and Vance, 1994). These activities ultimately mobilize the mineral
nutrient thus increasing their availability to plants. For instance, through the
excretion of organic acids, the ectomycorrhizal fungus can mobilize P, potas-
sium (K), calcium (Ca), and magnesium (Mg) from solid mineral substrates
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(Landeweert et al., 2001). A recent review by Tsai and Schmidt (2017) high-
lighted the previously underappreciated function of root-secreted coumarins
in iron mobilization through reduction and chelation as part of a coordinated
strategy developed to enhance the uptake of iron from recalcitrant pools.

For the uptake of any nutrient element, the root must come into contact
with it in the soil. Therefore, the root’s periphery serves as an essential transit
barrier (Kochian and Lucas, 1983). Either apoplastic or symplastic routes
(Figure 4.1) nutrients move from the surface of the roots to the long-distance
water transport system, the xylem. In any case, for the nutrients to enter the
xylem, they must pass through at least one plasma membrane. The plasma
membrane of epidermal cells must be passed through for nutrients to be
transported via the symplastic route. In order to pass the Casparian strip
when nutrients are transported via the apoplastic pathway, they must first
enter the plasma membrane of cortex or endodermis cells. Ferric oxidase-
reductase (FRO) family membrane proteins chemically reduce redox-active
metals like Fe, Cu, and Mn (Robinson et al., 1999). Due to the presence of
a Casparian strip in the root stele, active nutrient uptake into the symplast
is necessary (Chen et al., 2011). This involves the transport of Fe?* by the
primary high-affinity iron transporter IRT1 (Vert et al., 2002), the transport
of Cu” by COPT1 (Sancenon et al., 2004), and the transport of Zn, which is
mostly carried out by ZIP family members (Guerinot, 2000). The ZIP family
member with the best characterization, infrared thermal imaging (IRT1),
may transfer additional cations in yeast and plants (Zn, Mn, Co, Ni, and Cd),
demonstrating its broad substrate affinity (Nishida et al., 2011).

For nutrients to be carried by the transpiration stream across long
distances to the shoot, they must first be absorbed into the root symplast and
then released into the dead xylem components. Numerous transporters have
been identified in the root pericycle, and it has been demonstrated in several
instances that they play a role in nutrient loading into the xylem. The SKOR,
BORI1, and SOSI transporters are some examples that serve as illustrations.
Root pericycle and stellar parenchyma cells display the outward-rectifying
K* channel encoded by the SKOR gene in the plasma membrane (Gaymard et
al., 1998). Moreover, a boron transporter that is encoded by the Arabidopsis
BORI gene can be seen in the pericycle and on the inner surface of the endo-
dermis when it is fused to the fluorescent reporter green fluorescent protein
(Takano et al., 2002). After absorption in the root apoplast cations can either
be translocated radially into the root steles or loaded into the xylem. There-
after, the xylem sap is transported to the shoot by the transpiration stream
so that metals can be distributed to the aerial tissues (Clemens et al., 2002;
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Figure 4.2). Chelation appears to be necessary to prevent oxidative stress
and to aid in ion translocation in the vasculature because transition metals
are so reactive (Pich et al., 2001). Association with amino acids, organic
acids, mugineic acids, and metallothioneins results in metal chelation (MTs).
Metal-specific transporters control the flow of free or chelated ions into the
vascular tissues. AtHMAS is believed to control Cu xylem loading, whereas
AtHMA2/AtHMAA4 controls Zn/Cd xylem loading from root cells. In contrast
to wild-type plants, the hma5 and hma2/hma4 mutants exhibit significantly
higher levels of metal accumulation in the roots, which is consistent with
their long-distance transport activity (Hussain et al., 2004).

NUTRIENT UPTAKE
(Roots)

SYMPLASTIC APOPLASTIC

FIGURE 4.1 Two ways of nutrient uptake by plant roots.

The process of metals unloading from the xylem is not well understood.
Although the shoot expresses several FRO and ZIP proteins, suggesting a
potential function in cation mobilization towards aerial tissues, additional
mechanisms for the long-distance delivery of metals are probably necessary
for metal homeostasis (Grotz and Guerinot, 2006). The general mechanisms
of chelation and ligand exchange during xylem unloading however are
poorly understood (Kramer et al.,, 2007). Another vascular tissue called
the phloem, found in plants, runs parallel to the xylem and transports, and
redistributes nutrients, hormones, and other signal molecules throughout
the entire plant body. Some nutrient ions go through a process known as
“phloem recirculation,” in which they quickly transfer from the xylem to the
phloem in leaves and stems and then are re-translocated back to the roots.
For the re-distribution of nutrients, this cycling is very crucial, especially for
elements like nitrogen, potassium, phosphorus, and magnesium (Hall and
Baker, 1972). As far as phloem transport is concerned apoplast loading into
companion cells and sieve components, as well as unloading at the intended
sink tissues, are the steps involved in it. This mechanism is carried out by
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members of the oligopeptide transporter family (OPT), which may transport
amino acids that are bonded to metal (Curie et al., 2001). In 4. thaliana the
phloem-specific transporter OPT3 promotes the transfer of transition metals
instead of the tiny peptides. This protein aids in the accumulation of Fe in
growing tissues like seeds and the loading of Fe into the phloem of leaves.
As aresult, AtOPT3 contributes to Cd partitioning and Fe xylem-to-phloem
redistribution in this tissue (Zhai et al., 2014).

Uptake by
root cells
Apoplastic
movement

of nutrients
through cortex

Entry into
Symplasm

Shoot to root
translocation or
redistribution via
phloem

By crossing plasma
membrane of endodermal
cells and pericycle

Loading

into Xylem

elements
Root to shoot translocation
via xylem elements

Unloading into
the aerial parts

FIGURE 4.2 Schematic representation of metal uptake by plants.

4.5 DEFICIENCY SYMPTOMS OF NUTRIENT ELEMENTS

For crops to yield efficiently and bear grains and fruits of acceptable quality,
it is quite important that both their macronutrient and micronutrient require-
ments are fulfilled. The dosage response curves for each micronutrient
demonstrate that toxicity brought on by high doses of the same components
can affect yields just as deficits of those nutrients can. Therefore, it is crucial
to monitor soils and/or crops to make sure that the concentrations of micro-
nutrients in soils are in the ideal range and are neither too low nor too high.
Plants have visual signs on their leaves, stems, fruit, and roots that are typical
for deficiency or toxicity when they receive too much or too little of the
mineral components that serve as their nutrition. Understanding these visual
signs can help us identify the underlying causes of the diseases so that they
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can be treated well on time. Since it is well known that nutrients have a
specific role to play in the metabolism of plants, the symptom development
and its location on the plant parts directly reflect the function and mobility
of that particular element within the plant. The deficiency symptoms of
various mineral elements (McCauley et al., 2009; Uchida, 2000) are briefly
discussed in subsections.

4.5.1 NITROGEN DEFICIENCY

It is available to plants in the form of nitrate and ammonium ions. It is a
major constituent of amino acids together with carbon, hydrogen, oxygen,
and sulfur. It is a necessary component of enzymes, chlorophyll molecules,
and several vitamins. Plants deficient in N show stunted growth. Chlorosis of
leaves occurs in older leaves before younger ones. N deficiency causes early
crop maturity subsequently reducing the quantity and quality of the yield.
Reduction in N reduces the protein content of seeds and other vegetative
parts and in extreme cases, flowering is also reduced greatly.

4.5.2 PHOSPHORUS DEFICIENCY

It is available to plants as orthophosphate ions (HPO,>, H,PO,"). It plays a
major role in energy transfer and storage in the form of ADP and ATP. It is
an integral part of RNA and DNA. Moreover, it plays a great role in flower
initiation, root, fruit, and seed development. The initial overall symptom
of P deficiency is delayed, poor, and stunted growth because P is required
at high levels during the early phases of cell division. P is a rather mobile
substance in plants that can be moved to areas of new development, resulting
in symptoms of dark to blue-green color on older leaves in some plants.
Purpling of the leaves and stems may appear in cases of extreme shortage.
Delay in maturation and poor fruit and seed development might result from
a lack of P.

4.5.3 POTASSIUM DEFICIENCY

It is available as K* ions. The most typical symptom is chlorosis along the
leaf margins (leaf margin scorching). Due to K’s high mobility throughout the
plant, this first appears in older leaves. K is necessary for protein synthesis and
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photosynthesis, hence, plants lacking K will develop slowly and stunted. In
several crops, weak stems and lodging are common if K levels are low. There is
areduction in the size of fruit and seeds as well as in the quantity of production.

4.5.4 CALCIUM DEFICIENCY

It is available in the form of Ca*" ions to plants. It plays a crucial role in
the formation of the cell wall membrane and maintaining its plasticity. It
activates certain enzymes involved in protein synthesis and carbohydrate
transfer. Due to its immobile nature, its deficiency symptoms first appear
on younger leaves. The growing tips of the leaves and roots become brown
and die. Newly emerging leaves may stick together at the margins without
enough calcium, which is required in the form of calcium pectate to produce
solid cell walls. This causes tearing as the leaves grow and unfurl. Addition-
ally, this might weaken the stem structure. In some crops, the terminal bud
may be degenerating, and younger leaves may be cupped and crinkled. In
some crops, buds and flowers drop off prematurely.

4.5.5 MAGNESIUM DEFICIENCY

It is available as Mg?" ions to plants. Older leaves are the first to display
the interveinal chlorosis deficient sign since Mg is a mobile element and a
component of the chlorophyll molecule. While the leaf veins stay green, the
tissue in between the veins can be yellowish, copper, or reddish. Crops like
potatoes, tomatoes, soybeans, and cabbage display an orange-yellow color
with green veins, and corn leaves seem yellow-striped with green veins.
Severe cases may result in symptoms that develop on younger leaves and
premature leaf drop. Symptoms are more common in soils that are acidic,
receiving a lot of K fertilizer, or having a lot of calcium.

4.5.6 BORON DEFICIENCY

It is available to plants as a borate. Young leaves that are chlorotic with the
main growing point dead are symptoms of B deficiency in plants (terminal
bud). In addition to chlorosis, leaves can also acquire uneven, dark-brown
lesions that, in severe cases, turn into leaf necrosis. The bases of leaves might
also develop whitish-yellow patches. B-deficient plants’ leaves and stems
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will become brittle and twisted, and their leaf tips have a tendency to thicken
and curl as a result of abnormalities in cell wall growth. Plants that are
affected will develop slowly, look deformed, or stunted, and pollination and
seed viability are typically poor in B-deficient plants with short internodes.

4.5.7 COPPER DEFICIENCY

Reduced growth, distorted immature leaves, and possible apical meristem
necrosis are symptoms of copper deficiency in plants. In trees there is devel-
opment of numerous sprouts at their growing points, giving them a bushy
appearance. Young leaves start to bleach, and soon twigs start to die back and
lose their leaves. Young leaf tips and developing points are first impacted in
fodder grasses. The plant is chlorotic and stunted.

4.5.8 IRON DEFICIENCY

Fe deficiency causes immature leaves to produce less chlorophyll and is
characterized by interveinal chlorosis, which clearly distinguishes veins
from chlorotic patches. The entire leaf will turn whitish-yellow as the deficit
progresses, leading to necrosis. Plants can also grow slowly. In Fe-deficient
fields, particularly where the subsoil is exposed at the surface, irregularly
shaped yellow spots can be seen from a distance.

4.5.9 MANGANESE DEFICIENCY

It is available to plants in the form of Mn** and Mn*" ions. Chlorosis in
developing tissues is the first symptom of Mn deficiency. Mn chlorosis
manifests in dicots as little yellow dots, in contrast to Fe chlorosis symptoms.
Greenish-gray spots can be seen near the base of new leaves in monocots.
The specks could eventually turn yellow to orange. In legumes, necrotic
spots called “marsh spots” appear on the cotyledons.

4.5.10 MOLYBDENUM DEFICIENCY

Mo role in the plant is to assimilate N, so its deficiency symptoms match
those of N. The margins of older and middle leaves curled inward and
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became chlorotic. Necrotic patches develop at the leaf margins as a result
of nitrate build-up, as opposed to N shortage. Stunted plants may also have
a limited ability to develop flowers. Mo deficiency is ubiquitous in legumes
that fix nitrogen.

4.5.11 ZINC DEFICIENCY

Interveinal chlorosis, which creates a striped appearance in Zn deficient
leaves, is most noticeable halfway between the margin and midrib. Some
mottling may also appear. Areas that have chlorosis can be light green,
yellow, or even white. The leaves will turn gray-white, drop early, or die
from severe Zn shortages. Zn deficiency in plants typically results in severe
stunting because Zn is crucial for internode elongation. Infected plants also
exhibit poor flowering and seed germination. Alfalfa has smaller leaves,
cereal leaves have grey or bronze banding, wheat, and other tiny grains have
fewer tillers, and irregular grain formation are all signs peculiar to that crop.

4.5.12 CHLORINE DEFICIENCY

Younger leaves turning chlorotic, and the plant wilting are the symptoms
of Cl deficiency. However, its deficiencies are rare because Cl is present in
rainfall and the atmosphere.

4.6 CONCLUSION

Both micro- and macro-nutrients are essential for the quality of crops. Even
though the techniques utilized by plants to resist many diseases will be
strengthened by the application of nutrients. The utilization of nutrients in
a balanced method can increase the yield of agricultural crops desired to
feed the increasing world population. Due to human activity on farmlands
and cultural changes in lifestyle, these areas are becoming less fertile. Thus,
coordinated efforts are required to develop plants for increased output as this
invariably influences agricultural production and may cause famine and star-
vation. The most recent technology for precision agriculture (PA), wherein
plans are made and directed toward meeting the growing need for food is
nanotechnology. Fertilizers provide nutrients to plants, although the majority
of them are inefficient at supplying and absorbing nutrients. Therefore,
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nanofertilizers are designed to be target-oriented and are difficult to lose. By
utilizing the features of nanoscale materials, this method uses better materials
to enhance agriculture. The agricultural use of nanotechnology is bridging
the nutrient loss and crop fortification gaps. In the nano-regime, farmers are
using this science to increase the quality and output of agricultural products.
The plant-mediated biological methods of synthesis, which make use of raw
materials like leftover vegetables, plant extracts, flowers, plant barks, roots,
fruit peels, and leather cuttings, should be utilized and developed in order to
make this field of study more lucrative and easily applicable to agriculture.
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ABSTRACT

Proteomics systematically analyzes all expressed proteins in a particular
cell, tissue, or organism. It provides a protein profile of an organism at the
cellular and tissue levels. Genes are expressed into proteins and implicated in
phenotype profiling of crops, ultimately affecting the genomics and breeding
scientist’s decisions in turning the plant species more resilient and sustain-
able for crop production. Proteome characterization of cereal crops through
proteomic approaches helps confer a novel ability to improve their produc-
tion and minimize the impact of environmental factors most detrimental to
ensuring food security. Proteomics has offered novel molecular markers to
assist crop breeders. It also helps agriculture researchers to investigate abiotic
stress tolerance mechanisms in various crop species. There has emerged
a steady increase in using proteomics techniques in addressing the cereal
crops growing under various stressed climatic environments. The increasing
world population demands an increase in cereal crop production. Compre-
hensive proteomic approaches are required to elucidate the mechanism of
plant responses to the environment and elevation of crop tolerance towards
environmental factors. In this post-genomic era, integrating proteomics with
agriculture will speed up crop yield, leading to global food security. This
chapter provides a comprehensive overview of proteomics applications in
agriculture, focusing on cereal crops for food security. It highlighted the
current cereal production scenario across the globe, the state of food security,
and also on the most recent advances reported on proteomic successes for the
major cereal crops growing in hostile conditions.

5.1 INTRODUCTION

Sustainable development goals (SDGs) by the United Nations (UN) Orga-
nization convey a crucial, impressive, and challenging task to scientists
and society to emphasize the need to transform the agriculture and the food
sector to achieve food security, ecosystem sustainability, economic expan-
sion, and social equity (UN, 2015). Enhanced agricultural production under
changing climatic and social factors, food security has become essential to
provide sufficient food to the world due to the rise in worldwide population,
especially under the increasing hazardous effects of climate change on field
crops (FAQO, 2022). Among the various threats posed by the current severity
of climate change, water scarcity, salinity, high temperature, and radiation
are the alarming ones (Farooqi et al., 2020; Hashiguchi et al., 2010; Singh et
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al., 2022). It is estimated that by 2050, there will be a need to feed 9 billion
people; as of now, over 850 million people are suffering from malnutrition
(Sohail et al., 2022). Future agriculture necessitates customized solutions
that embrace fundamental leaps forward in current knowledge and enabling
technology and consider the need to safeguard the environment and meet
societal demands (Halder et al., 2022). There is a need to develop crop vari-
eties tolerant of adverse growing conditions, and it demands breakthroughs
in plant biotechnology to cope with the abiotic stresses and yield gaps. It
requires a complete understanding of the physiological and biochemical
processes involved in stress responses (Hashiguchi et al., 2010).

Cereals are the staple food for most of the world’s population. After meat
and legumes, cereals are the third most important supplier of proteins in the
human diet (Agregan et al., 2021), and in some less developed countries,
cereals are the only source of protein intake (Sohail et al., 2022). Cereals
make up more than 60% of energy intake by the global population. Now,
cereal crops are subjected to various biotic and abiotic environmental
constraints like drought, salinity, radiations, heavy metal toxicity, high/cold
heat, and biotic stresses like pathogens under changing climate. Only the
drought has reduced the wheat yield by 32% globally (Zhang et al., 2018),
while salinity reduces 40% of cereal yields (Qadir et al., 2014). It is essential
to study all proteins of cereal crops to determine their biological function
and role in the regulation of crop yield, quality, and response to different
stress factors (Rahiminejad et al., 2019). Proteins are directly involved in
managing the physiological traits of crops to adapt the phenotype according
to environmental factors; hence, played a crucial role in crop sustainability
under climate severity (Sinha et al., 2022).

Plant proteomics is a promising approach for cereal crop improvement
to enhance yield for the sake of managing food security. Proteomics signifi-
cantly contributes to identifying functional proteins that participate in crop-
environment interactions (Afroz et al., 2011; Sinha et al., 2022). Proteomics
is a sub-discipline of the molecular biology of plant sciences become crucial
in agricultural research. It is based on the Spatio-temporal analysis of proteins
in any biological system (Gallardo et al., 2013; Pandey and Mann, 2000).
The term “proteomics” was first introduced in 1995 (Okoli et al., 2021;
Wasinger et al., 1995), representing the collation of protein and genome. The
role of proteins is crucial in every biological system since proteins are active
macromolecules and the center of an understanding of molecular biological
mechanisms (Rahiminejad et al., 2019). The biological functions of proteins
are determined by some prominent factors, including (i) localization of
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proteins in the cell; (ii) post-translational modifications (PTMs) of proteins;
(iii) protein-protein interactions; and (iv) interaction of proteins with non-
proteinaceous compounds. Proteome includes studying the structure, function,
modifications, interaction, intracellular location, and quantifying the protein’s
abundance in a specific biological system (a cell or tissue). The biological
system is reflected by its proteome, which is very dynamic and constantly
changes in response to abiotic and biotic stresses. Above all, knowing all
levels that regulate adaptation mechanisms and agricultural plant resilience in
climate change is critical to making significant advances in genomics-driven
breeding of main cereal crops for productivity improvement and stress toler-
ance (Hu et al., 2015). Proteomics is also assisting in the quality of cereal-
based foods, that is, protein delivery to humans because cereal grains account
for a substantial portion of plant proteins in the human diet.

Researchers have made advancements in developing proteomic technolo-
gies for application in agriculture to improve cereal crop yield worldwide.
Researchers have generated many proteomic data sets using state-of-the-art
technologies, for example, Two-Dimensional Polyacrylamide Gel Electro-
phoresis (2D PAGE) and mass spectrometry. Analyzing and interpreting the
crop proteomic data by implicating the bioinformatics tools and statistical
algorithms are equally important. The translation of basic science knowledge
for resolving anthropogenic and climatic issues is referred to as “translational
plant proteomics,” and it focuses on the economic and recreational values of
plants, food, and energy (Agregan et al., 2021). On the other hand, post-
COVID crises have already irrupted the economic growth globally (Sohail
et al., 2021b). Therefore, based on its efficiency and success, the field of
proteomics has become a promising strategy in agricultural sciences with
a particular focus on cereal crops for food security purposes. This chapter
provides a comprehensive overview of proteomics applications in agricul-
ture, focusing on cereal crops for food security. It highlighted the current
cereal production scenario across the globe, the state of food security, and
also on the most recent advances reported on proteomic successes for the
major cereal crops growing in hostile conditions.

5.2 CEREAL PRODUCTION AND STRESS THREATS TO FOOD
SECURITY: A GLOBAL PERSPECTIVE

Cereals (Family: Graminae) are those crops that are solely harvested for
dry grains, that is, rice, maize, barley, wheat, buckwheat, rye, oats, millet,
sorghum, quinoa, fonio, triticale, and canary seed (Wrigley, 2017). On a
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global scale, the five major cereal crops are wheat, maize, rice, sorghum,
and barley, as per area under production, yield, and utility: which collec-
tively account for more than half of the world’s food (Li et al., 2019). Wheat
and rye hold a distinctive role as they are most suitable for bread-making.
Cereals and cereal products are a staple food for 70% world’s population
and provide an abundance of carbohydrates, proteins, vitamins, minerals,
and trace elements (Jespersen et al., 2009; Shah et al., 2016; Shewry and
Hay, 2015). Globally 2796 million tons of cereals were harvested in 2021,
which is 0.7% higher than the previous year (FAO, 2020). The global wheat,
coarse grain, and rice production forecast showed —0.1, +1.2, and +0.7 falls
and up from 2020, respectively. Wheat is the most imperative food security
crop, with a production of 775.4 million tons in 2021, followed by coarse
grains (501 million tons) and rice (519.3 million tons) (FAO, 2022). A global
total of about 700 million ha of cropping area is under cereals cultivation,
covering almost 50% of the world’s caloric intake (Singer et al., 2019).
During current population growth and adverse weather conditions, food
security (i.e., adequate food access in quantity plus quality) is projected to
be alarming in 44 countries as per the FAO quarterly global report of 2022
(FAO, 2022). Global hunger has shown a gradual upward trend since 2014.
We have calculated the food security indices based on FAOSTAT, and data
shows that the prevalence of moderate-to-severe food insecure people has
encountered a 21.6% increase from 2014 to 2020. It is estimated that 1 in 10
persons is exposed to severe food insecurity, which provides another estimate
to measure hunger. If this trend continues, then by 2030, more than 840
million people will be severely affected by hunger (Bongaarts, 2020). Report-
edly, 690 million people are currently food insecure in 2019 (FAO, 2020). In
low-income countries, cereal intake procures particular relevance as most of
the population relies on cereals as the primary food and essential nutrient for
total energy intake to meet WHO recommendations for daily consumption.
Cereals contribute as a major source of energy and protein, that is, about 56%
of global energy and 50% of the protein needs of the human populace either
via direct consumption or indirectly via cereal-fed animals and the consump-
tion of their product (Li et al., 2019; Papageorgiou and Skendi, 2018). Our
data calculation also agrees with the claims that cereals have contributed to
more than 50% of daily caloric energy intake globally. In some developing
Asian and African countries like India Sir Lanka and so forth, the importance
of cereal consumption gains special where the cereals are the monotonous
source of protein supply due to religious limitations (Agregan et al., 2021;
Sohail et al., 2022). Proteins are an essential element after carbohydrates,
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ranging from 7.50 to 16.68% of the grain. Proteins in plants are classed into
glutelins, albumins, prolamins, and globulins and are predicated on their solu-
bilization in different solvents (Araus et al., 2002), yet cereals have imbal-
anced amino acids (Trace-Caba et al., 2015). Cereals are essential in animal
nutrition in addition to human usage. Around 60% of the energy intake by the
livestock is fulfilled by corn, wheat, and barley. Only 15% of corn grain is
utilized in human food directly (Agregan et al., 2021). Nonetheless, cereals
are a predominant economic platform for most of the world’s countries and a
source of sustainable income for livelihood (Oishi, 2021).

On the other hand, climate change, including all associated biotic and
abiotic stresses and soil degradation, has become the biggest challenge to
food security (Hadebe et al., 2017; Tadesse et al., 2019; UN, 2019). This ever-
increasing world population (approximately 60 to 110% by 2050) and current
dietary structure are expected to cause a surge in global food demand and make
it highly difficult to maintain the equilibrium between cereal consumption
and production side by side (FAO, 2020). However, given the significance of
cereal in the human diet, the only solution to this problem is to increase cereal
production to meet our global food and nutrition security. Furthermore, cereal
grain production, including major crops like maize, wheat, rice, barley, rye,
and oats, is very prone to abiotic stresses, jeopardizing the sustainable supply
of human and animal use (Begcy and Dresselhaus, 2018). Wheat production is
already going down in most locations. Simulation studies showed that under
the climate change scenario, each 1°C increase in global mean temperature
might result in a 6% decrease in the crop yield. Without adaptation, wheat,
maize, and rice yields are predicted to decrease in tropical and temperate
regions (Reynolds et al., 2016). The yield improvement ascribed to breeding
or technical innovation is inversely related to the stress in the growing
environment. In Australia, for example, it has been 10 times lower (004 Mg
ha™' versus 4 Mg ha') than in the UK. Therefore, under varying climatic
conditions, yield increments reported as percentage values do not make a
complete understanding (Araus et al., 2002).

Globally, crop loss prediction showed that abiotic stresses caused more
reduction in yield than biotic stresses (Zamir et al., 2013). The magnitude of
the impact of climate change (extremely high temperatures, water scarcity,
and unpredictable rainfall patterns) is massive and is the direct challenge
amongst all constraints (Muitire et al., 2021). In Africa alone, climate
change caused an almost 20% reduction in the production of maize and
wheat (Blackie et al., 2016). In Africa, extreme weather conditions curb the
possible potential of 2022 cereal production, and the current estimate for
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2021 showed a 3.9% reduction in cereal production over 2020 (FAO, 2022).
Biotic stresses, that is, pests, diseases, and weeds, are also evolving with
climate change; within some time, a new strain of pathogens and diseases
arrives for which new crop varieties need to develop (Keno et al., 2018).
Some pests and diseases native/non-significant in one region could prove
extremely ravaging to crops of other regions. For example, fall armyworm is
a minor pest of cereals in northern and southern America but caused 100%
yield loss in some instances in Africa, where it only appeared in 2016 (Day et
al.,2017). Likewise, diseases could cause significant yield loss if they appear
during critical stages of plant development, that is, in a rice crop, a rice blast
can lead to 100% yield loss (Fahad et al., 2018).

Over the last 50 years, the yield of cereal crops has increased steadily.
An increase in the land under cultivation, canal irrigation, application of
chemical fertilizers, and the development of high-yielding cultivars through
traditional breeding approaches have resulted in this increase. However,
there is evidence that wheat, rice, and maize yields have been holding steady
in recent years, with global yearly gains of around 1% since the 1990s, a
significant decrease from the 1960s, and a concerning trend in the current
climate (FAO, 2017). Our examination of FAO data in suggests that cereals
contribute to the gross production index number (GPIN) and total cereal
contribution to the per capita gross production index number (TGPCIN).
Though there has been a 12% increase in TGCPIN, to feed 9.8 billion people
by 2050, the cereal food supply must be increased by 70—-100% (Wang et al.,
2018).

The demand and supply gap should be decreased to guarantee and secure
present and future food security. It is only possible by improving the cereal
production system, alleviating the crop losses by biotic and abiotic stresses,
and upgrading genetic crop makeup via conventional or molecular breeding
techniques and policy changes. Likewise, crop proteomics significantly
improves cereal crops by keeping the ever-changing climatic conditions in
focus. Today, in the world, very few crop species are used as a staple food,
primarily the C, (rice, wheat, and barley) and C, cereals (maize, pearl millet,
and sorghum). However, the richness of genetic resources is mainly over-
looked in the C, cereals. To relieve the food problem, efforts are being made
to engineer the C, crop species to have C, features, which can significantly
increase the crop yield of the C, species (Ghatak etal., 2021). Plant proteomics,
a model of action/system, responds to the current problem by using different
approaches and attempts to provide adequate food supply by guaranteeing
increased crop productivity and food security (Agregan et al., 2021).
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5.3 SIGNIFICANCE OF PROTEOMICS PROTOCOLS FOR CEREALS
OVER OTHER OMICS APPROACHES

Crop yield and abiotic stress tolerance are quantitative traits (He et al.,
2018), controlled by the interaction of genetics, environment, and manage-
ment. Collective utilization of genomics, transcriptomics, and proteomics
approaches can determine the molecular mechanisms and pathways
involved in crop stress tolerance. Proteomics is the comprehensive
characterization of all the proteins in living tissue (Hondius et al., 2018).
Identifying protein concoction, amount, isoforms, localization, and mutual
interactions under physiological conditions and at a particular time is part
of the proteomics study. Protein profiles represent variations in tissue and
its cellular compartment’s protein expression. Proteomics has a distinct
benefit over typical omics approaches in that it may show PTMs and
link the functional variation with crop production. To date, greater than
300 PTMs have been revealed (Rolland et al., 2019). Proteo-genomics is
a relatively new field that merges genomics and proteomics as a multi-
omics setting by employing mass spectrometry (MS) and high-throughput
sequencing (HTS) technologies to aid in the annotation of genes and deci-
phering proteome complexity. A general proteomics workflow consists of
three main steps: (i) protein extraction; (ii) identification and separation;
and (iii) data integration.

Previously, the researcher focused on only genomics. Carrying out
genome-wide investigations and the reverse genetic techniques in model
plants, Arabidopsis, rice Thellungiella salsuginea, aided in exploring
the underlying molecular pathways for stress tolerance (Dresselhaus
and Huekelhoven, 2018; He et al.,, 2018). Even though genomics and
transcriptomics have yielded a plethora of data about plant response to stress
treatment, insignificant associations between the mRNA transcript levels and
protein abundance are of serious concern (Pan et al., 2019) also reported
zero correlation between the transcription and translation of differentially
abundant proteins (DAPs), highlighting the need to research stress-
responsive alterations at the proteome level at a specific time. Additionally,
an integrated transcriptome and proteomic investigation found that 30% of
proteins transcribed under drought stress were not in the root tissue (Wang
et al., 2021). At the proteome level, systematic stress-responsive patterns in
root and shoot tissues were observed, but the leaf and root transcriptomes
displayed distinct responsive patterns under salinity and drought stress
(Kumar et al., 2022). The genomic data alone cannot predict the spatio-
temporal metabolic level (Kaur et al., 2014). Therefore, proteomics as a



Proteomics Applications in Cereal Crops for Food Security 103

modern technology has benefits over other omics techniques (genomics or
metabolomics; Halder et al., 2022).

5.4 ADVANCES IN PROTEOMICS PROTOCOLS FOR CEREAL
IMPROVEMENT

Based on proteins expressed under stress conditions, proteomics can be cate-
gorized into three main classes: expression proteomics, structural proteomics,
and functional proteomics (Okoli et al., 2021). In expression proteomics,
both qualitative and quantitative expressions of proteins are studied under
two variable conditions. For example, in agriculture, crops’ normal and
stressed/abnormal cells are studied to study the proteins responsible for the
stress state. In other words, expression proteomics studies protein expres-
sion patterns in abnormal cells and is referred to as translational proteomics
(Mirzaei et al., 2016; Pandey et al., 2000). “Bottom-up” approach is regarded
as the most common approach in proteomic workflows in which the protein(s)
under study is/are digested by proteases (e.g., trypsin) into smaller peptides
which are further analyzed by mass spectroscopy (Aebersold and Mann,
2003). Another approach followed in proteomics workflow is the “top-down
proteomics approach” in which the protein(s) digestion step is skipped, and
proteins are fragmentized directly by ionization in a mass-spectrometer.
It has become possible by the availability of advanced high-resolution
mass spectrometers (Yates and Kelleher, 2013). In agriculture proteomics,
bioanalytical, and bioinformatics tools have made their way to structural
and functional studies of proteins. Analytical techniques, that is, 2D gel
electrophoresis, matrix-assisted laser desorption/ionization (MALDI), mass
spectrometry (MS), time-of-flight mass spectrometry (MALDI-TOF); and
many bioinformatics tools are indispensable for proteomics study of cereal
crops (Aebersold and Mann, 2003; Okoli et al., 2021).

Over the years in proteomics (the 2D-PAGE), technique has proven to
be efficient and dependable in separating protein molecules ranging from
several 100 to a few 1000 (Konig, 2020). It is a conventional method of
separating proteins in biological samples and is used to compare two similar
samples to study specific protein differences. It is the most widely adopted
method in proteomics because of its high efficiency in resolving protein
on the simplest apparatus. The history of proteomics is associated with the
development of 2D gel electrophoresis (2-DGE) in the 1970s, which was the
first method to display thousands of proteins simultaneously on a single gel
(Klose, 1975; O’Farrell, 1975). The 2-DGE can separate complex samples
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in a single run and analyze hundreds of proteins in the same gel (Goez et al.,
2018). In 2D-PAGE, proteins are separated based on their molecular mass
and isoelectric point (pl), followed by visualizing after the staining with
reagent (Miller et al., 2006). In the first step, called isoelectric focusing, the
protein mixture is resolved based on its net charge. In the following step,
proteins are separated based on differences in their molecular masses. The
separated proteins are then visualized as spots excised, hydrolyzed by prote-
ases to specific peptides, and ultimately identified by mass spectrometry.

Mass spectrometry is a state-of-the-art method of choice in proteomics
for identifying and characterizing proteins in any biological system. In this
technique, mass spectra of atoms of molecules making up the sample mate-
rial are produced, subjected to the determination of the elemental or isotopic
signature of that sample, followed by elucidation of the chemical structure of
molecules (e.g., peptides). MS provides a protein/peptide map which is then
used to search a sequence database for an unidentified protein under study.
The removal of the spot and subsequent examination by MS helps to identify
the unique proteins making up the spot (Schulze and Usadel, 2010). Before
the MS analysis, proteolytic enzymes (endoproteases/endopeptidases) are
used to digest the spot. This phase is critical in the bottom-up strategy and
differs from the top-down technique in that it allows for broadening the
scope of the proteome investigation. Trypsin is the most used protease due
to its low cost, ability to produce peptides suited for MS, high specificity,
and accounting for 96% of research studies using a bottom-up strategy. Lys
C is the second most commonly used protease, followed by pepsin, chymo-
trypsin, and Glu-C (Wu et al., 2018). Because of short peptides containing
Arg or Lys at the C-terminus and quick trypsin digestion facilitated separa-
tion by contemporary liquid chromatographic procedures (LC), fragmenta-
tion, and identification using search algorithms (Tsiatsiani and Heck, 2015).
However, covering the complete proteome is difficult because of the tiny size
of the trypsin zed proteins (5 and 20 aa; Dupree et al., 2020). The peptide-
sionnization is accomplished by electrospray ionization (ESI) and MALDI.
MALDI-TOF/MS technique uses a laser beam for ionizing protein samples.
MALDI faces fewer interferences induced by popular proteomics buffers
(e.g., urea or tris), and thus the production of charged ionic species increases,
making MS spectra easier to interpret. On the other hand, ESI encourages the
formation of multiple charged ions (Cunsolo et al., 2014). Electron-capture
dissociation (ECD), Electron-transfer dissociation (ETD), and collision-
induced dissociation (CID) can all be used to dissociate peptides (Schulze
and Usadel, 2010).
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Liquid phase separation by capillary electrophoresis (CE) or liquid
chromatography (LC) is advantageous over the 2-DEG separation with
greater dynamic range, higher sensitivity, speed, and ease of automation. The
strongly basic/acidic protein of low-high molecular weight can be isolated
by reserves phase, ion exclusion, and size exclusion (O’Donnell et al., 2004).
For the peptide separation through the one-phase LC, reverse phasing is
the most widely used mechanism. The strong cation exchange (SCX) and
reverse phase (RP) columns are the recommended multidimensional sepa-
ration combinations (O’Donnell et al., 2004). The mass analyzers include
time-of-flight (TOF), quadrupole (Q), Fourier transform ion cyclotron
resonance (FTICR), and ion trap (IT). Furthermore, mass-to-charge separa-
tion by utilizing a differential ion motion can be achieved through tandem
(MS/MS). After enzymatic digestion of proteins, coupling MS/MS with LC
technology (LC-MS/MS) is an HTS technique extensively employed for
complicated samples (Weisser and Choudhary, 2017). Shotgun proteomics is
a new approach replacing the 2-DGE with a mass spectrometer for proteome
analysis (Gao et al., 2012; Marcus et al., 2020). In the shotgun approach for
the relative quantitative analysis, two strategies are available that is, label-
free quantification (LFQ) and labeled (Bubis et al., 2017). In the label-free
strategy, tandem mass tags (TMT) stable isotope labeling with amino acids
in cell culture (SILAC), dimethyl labeling, isotope affinity tagging (ICAT),
and isobaric tags for relative absolute quantification (iTRAQ), can be used to
modify the isotope containing samples. The approaches for label-free quan-
tification rely on the ion intensity and spectral counts (Bubis et al., 2017).

Targeted proteomics, a new proteomic strategy focused on identifying
selected proteins, gives the help of dealing with a reduced portion of the
proteome rather than quantifying several proteins with no preceding infor-
mation (Borras and Sabido, 2017). This method differs from the shotgun
method. Instead of searching for candidate biomarkers to employ in detecting
an event, that is, any stress — a pre-recognized biomarker is deployed to
detect such an event. Instead of unbiasedly profiling and comparing those to
determine the abundance of differential proteins, targeted proteomics aims
at quantifying a single or a cluster of desired proteins. As a result, we can
assess these protein biomarkers with great precision and repeatability in
many samples (Arora and Somasundaram, 2019). Three forms of focused
proteomic approaches include selected reaction monitoring (SRM), multiple
reaction monitoring (MRM), parallel reaction monitoring (PRM), and data-
independent acquisition (DIA), as well as tailored data extraction of the MS/
MS spectra (Shi et al., 2016).
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5.5 PROTEOME MAPS/DATABASES OF MAJOR CEREAL CROPS

Along with the Arabidopsis database, big proteomics data is also emerging
in cereal research. Cereals being the field crop species with a large genomic
database, it took a long time to establish the proteomic database by collecting
and summarizing the expression data from different crop tissues and various
developmental stages and stress conditions. On the other hand, bioinfor-
matics analysis of protein sequence data is a powerful strategy for protein
identification and their structural and functional studies. It has significantly
improved the standard of proteomics applications in cereals. It has dramati-
cally facilitated the management and interrogation of the vast “omics”
technologies generated data such as genome, transcriptome, and proteome
(Agarwal et a., 2013). Technological advancements in gel-based (particu-
larly 2DE in conjunction with IPG and DIGE) and gel-free approaches,
particularly MS analysis and bioinformatics resources in plant proteomics
(Kim et al., 2014), have had a substantial influence on the knowledge of
stress tolerance and genetic potential. Further developments to improve
proteome databases can be achieved by (i) regular updates; (ii) improvement
in data quantity and quality; (iii) integration of different types of data, such
as genome, epigenome, proteome, transcriptome, and phenome; and (iv)
integration of databases with crops yield-related literature.

Proteome analysis in plant systems has been performed utilizing a variety
of tissue samples, including leaves, roots, flowers, and fruits (Feng et al.,
2017; Szymanski et al., 2017). Many databases have related to omics output,
and their interaction has been published and available. There are a large
number of protein databases, that is, Model Organism Protein Expression
Database (htttp://moped.proteinspire.org), MaxQB (http://www.uniprot.org/
database/DB-0186), Peptide Atlas (http://www.peptideatlas.org/), Global
Proteome Machine Database (http://gpmdb.thegpm.org/), and PRIDE data-
base (https://www.ebi.ac.uk/pride/archive/), can be explored to get relevant
information (Perez-Riverol et al., 2015). The whole genome of the sequenced
crop plants can be accessed from the generalized database that is, NCBI,
Viridiplantae, DDBJ, GenBank, and UniProt; moreover, the plant-specific
databases are also available that is, PlantGDB and Ensable Plants (https://
www.plantgdb.org/).

Compared to the human complement, the model plant Arabidopsis
has two-fold more protein kinases (Zulawski et al., 2014). Undoubtedly,
Arabidopsis-based omics data has been the backbone of cereal proteomics.
The number of kinases (1502) and phosphatases (162) (enzymes that
catalyze the high-energy, phosphate-donating molecules to specific
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substrates-phosphorylation) is still growing (Wang et al., 2014), facilitating
to identify the functions of signaling molecules in a context-dependent way.
Previously, Mitsuda and Ohme-Takagi (2009) have compared the available
plant transcription factor databases. The plant TFDB contains the transcrip-
tional factors from more than 80 plant species (Jinetal., 2014), the Arabidopsis
Transcriptional Regulatory Map (ATRM) and Arabidopsis Transcription
factor database (DATF; Guo et al., 2005) are a subset of to plant TFDB. The
Subcellular location of proteins in the Arabidopsis (SUBA) database collects
protein localization data from large-scale organellar proteomics and green
fluorescence protein investigations (Hooper et al., 2017). The collection of
plant-specific activities is defined by the in vivo interactions between protein
scans. Plant-specific activities are defined by the in vivo interactions between
proteins. The Arabidopsis Interactome Mapping Consortium (AIMC) has
cataloged 6200 binary interactions between 2700 proteins in the Molecular
Interaction Database (IntAct; Consortium, 2011; Ngara et al., 2021; Orchard
etal., 2014).

Maize (Zea mays L.) is the new world’s most significant agro-economic
crop because of its raw material application in manufacturing food, feed,
and biofuel for animals and humans (Urrutia et al., 2021). Nevertheless, the
post-transcriptional and post-translation modifications (Luo et al., 2018)
result in a near zero correlation between the mRNA levels and the protein
(Zenda et al., 2018). Although various genome databases are available for
maize genomics, there are fewer publicly available proteome databases for
maize. The protein-protein interaction database (PPIM; http://comp-sysbio.
org/ppim), was created for maize (Zhu et al., 2011, 2016), PPDB (plant
proteomics database) (http://ppdb.tc.cornell.edu; Sun et al., 2009), ProMEX
(http://ProMEX.pph.univie.ac.at/ProMEX/; Wienkoop et al., 2012), ProFITS
(http://bioinfo.cau.edu.cn/ProFITS; Ling et al., 2010) and PlantMWpIDB
(https://plantmwpidb.com/; Mohanta et al., 2022). PPIM is a user-friendly,
freely available database covering 2,762,560 interactions among 14,000
different proteins of maize (Zhu et al., 2016). PPDB, launched in 2004, is
an integrated database for experimentally identified proteins in maize and
Arabidopsis (Sun et al., 2009). ProMEX is a reference database for plant
proteomics (including maize proteome) comprising mass spectra generated
by mass spectrometry (Wienkoop et al., 2012). PlantMWpIDB contains
proteome datasets of 342 different plants, including maize.

Similarly, sorghum and barley genomics resources are abundantly avail-
able, but proteomics resources are comparatively limited and have been
extensively reviewed by Ngara et al. (2021). Few proteomic-based databases
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are CropPal (https://crop-pal.org) for protein subcellular locations (Hooper
et al., 2020), ProtAnnDB (http://www.polebio.lrsv.ups-tlse.fr/ProtAnnDB/)
for protein annotation (Clemente et al., 2009), ExPASy (https://www.expasy.
org/) a bioinformatics resource for proteins (Artimo et al., 2012) and Uniprot
(https://www.uniprot.org) for protein sequence and functional information.
Barley ranks 4" among cereals globally and is widely utilized as a feed and
as a basic element in making beer. The protein content of whole barley grain
ranges between 10 and 17%. Barley is a diploid plant with a 5.1 Gb genome.
Barley whole-genomic sequencing has been accomplished (Silvar et al.,
2015). Around 26,159 high-confidence genes homologous to other plant
genomes and 53,220 low-confidence genes without homology were reported.
This indicated that barley has around 26,100 open reading frames, laying
the groundwork for barley genomics and proteomics research. Proteome
research of the aleurone layer in barley has shown plasma membrane protein
identification and targeted investigation of germination-related alterations,
including the thioredoxin system (Ngara et al., 2021).

Rice (Oryza sativa L.) is one of the most important cereal crops world-
wide; almost half of the world’s population consumes rice as its primary
food source (Mahender et al., 2016). Improving rice yield through rice
breeding is crucial not only to feed the rising global population but also
because its cultivation is a source of livelihood for many farmers around
the globe (Swamy et al., 2016; Tanaka et al., 2016). Rice yield is associated
with traits like grain weight, size, and panicle number. Rice breeders and
researchers have explored several genes associated with these traits in an
extensive collection of rice seeds (Jiang et al., 2018). Many genomics data-
bases of rice have previously been constructed by researchers in different
rice genome sequencing projects, such as RGKbase (Wang et al., 2013),
RAD (Ito et al., 2005), RMD (Zhang et al., 2006), JCVI (Ouyang et al.,
2007), RAP-DB (Rice Annotation Project Database) and CRDC (China
Rice Data Center) database. Although these databases are loaded with a vast
quantity of data, they lack the integration of genomics with other “omics”
of rice, especially proteomics. Integrating genome databases with proteome
and other related databases and literature can serve better in facilitating rice
researchers and breeders to improve traits for enhanced rice yield. Similarly,
the computational system biology database collects plant protein interaction
databases such as PPIM. The “Oryza sativa interacting proteins (DIPOS)
database” is solely devoted to protein interactions in rice. The rice proteome
database of functional analysis of rice (https://www.hsls.pitt.edu/obrc/
index.php?page=URL1152242630) is based on 2D-PAGE analysis of rice
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proteins from different tissues and cell organelles. It contains 23 reference
maps comprised of 13,129 identified proteins, out of which 5092 proteins
are entered with their amino acid sequence (Komatsu, 2005). RicyerDB, a
Rice Yield-related Database, focuses on a thorough understanding of rice
biology and can be helpful in a comprehensive understanding of improved
rice production. It is a combined database based on genomics and proteomics
of rice. It also provides a protein-protein interaction network with biological
analyses (Jiang et al., 2018).

Numerous rice proteome datasets are not publicly available. For example,
PlantPReS (Mousavi et al., 2016) has more than 30 MS (mass spectrometry-
based) datasets of rice proteomes, out of which only one is available on
PRIDE, a public database (Rahiminejad et al., 2019). The “ProteomicsID
Entifications” (PRIDE) database is an open, user-friendly proteomics data
repository. Data generated by MS-proteome experiments, including raw
spectral data, protein identifications, peptides, and associated statistics, can
accessed using one centralized web interface that is independent of the hard-
ware or algorithms. Proteomics resources and tools for functional analysis
such as PhosphoRice: a meta-predictor of rice-specific phosphorylation
sites (http://bioinformatics.fafu.edu.Cn/PhosphoRice) have been developed
(Kim et al., 2014), Oryza PG-DB: rice proteome database based on shotgun
proteogenomics (http://oryzapg.iab.keio.ac.jp/), and PRIN: a predicted rice
interactome network (http://bis.zju.edu.cn/prin/; Que et al.,, 2012). The
advancement in bioinformatics will help identify an individual protein’s
structure and function, predicting its regulatory network in rice and other
crop species.

Wheat is the most widely farmed staple cereal across various soils and
climate zones, with a 620 million tons annual production. The wheat genome
is complicated and extensive (17 Gb; Shi and Ling, 2018). The first edition
of the genomic sequences of wheat was released by the International Wheat
Genome Sequencing Consortium (IWGSC; https://www.wheatgenome.org/;
Keeble-Gagnere et al., 2018), which delivers an indispensable source of
knowledge for wheat researchers; however, the gene annotation and sequence
assembly remain challenging tasks. Various algorithms based on defined
characteristics and machine learning (ML) have been utilized to predict the
subcellular location based explicitly on the N-terminal region of proteins that
can contain pre-sequenced targeting information (Emanuelsson et al., 2007).
Several other web-based programs are also available to predict chloroplast
localization, that is, TargetP (Kamal et al., 2013), ChlroP (Emanuelsson et
al., 1999), WolF PSORT (Horton et al., 2007), and PSORT (Nakai, 1999). In
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WolF PSORT, the query sequence is aligned to the 14 nearest neighbors, and
an integrated link to UniProt and Gene Ontology is provided. The PSORT
program was used to identify chloroplast thylakoid space (lumen) because
WolF PSORT is not able to predict the sub-organelle location (Kamal et al.,
2013).

Wheat is a hexaploid plant with three sub-genomes. The protein sequences
from each genome are similar, yet few variations are present. Because of
the high proportions of proline and glutamine and low proportions of lysine
and arginine, the MS analysis faces problems like cleaving the proteins. Yet,
wheat offers isogenic lines, which assist in locating the proteins on a partic-
ular chromosome region. Many researchers have analyzed the wheat grain
during developmental stages at maturity to discriminate among different
wheat cultivars (Clarke et al., 2000; Cornish et al., 2001; Wong et al., 2004).
Proteomics has been utilized to investigate the effect of nitrogen and sulfur
on gluten proteins (Andon et al., 2002; Grove et al., 2009) explained the
characterization of the wheat amyloplast proteome. According to Gobaa
(2008), the replacement of wheat chromosome 1BS with rye chromosome
IRS (1BL.1RS translocation) resulted in significant changes in endosperm
proteome, also a quantitative and qualitative influence on prolamin produc-
tion. Akagawa et al. (2007) performed a functional proteome study in wheat,
revealing wheat allergens and nine components of low molecular weight
glutenins prevalent with IgE-binding proteins. More than 249 transcripts are
reported to be highly expressive during the first two weeks of grain develop-
ment enabling the unraveling mechanism of grain formation (Nadaud et al.,
2010).

5.6 RECENT PROTEOMIC DEVELOPMENTS IN CEREAL CROPS
GROWING UNDER ABIOTIC STRESSES

The application of proteomics in agriculture is a highly active area of
research leading to the identification of various proteins expressed in cereal
crops under abiotic stress (drought, salinity, temperature, heavy metals,
nanoparticles toxicities, etc.), and the generation of an enormous amount of
data and success for stress mitigations strategies (Afroz et al., 2011; Halder
et al., 2022; Sohail et al., 2020, 2021a). In the recent past, the cultivable
land has been decreasing, thus building pressure on the plant breeders to
develop crop varieties with higher yields per unit area even under varying
climatic conditions. In order to feed the world population, there is a need
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to discover efficient pathways for converting sunlight into ATPs under
stress conditions (Driever and Kromdijk, 2013). Comparative analyses of
the plant chloroplasts at the proteomic level (Zhao et al., 2013) explored
the key components that effectively and efficiently carry out the light and
CO, conversion (Manandhar-Shrestha et al., 2013) and the stress mitigation
through antioxidant systems activations. Stressful conditions often lead to
several biochemical malfunctions, resulting in decreased crop yield addressed
by translational proteomics. The organ-specific proteomic study is another
idea to identify the proteins commonly accumulated during abiotic stress
(Komatsu and Hossain 2013). The intracellular compartments are critical
in plant stress response (Nouri and Komatsu, 2013) reported that several
sub-cellular localized proteins like proteins related to signaling, transcrip-
tional regulation, ion/water transporters, and reactive oxygen species (ROS)
scavengers are involved in stress tolerance (Kosova et al., 2018; Mitsui et al.,
2013). Numerous studies have been reported on post-translational changes
during stress in various crops. Yet, upcoming literature presents a general
overview of translation changes in major cereals crops (Ghatak et al., 2021).
Despite the abundance of proteomics literature, protein validation still has
challenges (Gong et al., 2015; Pan et al., 2019). In rice, for example, protein
annotation of only 1% of genes has been experimentally verified (Rhee and
Mutwil, 2014). Similarly, the maize genomic sequence has roughly 40,000
genes, however, nothing is known about the function of the majority of
them. Furthermore, there is a high level of reputation and/or redundancy
particularly in the NCBI. The NCBI database contains many uncharacterized
stress-sensitive maize proteins. As a result, experimental validation of stress
proteins with a specific role in stress tolerance is critical for bridging the
gap between the proteomic discovery of stress proteins and the selection of
potential target proteins for future crop enhancements (Wang et al., 2019).
Plants’ stationary life has formed a sophisticated gridded antioxidant
defense system comprised of several enzyme components, which play an
essential role in resisting diverse stress circumstances (Kosova et al., 2018).
Several antioxidant enzymes assist plants in dealing with stress, for example,
glutathione peroxidase (GPX), superoxide dismutase (SOD), ascorbate
peroxidase (APX), peroxidase (POX), glutathione reductase (GR), gluta-
thione S-transferases (GST), monodehydroascorbate reductase (MDHAR),
dehydroascorbate reductase (DHAR) and catalase (CAT; Farooqi et al.,
2020). During stresses, SOD catalyzes the removal of O, and other ROS
species by dismutating them into O, and H,0O,. The CAT disaccociate the
H,O, into H,O and O,. The POX scavenges H,O, in the extracellular area.



TABLE 5.1 Application of Recent Proteomic Approaches in Major Cereals (Wheat, Maize, Rice, and Soybean) Growing Under Various Abiotic
Stressed Environments (Drought, Salinity, and Heat) and Major Advances in Understanding

Crop/Cultivar  Plant Organ Stress Technique Major Results References
Wheat
T. aestivum L. cv. Roots Salinity LC-MS, Q-TOF  Downregulation of ATP synthase subunits, glycolytic enzymes, Dissanayake
Scepter TCA enzymes, and translation-related proteins. et al. (2022)
T. aestivum L. cv. Seedling Salinity LC-MS/MS Upregulation of 194 chloroplast-localized DAPs involved in Zhu et al.
Zhongmai 175 leaves the Calvin cycle, transcription, translation, and metabolism of  (2021)
amino acids, carbon, and nitrogen.
T aestivum L. cv. Seeds Salinity LC-ESI-MS/MS  Upregulation of 207 DEPs (differentially expressed proteins)  Yan et al.
Chinese spring  (endosperms) involved in the metabolism of proteins, amino acids, and (2021)
organic acids.
T. aestivum L. cv. Grains Heat 2-DE, MALDI-  Translational (gliadins, and glutenins) were upregulated while Chunduri et
BWL4444 TOF-MS/ photosynthesis, glycolysis, and high molecular weight glutenins al. (2021)
MS were downregulated.
T. aestivum L. Seedlings Salinity iTRAQ (isobaric Upregulation of ribosomal proteins, nucleoside diphosphate Ma et al.
AABBDD cv. tags for relative  kinases, transaldolases, beta-glucosidases, phosphoenolpyruvate (2020)
Qingmai and absolute carboxylases, superoxide dismutases, and 6-phosphogluconate
quantitation). dehydrogenases.
T. aestivum L. cv. Seeds Salinity SDS-PAGE, Upregulation of 133 DAPs (differentially accumulated proteins) Yan et al.
Chinese Spring LC-ESI-MS/MS  and downregulation of 264 proteins. (2020)
T. aestivum L. Pooled sample Heat SDS-PAGE, Upregulation of 3600 proteins and downregulation of 5825 Kumar et al.
cv. HD2985 and  (leaves, stems, iTRAQ, LC-MS/ proteins; upregulation of carboxylase and o/p-amylases. (2019)
HD2329 spikes) MS
T. aestivum L. cv. Roots Salinity LC-MS/MS Detection of 69 alkaline stress-response proteins; upregulation Han et al.

Bobwhite

of five superoxide dismutases, three malate dehydrogenases,
three dehydrin proteins, and one V-ATPase protein; downregu-
lation of two malic enzymes and many TCA cycle enzymes.

(2019)
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TABLE 5.1 (Continued)

Crop/Cultivar  Plant Organ Stress Technique Major Results References
T aestivum L. cv. Grains Heat iTRAQ, LC-MS/ Upregulation of 207 differentially expressed proteins associated Zhang et al.
Gaocheng 8901 MS with energy metabolism, growth, and ROS. (2018a)
T aestivum L. cv. Leaves Heat+ LC-MS/MS Significant downregulation of proteins involved in photosyn- ~ Zhang et al.
Triso elevated thesis, protein synthesis pathways, and antioxidant activities. ~ (2018b)
CO,
T aestivum L. cv. Grain bearing Heat SDS-PAGE, Upregulation of heat and ROS response proteins; down- Wang et al.
Chinese spring  spikes LC-MS regulation of protein synthesis. (2018)
T. aestivum L. cv. Seedling Drought SDS-PAGE, Upregulation of carbon metabolism and protein synthesis Ding et al.
Yumai34 leaves nano-LC-MS/MS, related proteins and photosynthesis and downregulation of (2018)
iTRAQ signal transduction proteins.
T aestivum L. Seedling Drought SDS-PAGE, Upregulation of differentially expressed LEA (late embryogen- Li et al.
cv. Shaanhe 6, leaves LC-MS/MS, esis abundant) proteins. (2018)
Zhengyin 1 Western blotting
T. aestivum L. cv. Seedling Drought 2D-PAGE, Downregulation of ADP-glucose pyrophosphate, GST, Michaletti et
Kavir, Bahar leaves LC-MS/MS glyoxalase enzymes, and phosphoribulokinase in Bahar al. (2018)
cultivar; downregulation of soluble inorganic phosphatase in
both cultivars (Kavir and Bahar).
Maize
Z. mays L. wild  Leaves Drought iTRAQ, LC-ESI Na'/H" antiporter phosphoenolpyruvate carboxylase, Arginine Hu et al.
type: Vp5 MS/MS serine-rich splicing factor rsp41, Heterogeneous nuclear (2015a)
ribonucleoprotein r-like, and Ubiquitin ligase protein cop one
were upregulated.
Z. mays L. cv. Leaves Drought iTRAQ, LC-MS/ Upregulation of Phosphoenolpyruvate carboxykinase, Huetal.
Zhengdan 958 MS Phosphoenolpyruvate carboxylase/EONQE1, Phospholipase ¢/ (2015b)

B4FY 17, Probable-trehalose-phosphate synthase/K7VOHO,
Serine threonine-kinase wnk4-like/K7TZQ1 and RAB17
protein/A3KLIO.
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TABLE 5.1 (Continued)

Crop/Cultivar  Plant Organ Stress Technique Major Results References
Z. mays L. Inbred Leaves Drought Nano-LC-MS/MS Upregulation of adenosyl homocysteine, Exocyst complex Vu et al.
line B104 (SEC5A), histidine decarboxylase, GRIP domain-containing,  (2016)
and RANBP2-like protein.
Z. mays L. wild  Leaves Drought iTRAQ, LC-ESI  Upregulation of 4F5 protein family, Peroxidase, Photosystem  Zhao et al.
type: VpS MS/MS I-subunit XI, photosystem. II-L, peroxidase, and Ribose- (2016a)
phosphate pyrophosphokinase 4.
Z. mays L. cv. Leaves Drought iTRAQ, LC-ESI  Upregulation of ABA-responsive protein/K7TFB6, asparagine Zhao et al.
Zhengdan MS/MS synthetase, dehydrin/C4J477, RAB17 protein/A3KLIO, (2016b)
Stachyose synthase, and photosystem I-subunit V/B4G1K9.
Soybean
Glycine max L.  Germinated Salinity iTRAQ Upregulation of 201 DAPs involved in 20 metabolic pathways, Yin et al.
cv. Yunhi seeds including antioxidant proteins and proteins involved in (2018)
maintaining protein metabolism.
Glycine max L.  Seedling Drought Nano-LC-MS/MS Upregulation of delta-1-pyrroline-5-carboxylate synthase, Wang et al.
cv. Enrei leaves and B-glucosidase 31, and B-amylase 5; downregulation of proteins (2017)
roots of TCA (tricarboxylic acid).
Glycine max L. Leaves Drought 2-DE, LCMS/MS Upregulation of 174 DEPs; 38.5% involved in photosynthesis ~ Yu et al.
and energy metabolism, 36.4% involved in defense, and 25.2% (2016)
in protein metabolism.
Glycine max L.  Roots Drought Nano-LC-MS/MS Upregulation of peroxidases and aldehyde dehydrogenases. Khan and
cv. Enrei Komatsu
(2016)
Glycine max L.  Leaves Heat 2D-DIGE Upregulation of 25 DEPs involved in photosynthesis: upregula- Das et al.
cv. Surge and and MALDI- tion of heat-stress induced EF-Tu protein. (2016)
Davison TOF-TOF/
MS
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TABLE 5.1 (Continued)

Crop/Cultivar  Plant Organ Stress Technique Major Results References
Rice
O. sativa L. cv.  Leaves Salinity 2D-blue native/  Downregulation of proteins involved in photosynthesis electron Hashemi et
IR29, FL478 SDS-PAGE, MS transport and Calvin cycle in IR29 cultivar. al. (2016)
O. sativa L. cv.  Leaves and Salinity 2-DE, MS/MS Upregulation of ROS (reactive oxygen species) scavenging Hosseini et
IR29, FL478 roots proteins in both cultivars; up-regulation of proteins involved al. (2015)
in amino acid and polyamine biosynthesis in roots of IR29
cultivar.
O. sativa L. Germinated Salinity 2DE, Identification of 34 new proteins for photosynthesis, defense to Ghaffari et
IR64 (sensitive  seedlings MALDI-TOF/ ROS, protein synthesis and signal transduction; upregulation  al. (2014)
type and tolerant TOF, MS/MS of ferredoxin; downregulation of GST, fructokinase-2, and
mutant line) glutamine synthetase.
O. sativa L. Seedling flag  Salinity 2-DE, Identification of 18 proteins involved in plant adaption to salt ~ Sarhadi et al.
cv. IR64, leaves MALDI-TOF/ stress, carbohydrate/energy metabolism, protein synthesis, and (2012)
Cheriviruppu TOF assembly, anther wall remodeling and metabolism: upregulation

of three isoforms of fructokinase-2 in Cheriviruppu cultivar.
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Plant GPX catalyzes the H,O, and HO, to H,O and lipid alcohols. To
decrease the glutathione (GSH; monomeric and glutathione GSSG; dimeric),
GR catalyzes the reduction process. To convert H,O, to water, APX employs
ascorbate as a particular electron donor.

5.7 PROTEOMIC SUCCESS IN ELUCIDATING PROTEIN RESPONSES
TO ABIOTIC STRESS MITIGATION

All abiotic stresses are detrimental to plant metabolism producing ROS, and
the subsequent activation of ROS mitigation through proteins (enzymatic and
non-enzymatic) pathways share a common pathway (Kosova et al., 2018).
Protein isoforms and PTMs frequently differ in molecular weight or isoelec-
tric point, distinguishing them by 1-DE and 2-DE. Temperature affects the
enzymatic activity of the protein; as a result, under high and low-temperature
stress, various isoforms of a specific protein have been discovered through
2-DGE (Kosova et al., 2018). Currently, over 300 different types of protein
PTMs have been described by Wu et al. (2016). Mock and Dietz (2016)
have explored the possibilities of PTM alteration by reactive oxygen (ROS),
nitrogen (RNS), carbonyl (RCS), and sulfur (RSS). The recently adopted
techniques and outcomes of proteomic approaches in major cereal crops
growing under various abiotic stressed conditions have also been summa-
rized in (Table 5.1).

Zhang et al. (2018) utilized the iTRAQ and found 207 differentially
expressed proteins (DEPS) associated with growth and development, energy
metabolism, and stress response. Pan et al. (2019) recently reported 4560
proteins identified during hypoxia-stressed wheat growth. Among total
proteins, the DEPs were 361, 640, 788 in S and 33,207,279 in T in consecu-
tive three days, respectively. These DEPs were 270 common proteins. Some
waterlogging stress-related proteins, such as S-adenosylmethionine synthe-
tase, acid phosphatase, and oxidant-protecting enzyme, were considerably
exclusive. Similarly, Yan et al. (2020) found a total of 2273 high-confidence
proteins, of which 234, 207, and 209 were identified as DEPs under drought,
salinity, and submergence stress, respectively. Functional classification
revealed that the DEPs were mainly involved in amino acid and organic acid
metabolic processes in all stress treatments. Takahashi et al. (2013) investi-
gated heat stress responses. They discovered that the cell membrane plays a
crucial role in signal perception and cellular homeostasis, thus considered a
critical determinant in regulating the plant response to environmental stress.
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Abou-Deif et al. (2019) also found activation of 59 protein spots (4.3%) in
maize seedlings growing at 45°C for 2 hr compared to control, while 2-DE
analysis of heat shock proteins (HSPs) for treated plants resulted in activation
of 104 protein spots (7.7%). Similarly, Luo et al. (2018) also presented those
513 differentially regulated proteins (DRPs) activated in maize seedlings
growing under salinity stress. The iTRAQ-based method further revealed
that key DRPs, were glucose-6-phosphate 1-dehydrogenase, NADPH-
producing dehydrogenase, glutamate synthase, and glutamine synthetase
under salt stress conditions.

Salt stress reduces crop yields, yet several crop varieties exhibit remark-
able resilience to the detrimental effects of salt. In essential cereal crops,
many salt-responsive proteins have been found. Spring barley grew under
30% and 35% soil water capacity and revealed differential protein expres-
sion. Most of the proteins were related to energy metabolism and degradation
(Vitamvas et al., 2015). Proteomic analysis of the chloroplastic proteins in
wheat, maize, rice, and other herbaceous plants has been conducted to screen
the transcripts responsive to abiotic stress (Gayen et al., 2019; Kamal et al.,
2013, 2016; Xu et al., 2016; Zorb et al., 2009; Zhu et al., 2021). Wang et al.
(2014) developed the wheat cytoplasmic male sterile line using a chemical
hybridization agent (CHA)-SQ-1. Proteomics analysis revealed that 71
mitochondrial proteins are involved in pollen abortion. To identify varia-
tions between mature and germinating maize pollen, a differential gel-based
proteomics method was used by Zhu et al. (2011). However, Clark et al.
(2014) reported the turnover rates of 508 distinct proteins in barley varied
by more than 100-fold. Numerous studies have confirmed and explored the
miraculous plethora of proteins in cereal crops (Table 5.1), which can open a
new window for the generation of climate-resilient crops.

5.8 CONCLUSION

Proteomics research has progressed to the “next generation,” encompassing
the post-translational alterations and interaction partners for the distinct
functional proteins. Challenges persist, and future advances with molecular
techniques and apparatus along with bioinformatics are projected to ulti-
mately allow for the analysis, characterization, and quantification of an
entire protein component of a single cell. A complete genetic/genomic data-
base for key grain crops is now accessible. Yet, using MS analysis, 2D gel
electrophoresis, and other modern tools, continued development in ongoing
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proto-genomics investigations is required. Experimental validation of stress
proteins with specific roles in stress tolerance is critical for bridging the
gap between the proteomic discovery of stress proteins and the selection of
potential target proteins for future crop enhancements.. Although proteomics
workflows have been successfully implemented in agriculture to improve
cereal crop quality and yield, high degrees of maturity are required.
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ABSTRACT

Plants have a meshwork of coordinated responses to maintain metabolic
homeostasis in response to external and internal stimuli. To improve their
production, development, and tissue quality, they also constantly interact
with their environment. The interactions between plants and their microbiota
have drawn a lot of attention because figuring out how they work through
different signaling and regulatory pathways can result in the creation of
cutting-edge agricultural applications. Since they have a considerable impact
on food security and the ecology of natural ecosystems, these interactions
must be carefully managed. The manipulation of plant interactions may
result from an understanding of these interactions. This could present several
chances to enhance crop plants that are crucial to agriculture. The aim of
this chapter is to summarize the interactions between plants and microbial
communities for their response towards the changing environment through
various communication networks in their vicinity.
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6.1 INTRODUCTION

Plants share a dynamic environment with microbes that can be beneficial,
harmful, or symbiotic in nature. Decades of work by molecular and microbial
scientists have revealed four basic principles in plant-microbe interaction: (i)
specific receptors in plants perceive signals released by microbes and initiate
a cascade of defense responses (Jones et al., 2016); (ii) deoxyribonucleic acid
(DNA) and effector molecules of the microbes regulate plant cell function
(Hwang et al., 2017); (iii) changes in the developmental processes of both
microbes and plants that initiate the formation of nutrient-producing organs,
such as nodules (Zipfel and Oldroyd, 2017); and (iv) interaction between
plants and microbes at both individual and community levels during disease
(Hacquard et al., 2017). It has been observed that most interactions between
plants and microbes are greatly affected by environmental parameters.
This also led to the famous concept of the “disease triangle,” which states
that a plant can only develop a disease from a microbe if it is susceptible.
Moreover, the pathogen must have disease-causing traits, and environmental
factors must support the microbe. Similarly, the interaction between plants
and symbiotic microbes is also affected by external environmental condi-
tions such as temperature, moisture, and nutrient availability (Cheng et
al., 2019). Depending on the nature of the microbe, plants show positive
communication towards beneficial microbes and negative communication
towards pathogenic microbes (Rodriguez et al., 2019). During this plant-
microbe interaction, several compounds are produced by both the plant and
microorganism that regulate the pathway, including phytohormones, phyto-
alexins, secondary metabolites, bacterial volatile compounds, and effector
molecules, respectively (Pierik et al., 2006; Ravanbakhsh et al., 2018).
Climate change has affected life on Earth. Due to the rapidly and drastically
changing climate, several stresses have emerged such as drought, extreme
temperatures, atypical rains, salinity, and heavy metal accumulation. Plant-
microbe interactions have co-evolved causing a change in the composition
of root exudates thereby altering microbial colonization (Badri et al., 2013).
In response to the climatic changes, bacteria have also evolved mechanisms
to survive and withstand these adverse environmental conditions, however,
some species still have not adapted and would therefore be unable to survive
in such conditions. For example, due to the ozone layer depletion flow of
ultraviolet radiation (UVR) especially UV-B has increased. The effects of
UV have severely damaged the ecosystem in the Polar region. The plants in
the Polar region depend on the soil microorganisms for nutrients. The UV-B
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radiations directly affect the microorganisms in soil and alter the induction
of carbon assimilation, growth, and pigment content (Formanek et al., 2014;
Sinha et al., 1999). However, plants and microbes have co-evolved mecha-
nisms for UVR tolerance for example, Erwinia herbicola and Deschampsia
antarctica induce high production of secondary metabolites such as carot-
enoids that confer tolerance against UV-A radiation. Similarly, the bacteria
and archaea isolated from Antarctic soil counter UV-A and UV-B radiation
through melanin synthesis-protective mechanisms. The aim of this chapter is
to summarize the interactions between plants and microbial communities for
their response to the changing environment through various communication
networks in their vicinity.

6.2 PLANT-MICROBE INTERACTIONS IN A CHANGING
ENVIRONMENT

Soil is a mixture of living organisms, minerals, organic matter, liquids,
and gases crucial for plant sustainability. The structure and type of soil is
dependent on the mineral composition. The mineral composition of the soil
has an impact on the soil moisture and porosity in a way that it forms a
microenvironment as a feasible niche for microbes (Wilpiszeski et al., 2019).
Living organisms such as bacteria, viruses, and fungi actively participate
in the nutrient cycle of minerals leading to the bioavailability of essential
nutrients crucial for plant growth and development (Uroz et al., 2013). The
soil moisture content has a great impact on shaping the microbial commu-
nity since it allows the mobility of microbes towards the closest part to root
exudates (Santoyo et al., 2017). Under extreme climatic conditions such
as in the tundra of the Canadian Arctic, Tibetan permafrost, Antarctic, and
Polar regions, high soil moisture content is closely associated with microbial
abundance especially bacteria like Proteobacteria (Chu et al., 2011; Zhang
et al., 2013). The pore dwellings also alter the establishment of microbial
communities by influencing carbon mineralization (Ruamps et al., 2013). It
has been reported that the establishment of Mycobacterium, Pseudomonas,
and Bacillus communities in the soil promotes the uptake of nitrogen,
phosphorus, and potassium in corn plants (Dilfuza Egamberdiyeva, 2007).
The soil nutrients also impact the colonization of microbial communities in
the rhizosphere. Nutrient imbalance has an effect on the diversity of plants
and microbes such that low levels of nitrogen and carbon are a threat to
lower plant and microbial diversity (Ahmed et al., 2008; Clark and Tilman,
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2008). The application of phosphorus and nitrogen improved the structure
of soil and the diversity of bacteria and fungi in the rhizosphere of the
plants thus increasing the bioavailability of minerals for plants (Beauregard
et al., 2010; Coolon et al., 2013). Furthermore, the presence of hydronium
ions [H,O]" in the soil determines the pH of the soil. The soil pH alters
the establishment of microbial communities and is associated with plant-
microbe interaction (Zhalnina et al., 2015). The community of Acidobacteria
impacts the nutrient uptake of plants, however, pH has been observed as
a limiting factor (Donnarumma et al., 2014). An array of compounds such
as H' ions, enzymes, mucilage, water, and carbon-containing primary and
secondary compounds, collectively called root exudates are synthesized,
accumulated, and secreted into the soil by roots and these play a crucial
role in shaping the soil microbial community (Baetz and Martinoia, 2014).
The physiological effects of microbes and plants are equally important to
abiotic stressors. The growth and colonization of microbial communities in
soil are directly influenced by the presence of a plant (Santoyo et al., 2017).
However, the microbial community in soil benefits the plants by producing
a blend of volatile compounds that antagonize phytopathogens, suppress
disease-stimulating ISR (induced systemic resistance), and stimulate plant
growth (Pefiuelas et al., 2014; Pineda et al., 2013; Yi et al., 2013).

6.2.1 COMMUNICATION WITHIN RHIZOSPHERE

The most complex and diverse ecosystem, which is inhabited by arthropod
herbivores, fungi, nematodes, and bacteria, is the rhizosphere (Venturi and
Keel, 2016). In comparison to bulk soil, the rhizosphere has higher bacterial
activity and abundance; however, there is less bacterial diversity because
plants affect the colonization of bacteria in the soil through their primary and
secondary metabolites (Hacquard et al., 2017; Yang et al., 2017). Commonly,
Pseudomonas, Arthrobacter, Acinetobacter, Bacillus, Paenibacillus, and
Enterobacter exist in the soil as plant growth-promoting rhizomicrobes/
bacteria (PGPR; Finkel et al., 2017; Sasse et al., 2018; Zhang et al., 2017).
The microbes communicate with each other and with plants through chemical
messengers. These chemical messengers alter the gene expression in plants,
due to which plants subsequently release a blend of primary and secondary
metabolites that are crucial for biofilm formation, microbial accumulation
and colonization, root-root interaction, pathogen protection, and nutrient
availability (Mommer et al., 2016b).
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6.2.2 MICROBE-TO-MICROBE COMMUNICATION

The bacterial communities of the soil produce signaling metabolites that
alter the gene expression in plants. During metabolic pathways, several
volatile organic compounds (VOCs), which are low molecular weight lipo-
philic compounds, are produced (Kanchiswamy et al., 2015). VOCs play
a crucial role in microbial communication. VOCs are generally composed
of compounds of sulfur, ketones, alkanes, terpenoids, ketones, and alkenes,
however, the complexity of metabolites is highly dependent upon specific
metabolic pathways and microbial species (Kai et al., 2016). The coloniza-
tion of PGPR in roots involves cell-to-cell communication through quorum
sensing (QS) and the release of signals that are also called auto-inducers and
influence the bacterial density, and inter and intra-bacterial communication
among different species (Hassan et al., 2016; Helman and Chernin, 2015).

6.2.3 COMMUNICATION FROM MICROBE TO PLANT

The rhizobacteria form symbiotic associations with plants by emitting or
secreting molecules that trigger alterations in plant transcriptome leading to
better plant growth and development. In addition to VOCs such as pentadecane,
2-entacapone, and 2-heptanol produced by PGPR, it has been observed that
certain species of PGPR also produce phytohormones such as ABA, auxins,
JA, SA, gibberellins, and cytokinins which are involved in plant growth modu-
lation, maintenance of soil health and resistance induction (Fahad et al., 2015).
Better growth of Arabidopsis thaliana was observed when it was co-cultured
with two strains of PGPR (B. amyloliquefaciens IN937a and Bacillus subtilis
GBO03) due to the release of VOCs such as 2,3 butanediol and 3-hydroxy-
2-butanone (acetoin; Ryu et al., 2003). QS signals such as AHLs released by
gram-negative bacteria contribute to the establishment of symbiotic relation-
ships between plant and soil bacteria (Schikora et al., 2016).

6.2.4 COMMUNICATION FROM PLANTS TO MICROBES

Plants secrete root exudates which is a chemically complex mixture of
metabolites through which plants communicate in the rhizosphere. The
chemical complexity of the root exudate is not only dependent on plant
species and genotype but also on external factors such as soil conditions,
plant size, and photosynthesis activity (Sasse et al., 2018). The chemical



136 Agricultural Biotechnology

composition of root exudate affects the colonization of microbial commu-
nities in the rhizosphere. Plants secrete specific compounds to select the
microbial community, for example, the release of citric acid in root exudates
of the cucumber plant allows the colonization of B. amyloliquefaciens SQR9
and leads to biofilm formation. Similarly, the presence of fumaric acid in the
root exudates of bananas stimulates B. subtilis N11 colonization and biofilm
formation (Zhang et al., 2014). Furthermore, it has also been observed that
the presence of certain organic acids and sugars in the root exudate of tomato
stimulates the antifungal activity of Pseudomonas spp. (Kravchenko et al.,
2003). The presence of flavonoids in the root exudate induces bacterial node
genes stimulating the production of lipo-chitooligosaccharides (LCOs) which
lead to nodule formation in roots and facilitate the arbuscular mycorrhizal
fungi and plant associations. Moreover, flavonoids mimic QS molecules thus
affecting bacterial metabolism and colonization in roots (Rosier et al., 2016).
Various low-carbon molecules such as tryptophan, aminocyclopropane-
1-carboxylic acid (ACC), and ET precursor are present in roots and serve
as precursors for phytohormone biosynthesis by PGPR (El Zahar Haichar et
al., 2014).

6.2.5 COMMUNICATION WITHIN PLANTS

Plants release signaling molecules to communicate with each other either
above or below the ground. Plants release compounds called phytotoxins
with allelopathic properties such as catechin, hydroxamic acids, benzene-
derived compounds, terpenes, and phenolics which mediate the plant-plant
interaction by inhibiting the growth of other plants thus reducing competi-
tion for nutrients (Mommer et al., 2016a). However, the VOCs released from
soil microbes act as allelochemicals. The plant-mycorrhizal networks initiate
VOC-mediated signaling which confers protection against degradation and
stimulates the transmission of compounds from plant to plant (Massalha et
al., 2017).

6.2.6 ENVIRONMENT AFFECTING PLANT INTERACTIONS

Plants and microorganisms have coevolved by forming distinct associations.
Plants have developed numerous complex mechanisms that may modulate
the outcome of plant-microbe interaction (Oldroyd, 2013). Climate change
has posed a great threat to the agriculture sector. However, recently it has
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been demonstrated that plant-microbiome interactions enhance nutrient
uptake, stimulate shoot, and root growth, and induce resistance to adverse
environmental stressors (Trivedi et al., 2021). Furthermore, the plant-
microbiome interaction acts as a biocontrol of phytopathogens (del Carmen
Orozco-Mosqueda et al., 2018). There are multiple factors that impact
plant-microbiome interactions. Various non-biological components of the
ecosystem such as soil structure, soil composition, geographical factors, and
cultivation practices affect the plant-microbe interactions. The soil micro-
biome and plant ecology are altered by abiotic factors thus complicating the
plant-microbiome interaction (Santoyo et al., 2017). The roles of different
non-biological and biological components of the ecosystem that affect plant-
microbe interactions have been summarized in tabular form (Table 6.1).

6.3 SIGNALING PATHWAYS IN PLANT-MICROBE-ENVIRONMENT
INTERACTIONS

Plants encounter various microorganisms in their lifespan and these interac-
tions can be beneficial or fatal resulting in mutualistic or pathogenic interac-
tions, respectively (Thrall et al., 2007). Plants respond to these interactions by
modulating the innate immune system as triggered by the microbes (Pieterse
et al., 2014). While the mutualistic association of plants with microorgan-
isms can induce a response towards another microorganism deleterious
microbial association can generate an immune system against themselves
(Martinez-Hidalgo et al., 2015). The first line of defense in plants against
microbes is the physical barrier such as waxy cuticles, rigid cell walls, and
antimicrobial secondary metabolites (Reimer-Michalski and Conrath, 2016).
Microbes, pathogens, or damage-associated molecular patterns (MAMP/
PAMP/DAMP) are recognized by the plant cell surface receptors known
as pattern recognition receptors (PRRs) to initiate a series of responses
MAMP-triggered immunity (MTI), PAMP-triggered immunity (PTI) and
DAMP-triggered immunity, these are collectively known as pattern triggered
immunity (PTI; Figure 6.1; Saijo et al., 2018). Moreover, microbial virulence
factors are recognized by PRRs to induce effector-triggered immunity (ETI).
All these events collectively result in the suppression of damage caused by
pathogen attacks. With the recognition of microbes on the cell surface by
PPRs, immunity is induced with the rapid increase in calcium influx, produc-
tion of reactive oxygen species (ROS), MAPK cascade, alteration in the cell
wall, and activation of defense genes (Figure 6.1; De Lorenzo et al., 2018).



TABLE 6.1 Factors Affecting Plant-Microbe Interactions

Abiotic Factor Plant

Microbiome

Impact on Interaction

References

Soil: Structure, Type, Composition, and pH

Moisture Herbaceous Proteobacteria, actinobac- ~ High moisture content aids in microbial motility ~ Taketani et al. (2017);
species teria, fungal species thus increasing the uptake of carbon and nitrogen Zhang et al. (2017)
by the plant thereby promoting plant development.
Soil type and ~ Corn plant Mycobacterium, Enhanced uptake of nitrogen, phosphorus, and Egamberdiyeva (2007)
structure Pseudomonas, and Bacillus potassium.
pH Alfalfa Acidobacteria, Enhanced uptake of nutrients. Donnarumma et al.
Sinorhizobium meliloti (2014)
Minerals Alfalfa Bacteria and fungi Enhanced bioavailability of minerals for plants Beauregard et al.
(2010); Coolon et al.
(2013)
Climate Change/Abiotic Stress
UVR E. herbicola, D.  Bacteria and archaea Increased production of plant secondary metabo-  Bhattacharyya and Jha
antarctica lites which alter the composition of root exudate.  (2012); Pineda et al.
(2013)
Cold stress Triticum aestivum, M. phyllosphaerae, Improved plant height and root length. Cold stress Bradacova et al. (2016);
S. lycopersicum  Arthrobacter, flavo- protection is induced through increased VOC Subramanian et al.
bacterium, flavimonas, production. (2016)
pedobacter, Pseudomonas
Heat stress T. aestivum, Pseudomonas putida strain  Improved production of metabolites such as Alietal. (2011)
Sorghum AKMP7, Pseudomonas sp.  prolines, sugars, and organic compounds which
strain AKM-P6 confer heat tolerance.
Salinity S. lycopersicum P, fluorescens, P. VOC:s released by soil microbes alter the gene Bharti et al. (2016);

T aestivum, A.

aeruginosa, P. stutzeri. D.

thaliana, O. sativa natronolimnaea

expression in plants and induce salinity tolerance.
Accumulation of glycine betaine-like compounds

occurs in plants.

Mathew et al. (2015)
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TABLE 6.1 (Continued)

Abiotic Factor Plant Microbiome Impact on Interaction References
Water stress Vigna radiata, S.  A. piechaudii, P. fluorescens The microbial association enables the production Mayak et al. (2004);
lycopersicum of catalase to confer stress through VOCs. Saravanakumar et al.
(2011)
Heavy metal  E. sativa, V. P. putida, P. halotolerans Microbial association reduces phytotoxicity via the Ho et al. (2013);
stress unguiculata release of VOCs and stimulating plant genes. Kamran et al. (2015)
sesquipedalis

Biotic Stress

Fungal attacks Gossypium, Musa P. fluorescens, P. stutzeri, Antibiotic production protects the plant. Ho et al. (2015)
C. orbiculare, Cucumber B. licheniformis, Induce systemic resistance in plants through the  Kloepper and Ryu
P. cubensis Achromobacter sp., production of VOCs and phytohormones. (2006)

Streptomyces sp.
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Some of the conserved MAMPs in microbes are flagellin, elongation factor,
fungal chitin, and lipopolysaccharides. Receptor-like kinases (RLKs) are
plasma membrane-bound proteins with extracellular domains. Moreover,
flagellin-insensitive 2 (FLS2) and elongation factor-Tu (EFR) are PRRs that
recognize epitope (flg22) and bacterial elongation factor-Tu epitope (elf18),
respectively (Bauer et al., 2001; Zipfel et al., 2006). Some plant pathogens
secret special enzymes to degrade the cell walls of plants. The degraded frag-
ments of the cell wall act as elicitors to initiate the plasma protein thiolation
index (PTI). The bacterial type 2 secretion system (T2SS) exports cell wall
degrading enzymes like pectinases, endoglucanases, and cellulases which
induce innate immunity by damaging the cell wall and releasing DAMPs
(Jha et al., 2007).

Initiation of PT1 is linked directly to the accumulation of multiple SERKs
(somatic embryogenesis receptor-like kinases) which are the members of
the PRRs complex. Apart from that most PRRs also need LRR-RK brassino
steroid insensitive-1-associated KINASE/SERK3 (BAK1/SERK3) for their
activity. EFR and FLS2 form a complex with BAK1 when treated with
EF-Tu and flg22 which causes the phosphorylation of PRR and BAKI.
When Arabidopsis plants with mutation in bakl were observed they showed
decreased response to EF-Tu/flg22 treatment hence emphasizing the impor-
tance of BAKI1 in the phosphorylation cascade (Chinchilla et al., 2007).
BIK1 (botrytis-induced kinase 1) is another cytoplasmic protein kinase that
has been identified as a regulator of FLS2-BAK1 interaction. Up-regulation
of the bikl gene as well as rapid phosphorylation of BIK1 upon flagellin
perception has been observed. /n vivo, analysis showed that BIK1 interacts
with both FLS2 and BAK1 and trans-phosphorylates both to propagate
flagellin-mediated PTI signaling. A reduced response was observed in Arabi-
dopsis bikl mutant for flagellin-mediated response and immunity against
non-pathogenic bacterial infection emphasizing the importance of bik/ in
triggering PTI (Lu et al., 2010). A recent study showed that flagellin also
recruits U-box E3 ubiquitin ligases, PUB12/PUB13, to the FLS2 receptor
complex in Arabidopsis. BAK1 is required for FLS2-PUB12/PUB13 asso-
ciation. PUB12/PUB13 attenuates the activity of FLS2 by polyubiquitina-
tion and subsequent degradation. PUB12/PUB 13 mutant Arabidopsis plants
showed increased resistance to Pseudomonas spp. suggesting PUB12/PUB13
as a negative regulator of flagellin-triggered immune responses. The study
also revealed that PUB12/PUB13 can be manipulated to enhance disease
resistance in plants (Lu et al., 2011). Getting insight into PAMP-triggered
immunity can help develop disease resistance in plants against various
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bacterial pathogens. Chitin elicitor receptor kinase 1 (CERKI) is another
example of a PRR that perceives fungal chitin and bacterial peptidoglycan
(Miya et al., 2007; Willmann et al., 2011).

Plants also recognize effector molecules released by pathogens by resis-
tance proteins (R proteins) to induce effector-triggered immunity or R gene-
mediated resistance (Dodds and Rathjen, 2010). The effector molecules are
recognized by the plant cognate resistance (R) gene initiating a hypersensi-
tive response leading to cell death hence limiting the spread of pathogen
infection (Chisholm et al., 2006). Although both effectors-triggered immu-
nity (ETI) and PTI give the same kind of immune response, ETI produces
a faster and prolonged response to eliminate the pathogen effectively while
the pathogen can escape detection from the plant in the absence of elicitor-
pathogen interaction (Tsuda and Katagiri, 2010). Resistance genes belong to
a group of intracellular proteins having a nucleotide binding and Leucine-
rich repeat (LRR) domain (Dangl and Jones, 2001). Some of the identified
components of ETI signaling are EDS1 (enhanced disease susceptibility 1)
in Arabidopsis for recognition by TIR-NB_LRR (Heidrich et al., 2011) and
NDRI1 (non-race-specific disease resistance 1) required for recognition by
CC-NB-LRR mediated signaling (Day et al., 2006). The pattern of recogni-
tion of effectors by NB-LRR follows two pathways 1) through direct effector
interaction or 2) indirect interaction by an accessory protein part of NB-LRR
protein complex. In the indirect path, the effector modifies the accessory
proteins as a virulence target and leads to the recognition of protein by
NB-LRR protein. A hypothesis indicating the role of guard proteins that
is, proteins that interact directly with the effector and then activate the R
protein was proposed known as the “guard hypothesis.” The guard protein
is activated by the pathogen and then induces plant resistance by triggering
the R protein (Dangl and Jones, 2001). A study conducted in tomato plants
on resistance against P. syringae effectors AvrPto and AvrPtoB showed that
tomato plant NB-LRR induced resistance against the pathogen while in
Arabidopsis plants when NB-LRR proteins (RPM1, RPS2, and RPS5) were
present resistance developed against the fungal effectors AvrB, AvrRpml1,
AvrRpt2 and AvrPphB (Chisholm et al., 2006). During the evolution plants
have developed RPS2 (resistance to Pseudomonas syringae 2), and RPS5
(resistance to Pseudomonas syringae 5), to detect and inhibit the pathogen
effectors AvrRpt2. In some cases, where have plants lost the avr gene,
alternative pathway R-protein-mediated resistance in the plant to pathogen
effector decreases the chances of entry into the plant. The translation of these
pathways into crop plants can effectively improve the yield.
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FIGURE 6.1 Schematic representations of signaling for plant immunity.

Note: As the bacterial pathogen attacks pattern recognition protein (PRP) on the surface of
plant cells recognizes the PAMP signaling molecules such as flagellin, and EF-Tu and acti-
vates the PTI (PAMP-triggered immunity). Bacteria secrete effector proteins through T3SS
a specialized structure that makes the condition inside the plant favorable by inhibiting PTI.
However, plant activates effector-triggered immunity by recognizing effector molecules
through resistance (R) proteins.

Source: Adapted from Pandey and Chaterjee (2013).

6.3.1 MAPK CASCADE

Another line of defense is a group of transferases known as Mitogen-activated
protein kinases (MAPK) which catalyzes the phosphorylation of protein
substrates on serine or threonine residues (Ligterink and Hirt, 2001). The
regulation of MAPK can increase the cell response to various stresses such as
high or low temperature, UV irradiation, ROS, water deficiency, heavy metals
accumulation, and pathogen attack (Sheikh et al., 2013). The MAPK cascade
involves three types of kinases: mitogen-activated protein kinase kinases
(MAPKKKSs; also known as MAP3Ks or MEKKs), MAP kinase kinases
(MKKs; also known as MAP2Ks or MEKs), and MAP kinases (MAPKs; also
known as MPKs). MAP kinase kinase kinase kinases (MAPKKKKSs) have
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also been identified in plants (Raja et al., 2017). The MAPK pathway starts
with the activation of MAPKKK by stimulation of PRRs. A downstream
pathway is activated with the phosphorylation of MAPKK at two serine or
threonine residues. After the activation, MAPKK acts as a dual-specificity
kinase activating MAPK kinase by phosphorylating on the threonine and
tyrosine residues (Cristina et al., 2010). This series of events of phos-
phorylation of MAPK kinases is known as MAPK cascade. About 110 genes
encoding MAPK kinases have been identified in the Arabidopsis thaliana
genome (Cristina et al., 2010) comparable to the number of MAPK genes in
other species such as rice (Xiong et al., 2001), tomato (Mohanta et al., 2015),
and maize (Kong et al., 2013). It has been reported that MAPKSs regulate JA
biosynthesis in plants as well as the expression of JA-dependent genes. The
MPAKSs in tomato SIMPK6-1 act to positively regulate the JA biosynthesis
and signaling pathways (Figure 6.2; Kandoth et al., 2007).

SA actively regulates the expression of AtMPK3 AtEDR1 and ZmMKKo6-
ZmMPK4-1, induced by ozone stress (Ahlfors et al., 2004). Moreover, MPK3
and MPK6 also increase ethylene production in Arabidopsis in response
because of induction with Botrytis cinerea (Han et al., 2010). The evidence
given above clearly indicates the role of MAPKs in plant immunity. There
are certain MAPKSs such as AtMPK4 and AtMPKG®6 that are involved in both
SA and JA signaling and positively regulate JA/ET responses (Figure 6.2;
Brodersen et al., 2006) in contrast AAMEKK1-ArMKK1/2-AtMPK4 nega-
tively regulates plant immunity by modulating SA signaling (Petersen et al.,
2000). Tobacco MAPKs NtMPK3 and NtMPK®6-1 also positively regulate
the JA biosynthesis and repress the synthesis of SA in response to wounding
(Seo et al., 2007). Apart from that NtMPK3 and MtMPK6-1 also positively
regulate JA signaling and negatively regulate SA biosynthesis to ozone treat-
ment (Gomi et al., 2005). Another study by Zhang et al. (2013) suggests the
role of MAPKs (NtMPK16 and NtMPK20) in transcriptional regulation of
JA and SA signaling by treatment with MeJA and SA. The role of MAPK in
JA and SA signaling has been studied and confirmed in several plants such
as Oryza sativa, Zea mays, and Solanum lycopersicum with the activation of
MAPKSs such as OsMPK17-1 because of JA and SA treatment. OsMKK1,
OsMPK6, OsMPK17-1, and OsMPK3 are transcriptionally induced in rice
when treated with JA and SA. Moreover, overexpression of OsMPK6 causes
an accumulation of JA and SA as a result of pathogen treatment which
indicates its involvement in OsMKK1-6 in JA and SA-mediated signaling
(Cheong et al., 2003). Moreover, plants also have developed another defense
response by forming mutualistic associations with microbes. The plant
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provides shelter to the friendly microbes and in return gets resistance from
harmful microorganisms. This is done in order that friendly microbes to
produce chemicals or toxins that protect the plant from attacking pathogens
(Nishad et al., 2020).

FIGURE 6.2 Schematic representation of MAMP-PR, MAPKs-induced signaling.

Note: PRR proteins recognize receptors (flg22) to form a complex containing FLS2, BAK1,
BIK1, and RGSK1 (G-protein). The BIK1-dependent phosphorylation of RGSK1 releases G
protein from the complex RGSK1 is released with the conversion of G protein from GDP to
GTP. Ca* influx occurs as the first sign of an MAMP-triggered immune response activating
the K*/H" channel. Ca*" activates phospholipase C which releases a secondary messenger IP3
that initiates internal release of Ca?". The pathway results in the expression of defense genes.
MAPK cascade activates the accumulation of JA, SA, and ET and antimicrobial compounds
(secondary metabolites) by the phosphorylation of transcription factor (TF).

Source: Adapted from Nishad et al. (2020).

6.4 SIGNIFICANCE OF PLANT INTERACTIONS IN SUSTAINABLE
AGRICULTURE AND ENVIRONMENTAL SECURITY

Plants have developed an array of mechanisms to adapt to changing environ-
ments for optimal growth, development, and survival. Irrespective of such
specialized physiological mechanisms, plants cannot stand alone against
a continuously changing environment comprising both biotic and abiotic
factors (Nishida, 2014). Plant interactions either antagonistic or symbiotic
are equally valuable for its growth, development, survival, ecology, and
cultivation (Agrahari et al., 2020).
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Modern agriculture is still relying on agrochemicals for enhancing food
quality and production resulting in the deterioration of soil quality. Advanced
approaches in biotechnology and sustainable agriculture have a promising
part in ensuring enhanced food production while keeping the integrity of soil
ecology (Sharma et al., 2021).

The use of microorganisms associated with plant growth, development,
and resistance/tolerance to stresses along current agriculture practices can
revolutionize sustainable agriculture as plant-microbe interactions have
global implications for food security and the ecology of natural ecosystems
by influencing crop production (George et al., 2016).

In the rhizosphere of a plant, not all the interactions with microbes are
beneficial. However, in some cases, the presence of microorganisms is
critical for plant survival, community behavior, and success. Among those
microbes, PGRP holds a special position as they can affect plant growth
and development through hormone production, degradation of harmful
chemicals, nutrient acquisition by nitrogen fixation, iron sequestration, solu-
bilization of phosphorus, and inhibiting plant pathogens (Rani et al., 2019).
Owning to their higher potential in sustainable agriculture, they can be used
as biocontrol agents and alternate for chemical fertilizer, but their inability to
colonize the roots of plants makes them ineffective for the use in field. Thus,
a detailed study is needed to fully exploit PGRP for its use in sustainable
agriculture (Verma et al., 2019).

6.5 CONCLUSIONS

Plants share a dynamic environment with a diverse range of microorgan-
isms. These microbes can be beneficial, harmful, or symbiotic to the plant.
As plants are sessile, they need to optimize their internal conditions to deal
with the pathogenic microbes while maintaining symbiotic associations
with beneficial microbes. This involves the response of individual plants to
microbes as well as signaling neighboring plants about the ongoing situation.
The interaction between plants and their microbes is greatly influenced by
several environmental factors. When it comes to molecular processes our
understanding of the impact of environmental conditions on the plant-microbe
interaction is still at the beginning stage. This is mainly due to the closed
static environment in which the experiments are conducted. Although these
experiments give us insight into the plant-microbe interaction they are far
from the conditions faced by the plant in nature. In the natural environment
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change in one factor around the plant is influenced by changes in several
other factors. In addition, the insight into the molecular mechanism of plant-
microbe interaction and how plants effectively oppose pathogen infection
can help develop climate-resilient plants.

As climate change is the leading factor affecting global crop production,
the need of the century is that more resilient crops must be developed that
are resistant to both abiotic and biotic stresses. Several signaling receptors
and molecules involved in plant-microbe interaction have been identified
with their roles in these pathways. Such as plants produce ethylene to ward
off pathogens, NO production in Arabidopsis provides resistance to the plant
against Sclerotina sclerotiorum (Perchepied et al., 2010), disease resistance
against Botrytis cinerea in Nicotiana benthamiana (Asai and Yoshioka,
2009). Further research into understanding the response of plants to microbes
is required to utilize this knowledge to improve plant production.
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ABSTRACT

Agroecosystem diversity is one of the significant agrosystem concepts for
ecological suitability and sustainability. It is concerned with species diver-
sity and functional groups of species in an agroecosystem. This diversity
can be measured and managed in a variety of ways, such as species rich-
ness, functional diversity, and complexity. Agroecosystem diversity is key
to reducing the effects of pests, diseases, and weed pressure and increasing
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system stability and resilience. It is also closely linked to biodiversity
conservation in agroecosystems, as it is essential to maintain a balance
between species and functional groups for optimal ecological performance.
It emphasizes biodiversity in agricultural systems that comprise living and
non-living elements. Land, soil, water, plants, animals, climate, and humans’
diverse ecosystems provide food, energy, water, and air quality. The diversity
makes systems adaptable to climate change, disease, and insect outbreaks,
promoting sustainability. Farmers can improve economic and social outcomes
by diversifying agroecosystems. Pesticide and fertilizer use can be reduced
by increasing agroecosystem diversity. Finally, agroecosystem diversity can
aid small-scale farmers who lack money or expertise in new technologies by
promoting equal access to land, resources, and information. It is essential
for providing a balanced environment that can sustain healthy soils and
promote a healthy environment. Therefore, the present chapter highlighted
the constructive ecological impact of proper utilization of the agroecosystem
to maintain soil and environmental health and its socio-economic impact on
human beings.

7.1 INTRODUCTION

Agriculture and its productivity are an essential part of the living world.
Being a part of well-being is one of the vitals for the survival of humans and
animals and, for keeping a healthy ecosystem. It has a significant ecological
hoofmark that covers one-third of the global land areas including almost all
the biodiverse tropics. In the last two decades, the study of agroecosystem
variety has risen in favor of an ecological field of inquiry due to the promise
it holds for providing a comprehensive framework for comprehending the
intricate workings of these systems. They comprise a wide range of complex
systems involving interactions between biotic and abiotic components, and
their diversity is critical for preserving ecosystem health and ecological
integrity (Gliessman, 2021; Simoni et al., 2021). The investigations concen-
trated on species variety, genetic diversity, functional diversity, temporal
diversity, and landscape diversity. Agroecosystems rely on a wide variety
of species to function well, each of which contributes something unique to
the whole. However, certain species’ contributions to ecosystem services are
more crucial than those of others (Galazka and Grzadziel, 2018; Zambrano
et al.,, 2019). Genetic variety is particularly important in agroecosystems
because it allows species to adapt to changing environmental conditions and



Agroecosystem Diversity and Maintenance of Soil and Environment Health 157

reduces the danger of disease or pest outbreaks. Functional diversity exam-
ines the various roles performed by various species and how they interact
with one another. The findings can also be useful for land managers in their
efforts to preserve healthy, productive agroecosystems, which are crucial
for the provision of food, fiber, and other ecosystem services (Rendon et
al., 2020). Temporal diversity examines how an agroecosystem’s species
composition changes over time, while landscape diversity examines how the
terrain affects species composition. Each of these areas of investigation is
necessary for understanding the many factors that influence agroecosystems
and how they can be managed for the benefit of humanity (Williams-Nguyen
et al., 2016). Because of their easily manipulable components, simple food
webs, and well-defined components, agricultural systems are used to test the
ecological perspective. They were previously utilized extensively as ideal
model systems for plant physiology, plant-insect interaction, and predator-
prey theory.

Recent years have seen a rise in the study of ecological processes in agri-
culture, with the goal of better manipulating them to increase agroecosystem
output while decreasing their negative effects on the environment, in line
with the goals of sustainable agriculture (Chakraborty et al., 2017; Kumar
and Akhtar, 2019). It is the science of applying ecological principles to the
management of agroecosystems, and it is becoming increasingly popular
as a way to increase food production while minimizing negative environ-
mental impacts. It focuses on understanding and managing the interactions
between plants, animals, and the environment, as well as the relationships
between different species within an agroecosystem. It is a holistic approach
to farming and food production that takes into account the entire ecosystem
and seeks to promote a balance between production and sustainability. It
is being used in several different ways. It is being used to develop sustain-
able farming practices, such as crop rotation and cover cropping, which
reduce the need for synthetic fertilizers and pesticides. It is also being used
to improve soil fertility, increase water retention, and reduce soil erosion.
It actively promotes the growth of beneficial species, such as pollinators,
which can increase yields and reduce the need for costly inputs (Hatt et al.,
2016; MacLaren et al., 2020).

Agroecology is becoming one of the important in the faces of climate
change. As temperatures rise and weather patterns become more unpre-
dictable, agroecology can help farmers adapt their practices to changing
conditions and maintain their yields. By promoting sustainable agricultural
practices, agroecology encourages farmers to conserve resources, such as
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water, energy, and soil, which will help them better prepare for and manage
increasingly severe weather events. Additionally, agroecology can help
reduce the adverse impacts of climate change, such as increasing tempera-
tures, extreme weather events, and drought, on agricultural yields (Aguilera
et al., 2020; Kumar et al., 2019a). Agroecology encourages the use of natural
resources, such as water conservation and crop rotation, and encourages
the use of organic fertilizers and pest control methods. By implementing
these practices, farmers can increase their resilience to climate change,
helping them maintain their yields and sustain their livelihoods. Therefore,
the present chapter highlighted the constructive ecological impact of proper
utilization of the agroecosystem to maintain soil and environment health and
its socio-economic impact on human beings.

7.2 AGROECOSYSTEM AND ITS ROLE IN THE ENVIRONMENT

The ecological theories of community ecology, ecosystem ecology, physi-
ological ecology, population biology, and landscape ecology are only a few of
the many that have been applied to agricultural systems and are thus included
in the sub-discipline of “agroecosystem.” The term “agroecosystem” refers
to a natural ecosystem that has been transformed for agricultural purposes,
such as the production of food and fiber. They have intentional as well as
unexpected variations. Domesticated plants, animals, and beneficial organ-
isms are grouped in space and time through planned diversity.

Unplanned diversity includes weedy plants, herbivores, predators,
microorganisms, and other creatures that remain in the system after it has
been altered for agriculture or moved in from the surrounding landscape.
Both types of diversity have a big effect on how well an agroecosystem
works, how it is stable, how pests are controlled, how the soil works, and
how organisms move between farmland and their natural habitats in an
agricultural landscape (Hodgson, 2012; Power and Kenmore, 2013). Many
researchers and scholars scientifically engage in exploring new methods to
develop sustainable crop production and food security without disturbing
the socio-economic dimensions and environment for multiple ecosystem
services (Schreefel et al., 2020). One of the new concepts for sustainable
farming comes out of regenerative agriculture. The idea of “regenerative
agriculture” is a way of managing farms that prioritize soil health. Ecosystem
services like water filtering, nitrogen cycling, and improved biodiversity are
only a few of the many positive outcomes that can result from placing soil
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quality at the center of agricultural practices (Figure 7.1). Reduced inputs
and greater management are common practices in regenerative agriculture,
with the goal of adapting both to the needs of the land. A natural ecosystem
rarely features a unified crop or plant community (when a single crop is sown
in a field rather than multiple crop species).

FIGURE 7.1 Significance of agroecosystem.

Nowadays, monocultures are used almost exclusively in farming because
they are so easy to maintain. However, the diversity of crop species above
ground leads to the diversity of soil creatures below ground, as various plant
species associate with various soil organisms. When as many of the interac-
tions between species that are responsible for the different nutrient cycles
as possible are present, the soil food web works best. The beauty of natural
systems is that they attempt to fix and rebuild themselves automatically
(Kumar et al., 2018a). They will do that if they are left alone. Humans, even
when well-intentioned, must be managed to prevent this from occurring.
In the chapter, we have tried to highlight the significance of regenerative
agriculture in the present ecological system. We discussed the rationales for
introducing and encouraging the concept of maintaining soil degradation and
protecting the ecosystem.
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7.3 AGROECOSYSTEM SUSTAINABILITY

Although the agroecosystems share many traits with their natural coun-
terparts, from a toxicological point of view, agricultural ecosystems are
distinguished by the use of agrochemicals such as pesticides, fertilizers,
and plant growth regulators. The types of crops and livestock being raised
will have a major impact on the types and levels of pesticide pollution. The
diversity of chemicals will be smaller in monocultures, but the concentra-
tions may be higher, whereas the opposite may be true in agroecosystems
supporting multiple crop production. The presence of combustion products
from fossil fuels may also offer challenges in highly mechanized agroeco-
systems (Hodgson, 2012). In addition to agroecosystems, indoor habitats
are also considered distinct ecosystems that call for careful consideration.
This category includes buildings such as silos and barns that are used for the
farming of various animals, most notably chickens and pigs. Toxicologists
worry about the potential health effects of inhaling toxicants in an indoor
agroecosystem, but this is not an issue in an outdoor agroecosystem. Organic
dust, ammonia, hydrogen sulfide (H,S), nitrogen oxide, and mycotoxins are
all potential causes of organic dust toxic syndrome, also known as acute
farmer’s lung, as well as asthma, bronchitis, and rhinitis. Carbon monoxide
poisoning is most often caused by the wrong use of gasoline-powered tools,
like pressure washers (Brockerhoff et al., 2017; Kumar et al., 2018b). Such
biodiversity is important to maintaining soil health. It increases the number
of soil organisms, their activity, and the complexity of the soil environment.
Diversity in an agroecosystem can be increased by introducing a variety of
plants and animals, such as cover crops, beneficial insects, and livestock.
All of these components can contribute to the composition of soil organisms
and their activities, which can increase the diversity of the soil environment
(Alyokhin et al., 2020; Kumar et al., 2017a). Diversity in an agroecosystem
can also help to cycle nutrients, improve water infiltration, reduce soil
erosion, and reduce the impacts of weeds and pests. In addition, diverse
agroecosystems can provide a variety of ecosystem services, such as pollina-
tion, pest control, and soil fertility improvement. All of these benefits can
help maintain soil health over time.

Soil health, fertility, and stability can all be preserved and even improved
through the use of sustainable agroecosystems. Soil health, fertility, and
stability can all be preserved and even improved through the use of sustain-
able agroecosystems. Agroecosystems provide a number of valuable func-
tions, including nutrient cycling, water filtering, carbon sequestration, and
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wildlife habitat. The provision of a habitat for a variety of creatures, such
as predators and beneficial insects that aid in the management of pests, is
another way in which agroecosystems contribute to the promotion of biodi-
versity (Kumar et al., 2017a). Reducing tillage and growing cover crops,
both of which help minimize soil erosion and improve soil structure, are
further ways in which agroecosystems help lessen soil degradation. The
systems have the potential to cut down on the amount of chemical fertilizer
and pesticides that are applied to fields, which in turn lowers the likelihood
that water will be contaminated.

7.3.1 RICHNESS OF AGROECOSYSTEM DIVERSITY AND LEGAL
SUPPORT

The complexity and intentional diversity of agroecosystems, which could
include functional diversity, genetic diversity, species diversity, and structural
diversity, vary greatly. The complexity and diversity of agroecosystems
depend on the purpose of the system. For example, a small-scale, diversified
farming system typically has greater complexity and diversity than a large-
scale, monoculture farming system because it requires multiple species,
different farming practices, and higher levels of management. Similarly, an
agroecosystem designed to provide food, fiber, fuel, and other ecosystem
services may have greater complexity and diversity than an agroecosystem
that is only used for food production. In terms of functional diversity,
agroecosystems may include a variety of soil management practices, such
as tillage, crop rotation, cover cropping, and mulching, which help promote
soil fertility, water retention, and erosion control. Agroecosystems can also
include various types of pest management strategies, such as the use of
beneficial organisms, trap crops, and chemical pesticides. Genetic diversity
in agroecosystems is typically maintained through the use of crop varieties
that are adapted to local environmental conditions. Additionally, genetic
diversity can be enhanced through the use of crop breeding practices
that promote genetic diversity and the use of heirloom varieties of crops
(Alyokhin et al., 2020; Kumar et al., 2017b; Kumari et al., 2021). Species
diversity in agroecosystems is typically maintained through the use of
multiple crops, the inclusion of beneficial organisms, such as pollinators,
and the planting of diverse cover crops. Structural diversity is maintained
through the use of different land management practices, such as terracing,
contour planting, and alley cropping. Overall, the complexity and diversity
of agroecosystems can vary greatly depending on the design and purpose of
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the system. However, maintaining high levels of complexity and diversity
is important for maintaining healthy agroecosystems that can provide
multiple ecosystem services (Crews et al., 2018). Low-planned variety
and simplified community assemblages characterize the input-intensive
monoculture systems that dominate commercial agriculture in most parts
of the world. These are two of the system’s defining characteristics. Input-
intensive monocultures require a large number of inputs, such as fertilizers
and pesticides, to grow a single crop or a small number of crops (Yadav et al.,
2018). This type of system is characterized by a lack of variety, as only one or
a few crops are grown on a large scale. Simplified community assemblages
are also a feature of this type of farming, as few other organisms are present
other than the crops being grown. This simplification of the environment
can have a profound effect on biodiversity and ecosystem health, as well
as the availability of resources for farmers. On the other hand, many
tropical backyard gardens and conventional farming methods showcase
highly organized varieties and assemblages of allied biota. Many studies
have been done on the effects of planned diversity on ecological processes
like primary production, pest control, decomposition, and nutrient cycling.
These studies were made possible by the wide range of planned diversity
that has been used in systems that have already been set up (Kumar et
al., 2017c; Power and Kenmore, 2013; Seabloom et al., 2017). In such a
massive farming land, the agricultural system maintains a balancing act to
meet human needs (Figure 7.2). In the upcoming decades, the expectation
simultaneously increases with the growing world population. In this, the
system must provide some new economic opportunities to the farmers.
With this prospect, concerns also have been taken to managing a clean
environment with a sustainable and impactful ecosystem (Searchinger et
al., 2019). Apart from a healthy ecosystem for the agricultural system, the
focus has to be given, to how to minimize food insecurity. The insecurity
of the food gap from 2006 to 2050 would be faced by the whole world. Up
to 2050 feeding more than 10 billion additional people would lead to an
immense burden on the ecosystem. This would only be possible by doing
an 11% hike in the total crop production, unexpected agricultural expansion
by clearing leftover forests, and, the emission of greenhouse gas (GHG)
during agricultural production to hold global warming below 2°C. But the
scenario might change with the increase in income, as they start consuming
other sources to lower the food gap. They might devour animal-based food
times including milk and meat (Ranganathan et al., 2018; Searchinger et
al., 2019).
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FIGURE 7.2 Essential roles of agroecosystem in maintaining the food availability of the
world population.

A non-profit government unit, the Intertribal Agriculture Council (IAC)
was made in 1987 with the aim of conserving and developing agricultural
resources. With the support of Textile Exchange, they explore the concept of
Regenerative Agriculture Landscape Analysis. IAC actively commends the
execution of industries in regenerative agriculture. India’s participation with
IAC is very appreciated in terms of the implementation of infrastructure for
research, education, and supporting food for tribal governments and tribal
food producers (Duren, 2020; Gordon et al., 2022). Although tribal culture
ensures the traditional ways to do their agricultural activities, the modern
and indigenous practices in crop production, husbandry, and food preserva-
tion always need attention for a stable agriculture system. Proper knowledge
and farming practices enable them to do regenerative agriculture against
conventional agriculture (Schreefel et al., 2020; Shamon et al., 2022). So,
to maintain sustainability in agricultural work, regenerative agriculture was
proposed in the late 1980s, by Robert Rodale. He introduced the thought
based on various agricultural and ecological practices with minimal soil
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damage and encouraged the use of organic compost. Many civil societies,
non-government organizations (NGOs), and multi-national food companies
have strongly promoted regenerative agriculture (Giller et al., 2021).

7.4 ECOLOGICAL SIGNIFICANCE OF AGRICULTURAL LANDSCAPE

For agricultural development to be sustainable, it is vital to raise aware-
ness of agricultural ecological environment protection, promote agri-
cultural ecological environment protection, and maximize the meaning
of agriculture’s multifunctionality. So, focusing on the development of
agricultural variety and focusing on agricultural ecological environmental
conservation is essentially the same in various aspects. All of these efforts
ultimately serve the goal of fostering sustainable development (Grimm
and Wosten, 2018) of the large landscapes. In his article on the classifica-
tion of landscapes, Morseletto (2020) explained the distinctions between
an agricultural and a rural landscape. Accordingly, agriculture (including
forestry, livestock husbandry, byproducts, fishing, etc.), a limited popu-
lation, few transportation options, a dispersed built environment, and
primarily low-rise buildings are characteristics of rural areas. The rural
landscape shows how the economy, people, society, and environment all
work together in rural areas. The term “agricultural landscape” is used to
describe the whole scene of farming, including the land, the water system,
and the landscape made by foundation ponds, little bridges, flowing water,
and people. Landscape theory is the academic study of how people can
use, be motivated by, and take enjoyment in well-designed, well-created,
and well-maintained outdoor spaces for their benefit. The role that nature
performs is very important. The Romans were the first to perfect the art
of urban planning, which involved integrating architecture and landscape.
It was built as a system of routes, and within that system was a walled
city. The notions are the fundamental principles of design-symmetry,
organization, repetition, and coherence that give guidelines for arranging
or organizing information to achieve a pleasant or beautiful environment
(Carus and Dammer, 2018).

Outstanding contributions have been made by the method system and
theory of landscape ecological planning (LANDEP), as well as the DLU
strategic framework that was proposed by Gontard et al. (2018). The criteria
that people have for their living environment are continually growing, and as
a result, the government has raised the amount of money it invests in general
aesthetic enhancements to the village. In particular, during the time of rural
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reform and revitalization, the consensus of society is to explore nature, and
people expect that, via transformation, rural buildings featuring traditional
characteristics can indeed be restored. This is especially true in rural areas
(Peng and Pivato, 2019). Garske et al. (2020) created a new image of rural
landscapes by closely integrating tourism and agricultural output in rural
areas. This led to the creation of a new market for agricultural development.
By going back to more traditional and basic forms of geographic landscape
civilization, Fytili and Zabaniotou (2018) were able to reach their goal of
rural construction.

Since the beginning of the Industrial Age, and especially since the
“green revolution” in the middle decades of the 20™ century, agricultural
practices have been steadily improving. However, it will be harder in the
future decades than it has been so far to meet the demand for increased
agricultural productivity. Ecologically all these causes are rooted in the
natural environment. Many of the natural mechanisms that allow contem-
porary agriculture to thrive are becoming unstable as a result of global
climate change. Still, the sustainability dilemma is in no small part due
to modern agricultural farming that needed stability during crop produc-
tion. Ecological agricultural farming with new policies is leading the trend
toward more stability in the human food supply, the preservation of wild
ecosystems, and the protection of bees (Carus and Dammer, 2018; Kumar
et al., 2019b; Rayne and Aula, 2020). Most ecological agricultural farming
methods may be traced back to the days of the small family farm, where a
variety of crops were farmed and most of the land, such as wetlands and
field margins, was kept untouched. In truth, ecological agricultural farming
has been the predominant method of farming throughout human history.
Genetically modified (GM) crops, artificial fertilizers, and pesticides are all
prohibited in ecological agricultural farming. By avoiding massive mono-
crop plantations and ensuring ecosystem diversity, ecological agriculture
growers prevent pest damage to their crops. Ecological farming restores
soil nutrients with natural composting systems. It also keeps the soil from
being washed away by wind and water, which happens in many places
where industrial farming has taken over (Rayne and Aula, 2020).

7.5 COMPOST BOOST THE AGRICULTURAL BIODIVERSITY

The physical and chemical characteristics of natural compost account for a
myriad range of organic fertilizers and can extensively find its usage as soil
improvers. The overall physiochemical properties of the soil high in manure
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content advance to a large extent (Yadav et al., 2019; Rayne and Aula,
2020). The major reason behind this improvement majorly is that organic
manure can help in reducing the declination degree of soil pH because of
its elevated buffer capacity. Such a reduced soil pH rate may also contribute
to a decrease in soil aluminum toxicity. On the contrary, some studies
disclose how compost can lead to an increase in the soil pH in the presence
of raised amounts of calcium, potassium, magnesium, sodium, organics
anions, carbonates, and bicarbonates; thereby raising the exchange of cations
and buffer capacities (de la Luz Mora et al., 2017). Manure serves as an
excellent source of essential nutrients and minerals, in the form of complex
nitrogenous compounds like ammonium releasing inorganic nitrogen into
the soil, carbon, phosphorus, sulfur, and metals like copper and zinc (Cavalli
et al., 2017). From the sustainability perspective, the abundant availability
of organic compost can help farmers beat the expensive usage of chemical
fertilizers, indirectly posing a lesser threat to the environment in terms of the
release of toxic by-products (Mishra et al., 2019). More importantly, studies
show that compost leads to a substantial increase in the soil carbon stocks,
thereby stabilizing the carbon/nitrogen ratio and overall organic matter
quotient. This contributes to a long-term stable fraction in the soil mineral
content — a vital driving force toward soil microbial assortment (Cui et al.,
2018; Liu et al., 2020).

Nutrients present in the soil in the form of organic manure enhance the
catalytic activity of soil enzymes, as well as microbial activity due to the
abundance of soil fauna and biomass. A study shows that enhanced fungal
consortium led to minimalization of potatoes from dry rotting, on the applica-
tion of bovine manure (Glen-Karolczyk et al., 2018). It is very important to
know when compost is judged as liquid and when it is considered to be solid
while using it in regenerative agriculture. If the dry mass surpasses 20%, then
the manure is supposed to be solid. However, slurry accounts for a dry mass
content ranging from 4 to 20%; therefore, manure with a dry mass content of
less than 4% is taken as a liquid. In solid manure, nitrogen is strongly bound
to organic matter, which results in a slower mineralization process and thus
can persist in soils for almost 5 to 10 years after its application (Massé et
al., 2014). Urine samples of herbivores and liquid manure are great sources
of inorganic nitrogen, as they can be easily taken up by plants as ammo-
nium ions in soil samples with lower nitrogen content. Nonetheless, while
practicing regenerative agriculture, farmers and cultivars need to be aware
of the fact that too much manure content in soil can prove to be detrimental,
in terms of high nitrogen leaching rates. Excessive manure application for
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longer periods can cause a rise in the levels of potassium and phosphorus
percentages, triggering nitrogen surpluses followed by subsequent leaching
(Geng et al., 2019).

Certain studies show how intensive techniques of agriculture can have
a profound impact on the soil microbiota, and alterations in their activity
and abundance rates. Many times, agricultural soils undergo loss of
biodiversity due to physiological factors like soil erosion, harsh climatic
changes, over-intensified agricultural systems, and even soil contamina-
tion (Figure 7.3). Recent observations reveal facts like the application
of untreated slurry can lead to the destruction of the soil biome, by
incorporating genes with antimicrobial resistance properties, and a wide
range of antipathogenic controls-largely decreasing the diverse dung
fauna (Chen et al., 2019). When there is an evident decrease in the soil
diversity, it reduces the chance for plants to completely absorb nutrients.
Intensive systems of agriculture often come with the drawback of low
nutrient retention properties. Heavy usage of mineral fertilizers does not
contribute to the additional organic carbon content in the applied soil (Liu
et al., 2020). Hence, reduced soil biodiversity and compost content are
bound within a self-accelerating positive feedback loop with damaging
environmental consequences.

FIGURE 7.3 Role of organic compost in regenerative agriculture.
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For their positive effects on the environment, the alternative movements
of regenerative farming, organic farming, and agroecology stand out as the
most significant and rapidly expanding ones. When it comes to international
reach, though, agroecology may be at the top of the list, particularly in
underdeveloped nations. It assures the interactions of animals, humans,
plants, and the environment while addressing the social issues required
for a sustainable and equitable food system, according to the Sustainable
Agriculture Network. Family farm agriculture is also the inspiration for
this system of farming because it makes use of readily available natural
resources, information exchange, scientific inquiry, inexpensive technology,
and resourceful independence. The incorporation of diversity is one of the
many similarities between agroecology and regenerative agriculture. It is
important for agricultural and natural systems to have a certain amount of
variability in their processes, living things, elements, and habitats. This helps
achieve good interactions, make good use of natural resources, and build
resilience so that people can deal with change.

7.6 REGENERATIVE AGRICULTURE ROLE IN ENHANCING
BIODIVERSITY

Conventional farming practices today are destroying biodiversity and
productive soil. Farmers will not have enough usable topsoil to grow enough
food to sustain a growing global population if this continues. There is a
potential obligation to make the shift toward more regenerative farming
techniques. A set of farming ideas and methods known as “regenerative agri-
culture” have been shown to boost biodiversity, soil quality, water quality,
and ecosystem services. Regenerative agriculture is a method that seeks to
revitalize depleted soils by reversing the effects of industrial agriculture.
Ecosystems benefit from its practices because the organic matter in the
soil is restored through integrative farming and grazing methods, which in
turn help to improve water quality. It allows for the restoration of annual
and perennial crop diversity in a farm landscape, which is essential for the
regeneration of land and water resources (Melvani, 2016; Rodale Institute,
2014). In addition, it takes into account potential environmental and social
impacts by reducing reliance on synthetic inputs in favor of site-specific
management practices that sustain and improve soil quality over the long
term, create new employment opportunities, and assist communities in better
planning for and adapting to the effects of climate change.
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The prime objective of regenerative agriculture is to improve the physical
condition of the soil or bring back extremely degraded soil. This improves
the water, plants, and soil qualities. In the end, regenerative agriculture
depends on the diversity of the soil, and there may not be any diversity in
the soil without regenerative agriculture practices (Johns, 2020; Leitch et
al., 2018). They have grown and changed mutually. Regenerative farming
techniques allow for the creation of new soils in addition to boosting the
organic carbon content of existing ones. This can be accomplished through
reducing soil erosion, re-establishing the soil food web, enhancing soil
fertility, and utilizing the actions of humans, plants, animals, insects, fungi,
and bacteria. Soil degradation, a growing need for food, climate change, and
a lack of water are all things that could cause problems in the agricultural
sector in the future. We must spread awareness of soil biodiversity and think
of soil biology as a long-term solution if we are to reap the great benefits of
regenerative agriculture and satisfy the demands of consumers and farmers
in agriculture and land management. Similarly, soil biodiversity aids in
soil formation and improves the functions, intern production, services,
and increased efficiency of regenerative agriculture. Soil biodiversity (the
activities of animals, bacteria, fungi, plant roots, insects, etc.) would then be
looked at as a natural way to restore the soil food web, improve soil physical
condition and fertility, increase agricultural productivity, and lock up carbon
from the air (Rhodes, 2017).

To make soil biodiversity visible, education and awareness are essential.
To convey and use scientific findings about the benefits of soil biodiversity
and steps to restore and conserve it, there is a need to promote communication
between researchers, policymakers, and the wider public. Agricultural soils
are under threat (El-Ramady et al., 2021). While it has been largely ignored
in global, regional, and national policies dealing with forest management,
food production, climate variability, loss of ecosystem biodiversity, and
desertification, these organizations, along with Elizabeth et al. asserted that
soil biodiversity is crucial for soil functioning and plant production (Bach
et al., 2020). Most significantly, agriculture requires healthy, full people to
feed the world’s rising population. To use soil biodiversity to regenerate the
ecosystem and agriculture, the impact on human health must be considered.
In the past, soil organisms have been utilized to develop a variety of novel
drugs and vaccines, such as the well-known antibiotic bleomycin, penicillin,
which is used to treat cancer, amphotericin, which treats fungal infections,
and therapeutic approaches to managing diseases (Luis et al., 2018). In light
of the similarities between soil and human systems, it makes sense that soil
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management should be based on biology to some extent than industrial
chemistry. There are incredibly rich and varied communities of organisms in
soils; these species range in size from bacteria measuring only a few microm-
eters in length to earthworms measuring several meters in length. Bacteria
and fungi make up the bulk of the soil’s microbial population, contributing
somewhere between 0.6% and 1.1% of the organic soil (Fierer et al., 2009;
Luis et al., 2018) and reflecting a biodiversity pool including an estimated
number of species per gram of soil in the tens of thousands (Kumar, 2021;
Roesch et al., 2007).

7.7 CONCLUSION

Regenerative agribusiness is one of the critical agrosystem originations
for biological appropriateness. The idea resolves bunches of worldwide
issues, including the support of organic variety, further developing stock
chains, reestablishing biodiversity, evenhandedly circulating area value and
access, and empowering ranchers, organizations, and networks to succeed.
This enables precision in farming and combines high food production with
precise management of rural assets. Analysts and researchers logically
investigate new strategies to foster practical yield creation and food security
without upsetting the financial aspects and climate of various biological
system administrations. One of the new ideas for sustainable cultivation
emerges from regenerative agribusiness. The concept of “regenerative horti-
culture” is an approach to overseeing ranches that focuses on soil wellbeing.
Biological system administrations like water separating, nitrogen cycling,
and further developed biodiversity are a couple of the numerous positive
results that can come about because of setting soil quality at the focal point
of rural practices. The types and levels of pesticide contamination will be
greatly influenced by the types of yields and animals raised. The variety
of synthetics will be limited in monocultures; however, the concentrations
may be higher, though the inverse may be true in agroecosystems that
support multiple yield creation. The presence of burning items derived
from petroleum may likewise offer difficulties in exceptionally motorized
agroecosystems. Aside from agroecosystems, indoor environments are
regarded as distinct biological systems that require careful consideration.
This classification incorporates structures, for example, storehouses and
stables, which are utilized for the cultivation of different creatures, most
prominently chickens and pigs.
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Toxicologists stress the potential well-being impacts of breathing in
poisons in an indoor agroecosystem, yet this is not an issue in an open-air
agroecosystem. Natural residue, smelling salts, H,S, nitrogen oxide, and
mycotoxins are some of the potential causes of natural residue harmful
disorder, also known as “intense rancher’s lung,” as well as asthma, bron-
chitis, and rhinitis. Carbon monoxide harm is most frequently brought
about by some unacceptable utilization of gas-controlled devices, similar
to pressure washers. Agroecosystems typically change as a result of diverse
plans and cognizant grouping, which may include significant combinations,
acquired variety, species collection, and central arrangement. The system
recycles these harmful wastes into valuable material under the influence
of microbes present in the soil and environment. This structure leads to
monoculture systems, which may increase agricultural production. The
information concentrated in these monoculture structures later helped in
the standardization of businesses that developed in various regions of the
planet. Then again, different tropical grass nurseries and standard-creating
philosophies flaunt fundamentally arranged assortments and assortments
of bound-together biota. Various appraisals have been completed on the
impacts of coordinated combinations on regular cycles like major creation,
bug control, decay, and supplement cycling. These evaluations were made
possible by the extensive arrangement of coordinated collection that has
been used in recently established frameworks. In the future, the assumption
will rise in tandem with the growing total population. In this regard, the
framework should provide ranchers with a few new income opportunities.
Concerns have also been raised about the possibility of dealing with the
perfect climate in a practical and substantial setting. The entire world would
be watching the delicacy of the food opening. Dealing with over 10 billion
additional individuals until 2050 would overburden the natural framework.
This would be possible by increasing crop production by 11%, unforeseen
cultivating development by clearing more boondocks, and decreasing
ozone-depleting substance (GHG) emissions during green items to keep
global temperature change under 2°C. Nonetheless, with an expansion in
compensation, the situation might change when individuals start devouring
from different sources to close the food hole. Economically many prospects
have to be focused on the implementation of an agrosystem approach, to
advance regenerative agriculture. It would be an integrative methodology
that increases the adaptability of a changing environment, reverses biodi-
versity loss, and improves soil health.
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Nanotechnology helps to reduce energy consumption, cost, and resource
consumption through more efficient methods. So, nanomaterials with large
surface area and small size have the unique capacity to solve complex
problems. They require less activation energy and have high reactivity; these
additional benefits make them ideal candidates for sustained bioremediation.
Bio-nano-technology techniques have a positive impact on the environment
and its sustainability by reducing environmental contaminants. The present
chapter discusses the role of bio-nanotechnology in solving the persisting
urgent environmental issues such as soil contamination, air, and water pollu-
tion, and climate change and also focuses on the effectiveness, safety, and
scalability issues as well as any potential advantages and difficulties.

8.1 INTRODUCTION

Environmental pollution is one of humanity’s most prominent issues in the
21% century. The sustainability of our world and its well-being are threatened
by many intricate, interrelated concerns, such as resource depletion, pollu-
tion, and climate change (Ashrafetal., 2010; Ghori et al., 2019; Imanberdieva
et al., 2018; Ozturk and Altay, 2021; Ozturk et al., 2015, 2022a, b, 2023a;
Yalcin and Altay, 2023). These environmental issues affect every part of our
lives, including the air we breathe, the water we drink, the food we eat, and
the places we live in (Fakruddin et al., 2012). The seriousness of the issue
demands increased awareness and efforts to solve it. As aresult, it is becoming
increasingly apparent that creative and revolutionary methods are required to
address these issues and build a sustainable future. This is where the exciting
new possibilities of bio-nanotechnology are employed, providing solutions
to environmental issues that are effective, efficient, and sustainable (Gardner
and Stern, 1996). Conventional approaches to environmental concerns have
mitigated certain issues. For instance, the concentration of atmospheric
CO, continues to grow at alarming rates despite decades of international
attempts to cut greenhouse gas (GHG) emissions and address climate change
(Imanberdieva et al., 2018; Ozturk and Altay, 2021; Ozturk et al., 2022).
According to the World Meteorological Organization, the average world-
wide CO, concentration in the atmosphere in 2020 hit a record high of 413.2
parts per million (ppm), 148% over pre-industrial levels. Despite attempts to
minimize pollution, air quality remains a serious problem in many regions.
According to the World Health Organization (WHO), air pollution causes
more than 4.2 million fatalities yearly, accounting for 7 million premature
deaths. The plastic waste dumped into the ocean causes disruption in the
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oceanic ecosystem. It is estimated that 8 million metric tons of plastic enter
the oceans annually. Given the scope and severity of these environmental
concerns, new and revolutionary ideas that go beyond traditional procedures
are necessary. By combining the creative potential of biological systems with
nano-scale materials, bio-nanotechnology opens fresh avenues for tackling
these problems. Bio-nanotechnology offers the potential to provide effective,
efficient, and long-lasting solutions to various environmental issues by using
the unique qualities of biological molecules, such as enzymes and proteins.
The opportunities and challenges presented are opportunities to evaluate the
potential of bio-nanotechnology (Miler, 1990; Ozturk et al., 2023).

8.1.1 THE EMERGENCE OF BIO-NANOTECHNOLOGY

Bio-nano-technology development may be dated to the 1950s when
researchers first started to investigate the distinctive characteristics of
materials at the nanoscale (Singh et al., 2013). However, the area did not
take off until the 1990s, when new methods and instruments for working
with and analyzing nano-scale materials were created. Since then, bio-
nanotechnology has expanded quickly as researchers from several fields
collaborate to develop novel materials and systems with previously unheard-
of control and accuracy. The creation of deoxyribonucleic acid (DNA)
nanotechnology in the 1980s and 1990s was one of the early achievements
in bio-nanotechnology. This entailed utilizing DNA molecules to build exact
shapes and sizes in nano-scale structures, opening the door for new uses
in fields including medication delivery, sensing, and nano-electronics. The
1991 discovery of carbon nanotubes, which are extraordinarily strong and
light and might be used in fields like energy storage and water purification,
was another critical development. Since biotechnology has only been around
for a few generations and nanotechnology has only been around since the
late 20™ century, its scope is still being defined. Biotechnology integrates
scientific knowledge and equipment with cellular, molecular, and genetic
phenomena to create products or commodities used in various sectors, from
agriculture to medicine (Kulkarni et al., 2022; Ozturk et al., 2023b). The
area of nanotechnology known as “bio-nanotechnology” includes atom-
level engineering and manufacturing affected by biological antecedents. It
is also closely related to biotechnology but offers the opportunity to shape
and modify the atomic-scale details of the creatures produced. Bio-nano-
technology equipment is created at the atomic level and completes 3D
molecular tasks and processes for individual control.
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8.1.2 BIO-NANOTECHNOLOGY AND ITS SCOPE

Bio-nanotechnology is an interdisciplinary discipline combining nano-
technology with biological sciences to create innovative materials and
systems at the nanoscale. Biological molecules like proteins, DNA, and
enzymes are combined with nano-scale materials like nanoparticles,
nanotubes, and nanofibers to design, produce, and manipulate materials
and devices. Bio-nanotechnology has several uses and many applica-
tions (Thakur et al., 2018). Bio-nanotechnology has made it possible to
create tailored drug delivery systems (DDS) in the medical profession
that can administer medications to specific cells or tissues while mini-
mizing toxicity and adverse effects (Gonzalez et al., 2016). For instance,
medication carriers have been utilized to treat cancer and other disorders
using liposomes, nano-sized vesicles made of lipids. Bio-nanotechnology
has aided in creating biosensors with high sensitivity and specificity for
detecting disease biomarkers. Bio-nanotechnology has created brand-
new solar cells, fuel cells, and battery materials in the energy sector.
For instance, through improving light absorption and charge separation,
titanium dioxide and zinc oxide nanoparticles have been employed to
raise the efficiency of solar cells. Enzymes have also been utilized to
catalyze chemical processes in fuel cells, producing very efficient energy.
Bio-nanotechnology can solve problems with pollution, water treatment,
and waste management in environmental remediation. For instance,
heavy metals, organic pollutants, and other contaminants have been
removed from water and soil using iron nanoparticles and other metals.
Bio-nanotechnology has aided in creating nano-sensors that can track
air and water quality, allowing for early identification and response to
environmental threats. In agriculture, bio-nanotechnology has resulted in
the creation of nano-fertilizers and nano-pesticides that can increase crop
yields while using fewer chemicals, lessening the impact of agriculture
on the environment (Rohela et al., 2019). Bio-nanotechnology has aided
in the creation of solar cells, batteries, and fuel cells in the energy sector
that are more effective, affordable, and environmentally friendly than
conventional energy technologies. The growing number of articles and
patents in bio-nanotechnology illustrates its potential. The worldwide
bio-nano-technology market was estimated at USD 45.6 billion in 2020.
It is projected to increase at a compound yearly growth rate of 9.2% from
2021 to 2028, according to research by Grand View Research.
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8.1.3 ROLE OF BIO-NANOTECHNOLOGY IN ADDRESSING
ENVIRONMENTAL PROBLEMS

Some of the most urgent environmental issues facing the world today may
be solved by bio-nanotechnology. Air pollution is one of the main areas
where bio-nanotechnology may substantially influence. Nitrogen oxides and
other dangerous air pollutants, such as particulate matter, can be eliminated
using nanoparticles. Additionally, real-time air quality monitoring using
nano-sensors enables the early identification and mitigation of environ-
mental threats. Bio-nanotechnology may be applied to water treatment to
eliminate infections, organic pollutants, and heavy metals. Iron and other
metal nanoparticles have effectively and inexpensively eliminated harmful
pollutants. Nano-sensors can monitor water quality to help with remediation
efforts by allowing for early contamination detection. Bio-nanotechnology
may be applied to agriculture to create nano-fertilizers that can supply
nutrients to plants more effectively, cutting down on waste and increasing
crop yields (Primozi¢ et al., 2021). To optimize nutrient utilization and
lessen environmental effects, farmers can employ nano-sensors to monitor
soil quality. Bio-nanotechnology has the potential to transform medication
delivery and diagnostics in the realm of healthcare. Nanoparticles may target
specific cells or tissues, lowering their toxicity and increasing their effec-
tiveness. High sensitivity and specificity biosensors may be used to identify
illness biomarkers, allowing for early diagnosis and customized care.
Comparing bio-nanotechnology to more conventional methods of
resolving environmental issues, there are several significant benefits.
Firstly, this enables accurate targeting of pollutants or toxins, reducing the
influence on species or places that are not targeted. This accuracy can be
especially crucial in delicate environments, like aquatic ecosystems, where
conventional methods might have unintended effects. Secondly, compared
to conventional methods, bio-nanotechnology is frequently more productive.
For instance, nanoparticles may be made with a high surface area to volume
ratio to increase their reactivity and, consequently, their capacity to remove
contaminants. Like nano-fertilizers, which may be made to release nutrients
gradually, they can be tailored to use less fertilizer overall and produce less
runoff. Thirdly, bio-nanotechnology may be very scalable in the future.
Nanoparticle-based technologies are appropriate for industrial-scale applica-
tions since they can be generated in enormous volumes. Nano-sensors may
also be used to monitor environmental conditions across wide regions, giving
important information for resource management and decision-making.
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According to studies, bio-nanotechnology can be used to solve a variety of
environmental issues. For instance, iron nanoparticles had a clearance effec-
tiveness of up to 99% when utilized in one research to remove heavy metals
from polluted water (Ng et al., 2015). In another research, real-time informa-
tion on pollutant levels was obtained by monitoring the city’s air quality with
nano-sensors. Research has revealed that bio-nanotechnology may be used to
solve agricultural and health problems. For instance, in one study, scientists
created a medication delivery system based on nanoparticles that increased
the efficiency of cancer therapies. In another study, scientists created a nano-
fertilizer that upped rice plants’ growth rates by 30%. The present chapter
discusses the role of bio-nanotechnology in solving the persisting urgent
environmental issues such as soil contamination, air, and water pollution,
and climate change and also focuses on the effectiveness, safety, and scal-
ability issues as well as any potential advantages and difficulties.

8.2 ROLE OF BIO-NANOTECHNOLOGY IN MANAGEMENT OF
ENVIRONMENTAL POLLUTANTS

The contamination of the environment is a global concern leading to cata-
strophic side effects. Air consists of different pollutants such as hydrocar-
bons, chlorofluorocarbons, carbon monoxide, nitrogen oxide, and volatile
organic compounds (VOCs). Soil and water contaminated with inorganic
and organic materials as industrial effluents, pesticides, oil spills fertilizers
and sewage water (Altay and Ozturk, 2012; Darwash et al., 2023; Hameed
et al., 2017; Haq et al., 2021; Mohamed, 2017; Ozturk et al., 2017a, 2019a;
Sardar et al., 2018; Yalcin and Altay, 2023). Environmental nanotechnology
has a significant role in shaping recent environmental science and engi-
neering. Nanotechnology introduces new and cost-effective approaches for
the remediation of pollutants, pollution detection, and monitoring of pollu-
tion (Savage et al., 2007). The materials made up of nanostructure are used
for the evaluation and determination of compounds (Vaseashta et al., 2007).
The nanomaterials have the property of adsorbent high reactivity and big
surface area. The particle size is not in the nano-range, it is usually 10-100
um (Bhawana and Fulekar, 2012). Nanoparticles can be modified chemically
(Bhawana and Fulekar, 2012)., TiO, functions with ethylenediamine and it
is tested for the capability to clean contaminated groundwater from anion
metals or pollutants (Mattigod et al., 2005). Traditional technologies are used
to clean toxic waste by chemical oxidation, adsorption, and bio-oxidation.
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Nanotechnology also gained popularity due to nano-materials’ potential to
clean and monitor three different parts of the environment gas, liquid, and
solid (Figure 8.1; Mohamed, 2017).

FIGURE 8.1 Applications of nanotechnology in three different parts of the environment.

8.2.1 ROLE OF BIO-NANOTECHNOLOGY IN AIR POLLUTANTS

The contamination in the air is most challenging due to the modification in
atmospheric composition introduced by various pollutants such as carbon
monoxide, chlorofluorocarbons, hydrocarbons, organic chemicals, heavy
metals, nitrogen oxides, biological substances, and sand particles, and so
forth (Aragjo et al., 2014; Darwash et al., 2023; Ghori et al., 2019). Human
health and the ecosystem are severely affected by air pollution which causes
different types of diseases such as respiratory, cardiovascular diseases, and
cancer. The WHO stated in 2014 that 7 million deaths in one year were due
to heavy air pollution (Ngd and Van de Voorde, 2014). There are different
types of air contaminants such as gas contaminants, particulate contami-
nants, dust, and biological contaminants, , and so forth (Mohamed, 2017).
The nano-materials function as sensory devices due to their small size and
big surface-to-volume ratio. They are designed in a way that reacts with
contaminants to degrade them to toxic-free products and they also replace
toxic materials with safety materials. Moreover, it also has a self-cleanup
feature and nano-technology coating that is resistant to pollutants (Das et
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al., 2022). Nanotechnology has a lot of advantages in environmental control,
and it is divided into three phases detection and sensing, remediation and
treatment, and pollution prevention (Yadav et al., 2017). There are three
ways to treat and remediation control air pollution degradation by nano-
catalysis, adsorption by nano-absorptive materials, and separation/filtration
by using nano-fillers (Mohamed, 2017). In adsorption by nano-absorptive
materials, there is an approach that uses nano-structured membranes that
have little pores to separate methane and carbon dioxide (CO,) from the
exhaust. The CNT (carbon nanotubes) trap gases at a much faster rate as
compared to other conventional approaches and separate large volumes of
gases effectively (Bhawana and Fulekar, 2012). Innovative nano-technology
techniques are adopted to reduce air pollutants through different processes
such as reducing GHG emissions, enhancing manufacturing processes,
lessen the use of synthetic plastics and hazardous chemicals (Figure 8.2).
Nano-technology applications help to form an environmentally friendly
material or substance, replacing toxic substances. The method has reduced
cost, increased efficiency, and low impact to create a clean environment
(Yadav et al., 2017). The new types of nano-made materials that are less
toxic, bio-degradable plastics are known to have structure to degrade and
non-toxic crystalline substance in rechargeable battery electrodes made
up of lithium-graphite. Other examples include environment-friendly self-
clean glasses made of TiO, and nanotubes which perform better function as
compared to other conventional tubes (Yadav et al., 2017).

FIGURE 8.2 Different phases of nanotechnology to control air pollution.
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8.2.2 ROLE OF BIO-NANOTECHNOLOGY IN SOIL REMEDIATION

Soil is the most essential supporting system of life and a necessary part of the
terrestrial ecosystem as the soil ensures life on land (Abhilash et al., 2012;
Ozturk et al., 2017b). Soil health and quality management are imperative
not only to protect food but also to maintain the balance in the ecosystem
(Lal, 2015; Ozturk et al., 2012). Approximately 30% of land is degraded
across the world. Lands contaminated with heavy metals and pesticides are
unsuitable for crop production (Bakshi and Abhilash, 2020; Mushtaq et al.,
2020). The nano-devices or materials are used for remediation due to their
cost-effectiveness and ease of use as compared to other methods (Li et al.,
2019). Nowadays, nanomaterials or nanoparticles for soil remediation to treat
the contaminated soil with chemicals such as pesticides, persistent organic
pollutants (POPs), heavy metals, and so forth, are widely used. They are
widely distributed and non-degradable in nature. Different nano-technology-
based approaches are used for soil remediation (i) POP degradation and
nano-materials for pesticides; (ii) nano-materials to convert heavy metals
to less toxic form; (iii) pesticide residual detection in soil by nano-based
sensors; and (iv) bio-remediation or phytoremediation of contaminated soil
by the help of nano-material (Bakshi and Abhilash, 2020). Heavy metals such
as Cr(VI), Pb(Il), As(Ill), and Cd can be remediated using nanoparticles.
Pesticides such as hexachlorobenzene, metolachlor, malathion, dicofol,
and cypermethrin. POPs include dioxins, PCBs (polychlorinated biphe-
nyls), DDT (dichlorodiphenyltrichloroethane), and heptachlor (Bakshi and
Abhilash, 2020). Nanoparticles commonly employed for soil remediation are
MWCNTs (multiwalled carbon nanotubes), ZnO (zinc oxide), TiO, (titanium
dioxide), nZVI (nanoscale zerovalent iron), stabilized nanoparticles, and
bimetallic nanoparticles. Nano-remediation uses nanomaterials in contami-
nated soil to remove pollutants or for its transformation (Yan et al., 2013). The
nano-technology technique is used to remove heavy metals because of their
ability to absorb and immobilize metal ions. The nanoparticles high ability as
adsorbent increases their application to remove heavy metals from soil (Cai
et al., 2019). The nano-material’s excellent properties allow them to function
as catalysts that reduce chemicals and pollutants. The nanomaterials reme-
diation of contaminated soil to remove pollutants such as PAHs (polycyclic
aromatic hydrocarbons), chlorinated organic solvents, PCBs (polychlorinated
biphenyls), and organochlorine pesticides (Figure 8.3). The soil remediation
techniques can be in situ and ex-situ, but mostly it is processed on-site without
including transportation and pumping of soil making nano-remediation a
cheaper and easily available method (Cai et al., 2019; Jiang et al., 2018).
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FIGURE 8.3 Nanotechnology in soil remediation.

8.2.3 ROLE OF BIO-NANOTECHNOLOGY IN WASTEWATER
TREATMENT

Water is one of the most valuable and scarce resources on earth, continues
to be recycled by means of the water cycle. The primary contributors to
water pollution include a variety of pollutants such as organic and inorganic
materials, microorganisms, industrial waste, and many other toxic substances
(Figure 8.4). Water is a valuable and necessary component of life, and its role
in the global economy is significant. The world is currently facing severe
issues with freshwater lack due to excessive utilization and water pollution
(Haq et al., 2021; Rafique et al., 2019; Yalcin and Altay, 2023).

FIGURE 8.4 The image depicts sources of water pollution. It includes domestic wastewater,
industrial wastewater, agricultural runoff, and groundwater contamination.
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Agriculture water gets polluted mainly by pesticides and fertilizers.
Ground wastewater includes animal waste, sludge, plastics, polythene bags,
and road salts. Domestic waste is also a major source of water pollution
and includes detergents, human waste, and chemicals (Rafique et al., 2019).
Clean water is essential for the survival of life on Earth. Various Conven-
tional and advanced approaches are under consideration for the removal of
these contaminants, but the implications of these technologies have their
advantages and shortcomings (Baruah et al., 2019). To address this scarcity,
numerous techniques have been developed globally for cleaning polluted
water before distributing it into the natural environment. Physical and chem-
ical approaches are the two broad categories into which frequently employed
water purification techniques can be categorized. Conventional techniques
of water purification, like filtration with the help of sand, sedimentation,
flocculation, coagulation, chlorination, and adsorption on activated carbon,
do not show promising results for the elimination of hazardous metal ions
and dispersed organic compounds (Baruah et al., 2019). Other options for
cleaning up water include using ultraviolet light, ozone treatment, and
incineration but these methods are not economical for getting rid of trace
contaminants. The scientific world has begun investigating the exceptionally
exciting area of research because of the ground-breaking developments in
nanoscience and nanotechnology. Here, the special and beneficial features
of unique nano-structured objects could be used to provide more effective
and long-lasting solutions to the existing challenges associated with water
(Lu et al., 2016). Nanomaterials typically range in size from 1 to 100 nm.
They contain significantly fewer atoms due to their smaller dimensions,
which results in distinct characteristics in them when compared with bulk
substances. Nanomaterials have a large surface area to volume ratio due to
their small size which causes greater surface-related characteristics. Nano-
materials were discovered to be outstanding adsorbents for an array of water
pollutants due to their useful physicochemical properties (Tyagi et al., 2017).
Several distinct types of nanomaterials include iron nanoparticles, metal
nanoparticles, polymer nanoparticles, zeolites, carbon-based nanomaterials,
self-assembled monolayers on mesoporous supports (SAMMS), biopoly-
mers and nano-scale semiconductor photocatalysts.

The full recovery of nutrients in particular nitrogen, potassium, and phos-
phorus, and energy neutrality is the goal of the next generation of residential
wastewater treatment plants (DWWTP). Additionally, there are increased
forces pushing for the recovery of valuable materials from industrial waste-
water. Heavy, valuable, or radioactive metals, as well as new contaminants
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like pharmaceuticals, enzymes, hormones, fertilizers, biofuels, biogas, and
bioplastics, can be extracted using biological and nano-technology protocols.
Despite laws of resource dispersion domestic wastewater alone does not
satisfy the essential energy demands of industrialized communities (Puyol
et al., 2017). It is advised to use a functionalized PS{/SiO, nano-composite
membrane to separate oil from water emulsions (Ahmad et al., 2011). For
phosphorus recovery from wastewater, Hybrid ion exchange nanotechnology
(HIX-Nano) is a particular technique that may enable the production of a
useful nutrient solution after the desorption of phosphorus from saturated
media. HIX-Nano-demonstrates promising and inexpensive solutions to the
phosphorus issue in wastewater treatment. The recovered phosphorus can be
implied as a useful fertilizer (Ownby et al., 2021). There have been many
adsorbents generated to eliminate metal ions and dyes from water but most
of these are not commercially viable solutions due to low absorbance ability.
The preparation of versatile materials such as organic-inorganic hybrid
polymers aids in this regard by providing greater capacity for adsorption,
higher thermal resistance, and higher recyclability (Lofrano et al., 2016).
Heavy metal ions (Cd, Zn, Pb, and Cu) were removed from water solutions
at various pH levels using Fe,O, magnetic nanoparticles with modification
of 3-aminopropyltriethoxysilane and copolymers of acrylic acid and crotonic
acid. Even with an acidic pH, these magnetic polymer nanocomposites
showed extremely effective metal ion adsorption.

Nanomaterials have been used in the development of novel membrane
materials. Graphene oxide (GO) coating on the membrane’s surface func-
tioned as a multipurpose layer of protection to improve the membrane
antifouling and chlorine resistance while preserving its separation efficiency.
Recently, the functionalized carbon nanotubes in the composite have drawn
attention. As demonstrated addition of zwitterion-modified carbon nanotubes
to the polyamide membrane can prominently improve the water flow and
salt denial ratio. These positive characteristics of the composite membranes
are attributable to the water-repellent nano-channels made by the CNTs and
polyamide that are in active layers (Baruah et al., 2019).

Nanostructures are used for the disinfection of water polluted with patho-
genic microbes. TiO,, ZnO, and silver nanoparticles are used in water filters
and nano-sized membranes for killing microbes in water. These nanoparticles
mainly release ROS in their mechanism of action. Another category of nano-
materials with strong antimicrobial properties is carbon nanotubes (CNTs),
which can be used in a wide range of anti-microbial possibilities (Kudhier
et al., 2018). CNTs can filter out microbes due to their brittle structure by
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depth and size exclusion purification. Pathogenic microbes like E. coli, S.
aureus, and K. pneumoniae can be killed by using TiO, nanoparticles of
different diameters. Titanium dioxide nanoparticles can produce reactive
oxygen species (ROS) in cells when exposed to light. It has been discovered
that their activity is size-dependent, with size as a major contributing factor
to product efficiency. Strong anti-bacterial properties against E. coli have
been shown by Sol-gel thin films and silver-doped titania nanofibers. Zinc
oxide nanoparticles are being used in commercial water purification devices
and antibacterial drugs because it is documented to have low cytotoxicity.
Other metal oxide nanoparticles (copper, magnesium, and iron oxide) have
also been used as antibacterial agents (Kudhier et al., 2018). Another highly
effective method for wastewater treatment is the degradation of organic
contaminants by photocatalysis with the help of nano-scale catalysts but it
also has several flaws that prevent its widespread application. Nanotech-
nology also offers a wide range of opportunities for detecting and tracking
water pollutants by providing water-sensing capabilities (Kumar et al., 2013).
Although the side effects of nanoparticles on human health are unknown.
Procedures such as clearing freshwater of organic colors and metal ions by
antimicrobial nano-agents or nano-adsorbents to remove organic colors and
metal ions might have negative effects on the aquatic environment (Baruah
et al., 2019). Nanoparticles progressively endure bio-concentration after
ingestion. The toxic effects are primarily caused by build-up in the body.
The use of nanotechnology on a larger scale is hampered by these significant
obstacles. It is essential to develop nano-technology-based equipment with
active nanomaterials not compromised and renewed via affordable and
energy-efficient approaches after a period of usage (Baruah et al., 2019).

8.3 ENVIRONMENTAL QUALITY MONITORING THROUGH
BIOSENSORS

The advent of civilization has raised the level of more serious environmen-
tally harmful pollutants such as oxides of nitrogen, sulfur, carbon, heavy
metals, VOCs, air microbes, and dioxins. Therefore, it is not possible to
use some of the most cost-effective methods for handling these substances
by means of Spectroscopic and chromatography techniques since they are
limited with a time-consuming method, but others have potentially risky
consequences (Mohamed and Awad, 2022). To address this specific problem,
it is therefore necessary to provide a novel and cost-effective solution. The
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assessment of environmental risk advanced by bio-sensing devices has
been developed to meet the needs of rapid, accurate, precise, and real-time
pollution detection and screening. At a reasonable cost, carefully combined
techniques of analysis with biotechnology are mainly based on biosensors
(Gavrilas et al., 2022; Mohamed and Awad, 2022). Biosensors are widely
used as fast, affordable, accurate, sensitive, and instant detection methods of
pollution. The basic mechanism is based on integrating the target chemicals
such as pesticides and tiny organic molecules with detection molecules such
as enzymes, antibodies, or DNA sequences as analytical tools to predict
substances represented in Figure 8.5. The biosensor uses a biological analyte
rather than the sensor transducer and signal processing via transducer sensor
technology (Mohamed and Awad, 2022).

FIGURE 8.5 The image depicts the basic working principle of biosensors.

For this specific purpose, several biosensors have been designed. Based
on the type of biotic signaling transduction, biosensors may be classified.
The various categories of biosensors include fluorescence, electrochemical,
mass change, optical, and thermal biosensors, depending on the basic trans-
duction mechanisms utilized to integrate the reactions of the target materials
and the sensing (Gavrilas et al., 2022). Nanocomposites are techniques that
have the potential to improve the sensibility and diversity of complicated
environmental sample analysis. Nanomaterials such as tubing and nanopar-
ticles are used to modify the properties of biological sensors to achieve this
goal. To provide a high degree of analysis with constant, programmed, and
instant data, Nigam and Shukla (2015) observe that biosensors still need to
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be improved for the environmental area in order to achieve such an outcome.
However, accuracy should be taken into consideration as the primary
concern. To determine the quality of the environment, these biosensors shall
be used (Gavrilas et al., 2022).

8.3.1 ENZYME-BASED BIOSENSORS

Enzymes function as biological catalysts by being three-dimensional,
complex macromolecules. The biosensor-employed enzymes serve as the
organic detecting component, which is linked to transducers to convert
enzymatic response output into quantifiable responses proportional to the
analyte concentration. An example of an enzyme response signal is energy
release, proton density changes, oxygenation or absorption, illumination,
and absorption. Transducers are electrical, electrotherapeutics, optical, heat,
and piezoelectric devices that convert this signal into a voltage, tempera-
ture exchange, absorption, or other properties that can be monitored in a
variety of ways. Several advantages have emerged for researchers in enzyme
biosensors over the last few decades, including the exceptional sensitivity
and precision of enzyme-mediated reactions. A broad spectrum of detect-
able substances with the capacity to detect diverse highly pure accessible
enzymes (Mohamed and Awad, 2022). The fundamental operating principles
for enzymatic biosensors and mechanisms of action include metabolizing the
target analyte by the enzyme and triggering impediment, or modification of
the enzyme by the substance. The ability of enzymes to be immobilized on
the transducer surface and activated after being immobilized are key require-
ment for enzyme biosensors. Immobilizing enzymes have greater stability.
Cross-linking, adsorption, nano-capsulation, entrapment, and covalent
bonding are the most commonly used techniques for the immobilization of
enzymes (Gavrilas et al., 2022; Naresh and Lee, 2021).

8.3.2 MICROBIAL BIOSENSORS

Naturally or biologically adapted microbes, fungi, algae, protozoans, and
viruses capable of controlling a range of substances allow the specific trans-
ducer to identify its signal to form cell biosensors. Electrical sensors have
been combined with microorganisms called microbiological sensors have
a higher sensitivity to environmental signals than their natural counterpart.
There are benefits to this technique, such as minimal detection limits, good
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selectivity, and high sensitivity. As a result of these characteristics, whole-
cell receptors may be applied in different applications (Mohamed and Awad,
2022). Due to the close similarity of detection methods between bacteria
and enzymes, microbiological sensors can be considered an advanced form
of biosensors. They must be immobilized by an immobilization technique
to ensure that the biological materials are contained within transducers and
supporting matrices. Physical adsorption or chemical techniques combined
with covalent binding and cross-linking ability can bind and restrict
microorganisms, such as enzymes (Naresh and Lee, 2021). In addition, the
immobilization method to be applied has to provide for chemical resistance,
cell viability, safety handling, and prolonged storage. Compared to conven-
tional methods, bacterial bioassays encounter issues, which include their
high sensitivity, and simultaneous detection of multiple chemicals as well as
significant potential drawbacks with regard to site monitoring and economic
efficiency. They are limited by a variety of parameters, including extensive
reaction periods, rapid detection of external heat, acidity, and alkalinity.
Any factor may influence cell survival over time. Recent research has used
terrestrial aquatic biota to identify contaminants from the environment such
as heavy metals, insecticides, Cadmium, Arsenic, copper, mercury, lead, or
phenols among others (Gavrilas et al., 2022).

8.3.3 ANTIBODY-BASED BIOSENSORS

An antigen or an immunoglobulin is a widespread category of glycoprotein,
assembled by specific compartments in the internal organism and useful for
detecting dangerous substances such as antibiotics, and so forth. The anti-
bodies can identify and bind antigens, which results in antigen complexes
that remain stable for an extended period. Antibodies can be monoclonal or
polyclonal form. An antibody-based biosensor is a small devices that use a
transducer to detect and measure unique interactions of immunoglobulins
and antigens. Electrolytes, potentiometric, impedimetric, colorimetric,
light, and microgravimetric are defined as immunoassays depending on
their transduced function. They are also known as labeling or labeling
sensors. For labeling, the target analyte or bioreceptor is to be affixed with
a sensitivity-detectable marker. During the analysis, these tags’ activities
are monitored (Mohamed and Awad, 2022). These tags can be classified
as enzymes, fluorescent dyes, electrolytes, and nanoparticles based on the
type of compound. An immunosensor with a nonlabelled tag is designed to
estimate changes in physical characteristics that result from its development
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for direct determination of the antigen-antibody complex. Immunological
instruments have an advantage over conventional analytical methods in
terms of selectivity and sensitivity (Gavrilas et al., 2022). At the same time, it
is possible to observe an evolution of immunoreactions on detector surfaces
in real-time. The limitations to the use of antibody biosensors, including
pH and temperature sensitivity constraints as well as extensive time spent
developing specialized reagents for each compound which is related to their
use should also be considered (Naresh and Lee, 2021).

8.3.4 APTAMER-BASED BIOSENSORS

Aptamers are linear oligonucleotide sequences with a length of 15 to 80 base
pairs which may be attached to certain molecules of the target. Aptamers target
all types of small molecules as well as proteins, carbohydrates, and metal
ions in cells, viruses, or bacteria. To create aptamers in vitro, it is possible
to use a technique known as sodium laureth sulfate (SELEX) that allows
ligands to be systematically evolved by exponential enrichment (Naresh and
Lee, 2021). SELEX will be created by creating a huge collection of DNA
sequences from various alignments whereby targeted compounds will be
exposed for a period. Unfolded molecules and target-bound oligonucleotides
should be screened either by heating or washing at the end of incubation. The
polymerase chain reaction (PCR) amplifies the attached aptamer molecules
to generate the input for the successive screening steps. During the entire
process, 5 to 15 selection and amplification cycles are conducted. Various
biosensors have been developed in recent years to detect environmental
toxins integrating aptamers as bio-receptors (McConnell et al., 2020).

8.3.5 DNA-BASED BIOSENSORS

In DNA biosensors single-stranded DNA is employed as reference compo-
nents. Their functionality depends on the following two processes: (i) the
phenomenon of hybridization between the desired genetic material and
its complementary thread confined on a detecting region via instinctive
hydrogen bonding among nitrogenous bases; and (ii) the modification of
the single stranded-DNA structure by the selected substrate molecules. This
mechanism, which can be converted to an accurate response by suitable
transducers, for example, electrolysis or Oscillators, is made up of the combi-
nation of different chemical changes resulting in an individual signal being
generated. In order to develop DNA-based biophysicists, immobilization of
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nucleic acid electrode fragments onto the surface is a critical step (Mohamed
and Awad, 2022). Nonetheless of the adsorption, covalent bond, or avidin-
biotin reaction methods used to adsorb them, these fragments have to be
immobilized so that they remain active and can maintain their stability
and access to target molecules (Gavrilas et al., 2022). DNA biosensors are
used for a wide variety of applications, for example, prediction, medical
diagnostics, nutrition monitoring, and ecological monitoring owing to their
recompense which includes specificity, sensitivity, biocompatibility, and
cost-effectiveness. A number of studies have shown that DNA biosensors
are capable of detecting the presence in the environment of large amounts
of metal. A working notion is built in this example based on the inclination
of specific ions of heavy metals to build durable double helical structures
containing specified nitrogenous bases. The mercuric ions prefer to interact
with nitrogenous bases called thymine, resulting in a thermally stable T—
Hg?—T structure. Similarly, silver ions interact with two cytosines to form
C—Ag'—C base combinations, which strengthen the nucleotide strand. When
the presence of specific metal ions allows precise detection of metals using
proper transducers, thymine-rich or cytosine-rich single-stranded DNA can
form strong structures for this purpose (Naresh and Lee, 2021). Examples of
biosensors are mentioned in Table 8.1.

TABLE 8.1 Examples of Biological-based Biosensors Targeting Different Environmental
Pollutants

Substance Substrate Detection Target Type of Sensor References
(Analyte) Method
Hg*, Cu*, Urease Entanglement in River water Enzyme-based Kurbanoglu et
Cd, sol-gel matrix sensor al. (2020)
Cu** S. cerevisiae Entanglement in Water Microbial-based Vopalenska et
alginate beads biosensor al. (2015)
Okadaic Graphene Impedimetric Sea water  Antibody-based Antunes et al.
acid biosensor (2018)
Cd* Aptamer SYBR green I as Tap water. Aptamer-based Fang et al.
an indicator River water biosensor (2018)
Ostreopsis DNA Colorimetric Plankton, =~ DNA-based Ravikumar et
cf. ovata bentonite  biosensor al. (2017)

8.4 ROLE OF BIO-NANOTECHNOLOGY IN AGRICULTURE

The forecast that more than 9 billion individuals will populate the world
by 2050 is well established. This exponential growth will threaten food
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and water security, particularly in underdeveloped countries. Producing
more food requires more natural resources, water supply, land consump-
tion, and energy (Glenn et al., 2016). To fulfill this elevated food, demand
crop productivity needs to be multiplied through efficient use of modern
technology (Manjunatha et al., 2016). International agencies like the United
Nations (UN) Food and Agriculture Organizations (FAO) and the World
Bank are urging trailblazing solutions to cope with this multiplex problem.
Nano-biotechnology is a promptly emerging field that ensures sustainable
food production and assures resistance to crop pathogens (Marchiol, 2018).

Bio-nanotechnology comprises nanoparticles that are smaller than 100
nm in size. They can be manipulated at the molecular or atomic level. Its
agricultural applications are drastically being explored these days as a well-
structured strategy to promote plant growth resulting in an increase in crop
yield (Giraldo et al., 2019). The nanoscopic size of nanoparticles enables
them to make their way across biological barriers, diffusing into vascular
tissues of plants after foliar or root applications, thus opening new avenues
for nutrients and pesticide delivery. The surface chemistry and structure
of these nanoparticles can be reformed to direct them to the required plant
tissues (Lowry et al., 2019). Gainful applications of bio-nanotechnology in
agriculture are as in subsections (Figure 8.6).

FIGURE 8.6 Applications of bio-nanotechnology in agriculture.
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8.4.1 NANO-FERTILIZERS

Unsystematic use of chemical-based fertilizers in agricultural systems to
keep pace with escalating global food demand has adverse effects on the
ecosystem. A large proportion of these fertilizers added to the soil are lost and
become inaccessible to plants. To redeem the lost fertilizer, more fertilizer is
added to the soil, which disturbs the nutrient balance in the soil (El-Saadony
et al., 2021). To overcome this issue, fertilizer particles are coated on nano-
membranes that will aid slow release of nutrients. These nano-fertilizers
showed up as great alternatives to inorganic fertilizers as they permit plants
to grab the majority of nutrients without losses (Guo et al., 2018). Higher
surface areas of nano-fertilizers as compared to traditional fertilizers permit
nano-sized fertilizers to grab more nutrients which they release in accor-
dance with plant needs without any harmful consequences. Nano-fertilizers
can be supplemented to plants by either roots or foliage depending upon the
properties of the particles. These nano-sized particles act as a smart nutrient
delivery system to the plants, thus elevating crop productivity (Babu et al.,
2022).

8.4.2 NANO-PESTICIDES

Crops are attacked by a substantial number of insects and pests, which
deteriorates the quantity, quality, and commercial value of crop products.
To combat pest attacks, diverse chemicals are applied that either kill them or
hinder their reproduction or feeding habits. The overreliance on pesticides
has led to several problems such as pesticide poisoning and toxicity (Dangi
and Verma, 2021; Mushtaq et al., 2020). Nanotechnology has been employed
to protect crops from pest attacks in a more efficient way. A high surface area
to volume ratio enables nano-pesticides to get into the cell membranes of the
insects and damage them. Nano-pesticides are preferably synthesized from
Nobel metals such as silver and gold that are non-toxic to humans (Connor
et al., 2005). To attain a greener and more eco-friendly route, scientists
have begun to use plant extract containing reducing agents such as dehy-
drogenases, flavonoids, and reductases for the synthesis of nano-pesticides
(Vadlapudi and Kaladhar, 2014). Thus, nano-pesticides offer greater stability
and permeability to enhance pest control efficiently for longer durations of
time. Nano-pesticides are “magic bullets” loaded with pesticides that hit the
target site with great precision (Dangi and Verma, 2021).
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8.4.3 NANO-HERBICIDES

Weeds are hazardous for agriculture as they lessen crop yield to a substan-
tial extent (Rehman et al., 2020; Yarci et al., 2007; Yarci and Altay, 2016).
Therefore, eradication of weeds is crucial for sustainable agriculture. The
approach to control multiple species with a single herbicide is rather causing
herbicide resistance even to chemicals (Chinnamuthu and Boopathi, 2009).
Employing nano-herbicide is a promising and eco-friendly approach to
clearing out weeds in a more efficient way. Their nano-size allows them
to blend with the soil in a better way to deal with weed species that have
become herbicide-resistant over time (Yadav et al., 2015). Herbicides
available commercially are only able to deal with the above-ground part
of the weeds. None of the available herbicides can counter the growth of
underground more viable parts of the weeds like tubers or rhizomes. Nano-
herbicides being more target specific would aim for specific receptors in
the roots of target weeds. These nano-substances would make their route
through the root system to the site where glycolysis of reserved food in roots
takes place to inhibit it. Resultantly, targeted weed plants would starve to
death (Chinnamuthu and Boopathi, 2009).

8.4.4 NANO-FUNGICIDES

Synthetic fungicides remain to be the most efficient and cost-effective way
to control fungal diseases to date. This great asset of plant protection against
fungal infection is challenged by a number of constraints such as environmental
pollution, development of disease resistance, and side effects in non-target
organisms (Malandrakis et al., 2022). Due to the finite number of available
fungicides and their infinite applications on plant surfaces, pathogens have
acquired resistance against these chemical-based fungicides (Alghuthaymi
et al., 2015). In recent times, nano-biotechnology has proved its incredible
potential in combating fungal diseases both as an alternative to conventional
fungicides and/or as a partner to them. Nano-fungicides can be synthesized
by chemical, physical, or biological (by green synthesis employing micro-
organisms or plants or their metabolites) to counter plant diseases in a more
efficient way (Nayak et al., 2011). The positive charge of metal NPs adheres
to the negatively charged cell membrane of microbes because of electrostatic
attractions. This affinity between opposite charges destroys membrane integ-
rity and ultimately leads to microbe death (Malandrakis et al., 2022).
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8.4.5 FOOD PACKAGING

The elevating demand for premium food quality and enhanced awareness
of customers about healthy lifestyles opens new avenues for researchers
to refine food quality without compromising on its nutritional value. As
bio-nanotechnology incorporates biological molecules into nanostructures,
NPs are also being implemented in packaging food. Employing NPs in
food packaging offers longer shelf life of food products along with better
food quality (Primozi¢ et al., 2021). The majority of these nanomaterials
are composed of essential elements, which are non-toxic and possess high
stability at elevated pressures and temperatures (Mohamadian et al., 2019).
Nanotechnology embodies NPs into a film called “biofilm,” which enhances
the permeability of certain gases to decrease the concentration of damaging
gases. These include oxygen (O,) and CO, which negatively affect the shelf
life of food. Furthermore, these NPs also act as a barrier to intercept food
spoilage by microbes (Sonkaria et al., 2012). The most universally used
materials for food packaging are plastic polymers, which are non-biodegrad-
able thus posing a serious threat to human health. Edible coats and films of
bio-nanocomposites can be potential alternatives to plastics as packaging
materials. NPs engineered with antimicrobial particles not only prolong the
shelf life of vegetables and fruits but also improve the storage quality of
foods (Xing et al., 2019).

8.4.6 BIO-NANO-SENSORS

Conventional farming approaches damage crops due to biotic and abiotic
factors. Here more innovative technology, that is, nanobiotechnology has
been employed to overcome these shortcomings along with promising food
security (Mittal et al., 2020). Unchecked use of fertilizers, heavy metals, and
pesticides can be checked with the help of nano-sensors. The health condi-
tion of the soil and possible disease incidence could be checked regularly
with the help of emerging nanotechnology. Linking modern Information
and Communication Technologies (ICTs) with nano-sensors provides online
and novel ways to detect each component present with precision (Maryam
and Gul, 2023; Omanovi¢-Mikli¢anina and Maksimovi¢, 2016). Nanotech-
nology has enhanced the performance of biosensors specifically in the field
of agriculture. Nano-sensors have proved their potential in many fields of
agriculture such as pathogen detection, crop cultivation and harvesting, and
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soil parameters (nutrients and pH). Nanoparticles have unique thermal and
electrical characteristics, enhanced sensitivities, distinct surface chemistry,
and greater detection limits that establish them as refined innovative sensing
systems (Yao et al., 2014).

8.4.7 ABIOTIC STRESSES

Plants show a number of complex responses against abiotic stresses and
change their metabolism, physiology, and morphology accordingly (Garcia-
Caparros et al., 2020; Ozturk et al., 2019b; Shahrasbi et al., 2021). Various
strategies including genetic engineering are being implemented to add to
plant’s tolerance against abiotic stresses (Das and Das, 2019). Bio-nano-
technology being a versatile field offers solutions to combat abiotic stresses.
These stresses are major and apparent factors affecting agriculture. These
abiotic stresses include drought, salinity, heavy metal stresses, water logging,
and metals and minerals deficiency/toxicity (Ayub et al., 2021; Ghori et
al., 2019; Hameed et al., 2017; Mushtaq et al., 2020; Ozturk et al., 2019a;
Raza et al., 2019). Investigative studies on NPs proved that they are better
able to cope with abiotic stresses, as they are nano-sized, so they have high
mobility. They can be transported in all parts of plants (Tariq et al., 2021).
NPs respond to water stress by increasing roots’ hydraulic conductance and
enhanced uptake of water by plants’ roots. In addition, proteins involved
in ROS detoxification, oxidation-reduction, hormonal pathways, and stress
signaling are produced in varied concentrations (Das and Das, 2019).

8.5 ROLE OF BIO-NANO-TECHNOLOGY IN HUMAN DISEASE
MANAGEMENT

Disease management is a vast term to use that includes the whole manage-
ment including the knowledge related to the disease, diagnosis, prevention,
treatment, and improvising the life after disease, but most importantly
disease management relies on two important points that are diagnosis and
treatment. Nanotechnology has been proven technology in the management
of human diseases, especially in their diagnosis, prevention, and treatment.
The word “nano-diagnostics” refers to the application of nanotechnology’s
ideas and approaches to diagnostics. To address the demand for clinical
diagnostics, nano-diagnostics is a growing use of nano-scale technology. It
involves identifying the pathophysiology of the ailment and the organisms
that are responsible for it, as well as determining the disease status and any
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susceptibility to it. Nano-scale diagnostics made possible by nanotechnology
have sparked a trend toward the usage of readily available, marketable
handheld gadgets. Different kinds of nano-based diagnostics options such
as nano-tubes, biorobots, quantum dots, nano-biosensors, and nano-bio-
chips, and so forth. Carbon NTs, fullerene NTs, and silicon nanowires were
successfully designed for the diagnosis of oral cancer, Lung cancer, and
Stomach cancer (Shehada et al., 2015).

Nanoparticles can be classified into several types as follows; Quantum
dots emit fluorescence in response to low-energy light. These dots of various
sizes can be implanted in a microbead and agitated to produce varied colors.
Such straightforward excitation is advantageous for genotype identification,
image-guided surgery, and biological diagnostics due to its high sensitivity
and broad excitation spectrum. Diagnostics and therapies are combined with
quantum dots. Quantum dots with detectable luminescence encapsulated
in carbohydrates are useful in cancer imaging, and citrate-capped silver
nanoparticles (Citrate-AgNPs) modified graphene quantum dots (GQDs)
nano-ink can be used to detect prostate-specific antigen (PSA). Cys-AuNPs
were utilized to amplify the signal. It immobilizes PSA biotinylated anti-
bodies with a large exterior surface. First, cellulose paper (ivory sheet and
photographic paper) was directly printed with citrate-AgNPs-GQDs nano-
ink before being altered by Cys-AuNPs. Abl and PSA (antigen) completed
the immune device construction. DPVs were employed to detect PSA in
immunosensors. The calibration plot’s linear range was 0.07 to 60 ug/L, and
the first immune device’s LLOQ was 0.07 pg/L. The suggested immunoassay
successfully monitored PSA glycoprotein in unprocessed human plasma.
Findings suggest that the immunosensor can be used as a portable bio-
device to analyze human plasma PSA (Farshchi et al., 2020). Nanofibers are
ultrafine fibers, manufactured from polymer solutions and have nano-meter-
scale diameters (Islam et al., 2019). Another study developed fluorescent
molecularly imprinted conjugate polythiophenes nanofibers (FMICP NFs) to
detect cancer biomarkers serum alpha-fetoprotein (AFP) and carcinoembry-
onic antigen (CEA). Researchers sought to address enzyme-linked immune
sorbent assay (ELISA’s) complex enzyme labeling and pricey antibodies.
Borate produces enzyme-affine cavities in the device. Molecularly imprinted
polymers (MIPs) are cheaper than antibodies, stable in severe circumstances,
easy to make, and selective but they do have drawbacks. They have heter-
ogenous bindings, low potential binding sites, and inaccessible recognition
sites. These drawbacks limit their use for real sample analysis and the
analytes they can detect (Tawfik et al., 2020).
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Nanocrystals are a class of crystalline materials characterized by
size-dependent thermodynamic and electrical properties and at least one
dimension less than 1 pum. At 10 nm, nano-porous nano-crystals function
as efficient semiconductors. Protein is adsorbed when silica molecules
alter the pores (Montanarella and Kovalenko, 2022). Biochips or lab chips
are also novel and very effective tools for diagnosis. It is a simple glass
or silicon gadget that performs numerous analyses. The device specifically
interacts with cellular components like metabolites, proteins, and DNA. It
has been an effective tool in managing chronic diseases like diabetes and
kidney disorders (Wu et al., 2018). Nano-bio-robots or nano-bots are a very
advanced science intervention and are still in their early stages, but they seem
quite cost-effective and promising in terms of output. Scientists in China
developed Fluorescence magnetic spore-based micro-robots (FMSMs) to
detect the Real time Clostridium difficile toxins in patients’ stool (Zhang
et al., 2019). Different targeted drug delivery options have become feasible
with nano-bots. Nano-machines are also a type of nano-bio-robots used
for targeted therapy. Different MEMS (micro-electromechanical systems)
devices are currently available and are a major application of nanotechnology
in healthcare systems. They are being used as labs on chips, biosensors, and
also a method for targeted drug delivery. With the development of science
and advances in nanotechnology, there have been multiple hybrids and
conjugated nanotechnologies that are used as a biosensor or diagnostic tools
for different diseases. Chitosan is an especially important material, and it has
a lot of beneficial properties it is biocompatible, biodegradable, non-toxic,
and has the potential as a Nano-carriers encapsulating active compounds and
allows a controlled release procedure, chitosan has several applications. It
is used in cancer diagnostics, glucose detection sensors, wound dressings,
bone tissue engineering, histamine biosensors, and dentistry (Jafernik et al.,
2023). It was observed in diabetic rabbits, that chitosan-PEG hydrogel with
silver nanoparticles helps wounds heal faster (Masood et al., 2019).

8.5.1 ROLE OF NANOTECHNOLOGY IN CARDIOVASCULAR DISEASES

For disorders like atherosclerosis, Heart Attack methylisothiazolinone
(MI), and hypertension, exclusive micro- or nanoparticles are frequently
injected into the targeted blood vessel in an effort to avoid problems related
to conventional drug delivery, such as adverse systemic side effects. In
addition, Novel nano-drug transporters that enter the bloodstream may be
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selectively absorbed by immune system cells to modulate inflammatory
responses and migrate to plaques for therapeutic payload delivery. Indeed,
novel nanoparticle composition, formulation, and functionalization have
revolutionized the field as an approach toward therapeutic success in a wide
range of cardiovascular conditions. Different kinds of nano-technological
integrations and inclusion like implants, wearable devices, stents, nanopar-
ticles coated surfaces have made a huge mark in combating cardiovascular
diseases. Nanocomposites like PLGA and liposomes have been a very good
option for drug delivery to a specific area in blood vessels (Wang et al.,
2021; Zheng et al., 2022).

8.5.2 ROLE OF NANOTECHNOLOGY IN NEUROLOGICAL DISORDERS

Treating nervous system disorders has always been a challenge due to
the BBB. Nanotechnology is utilized according to reports Pgp-mediated
phenytoin resistance is suppressed by NPs of PBCA in rodents. Additionally,
a recent study demonstrates that andrographolide (a neuroprotective medica-
tion) is more permeable to the BBB when it is enclosed in SL NPs than when
it is free (Graverini et al., 2018). Nanoparticles lower the toxicity of drugs
and make them more biologically available in the brain. Several neurological
illnesses and infections, as well as brain tumors, have been successfully
analyzed and characterized using MI approaches (Bocan et al., 2019). Trans-
porting targetable probes across the BBB using PS-80-coated PBCA dextran
polymeric NPs has been proven to be effective in an Alzheimer’s disease
model (Ji et al., 2013). Sulfated dextran-coated IO NPs have been shown in
a recent study to enhance bio-imaging of activated microglia-induced brain
inflammation. This is accomplished through the binding of NPs to highly
expressed class A scavenger receptors (Tang et al., 2018). After binding to
integrin V3, RE-doped NPs have been found to emit short-wave infrared
light, making them useful for fluorescence imaging. Different fluorescent
NPs have proven to be efficient in bio-markers discovery for Alzheimer’s
disease that can easily distinguish Amyloid Beta plaques, inflammatory
cytokines, and Tau protein NFTs (Fernandez-Cabada and Ramos-Gomez,
2019; Sun et al., 2021; Zeng et al., 2018).

A study in mice reveals that memory deficits caused by Trypanosoma
evansi infection may be effectively treated with nerolidol-loaded NPs,
which also normalizes ROS level and regulates the activity of Na-K
ATPase and acetylcholine esterase (Baldissera et al., 2016). Researchers
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have reported that treating mice infected with Schistosoma mansoni with
Au and zinc oxide (ZnO) NPs significantly improves oxidant/antioxidant
status and neural damage via modulating several genes (Bauomi, 2020).
NP are helpful in Ischemic stroke, to lower the levels of ROS and also,
they have been implicated in amnesia. It is observed that memory deficits
in amnesia animal mode can be corrected by treated with galantamine-
loaded thiolate CSNPs (Singh and Mishra, 2019). Multiple Sclerosis is a
disease with currently no available effective cure, the glucocorticoid NPs
have shown therapeutic effects in MS (Montes-Cobos et al., 2017) also
in a mouse model of multiple sclerosis, chondroitinase ABC 1 encapsu-
lated in porous silicon NPs reduces the neuronal damage and promotes
remyelination (Rezaei et al., 2020). Recent research studies demonstrate
the expressions of TNF-, cooxygenase-2/inducible nitric oxide synthase,
and intercellular adhesive molecule one are considerably suppressed in
migraine patients treated with omega-3 fatty acids and curcumin NPs,
leading to a considerable reduction in inflammation (Abdolahi et al.,
2018).

8.5.3 ROLE OF NANOTECHNOLOGY IN CANCER

Utilizing nanotechnology to perform molecular tests for the diagnosis of
cancer is made possible through the utilization of minuscule substances
such as gold nanoparticles, quantum dots, and other nanomaterials. The
detection of cancer-associated biomarkers has been simplified owing to
advances in assisted molecular diagnostics. In particular, despite its tiny
size, a nano-biosensor is capable of rapidly detecting a high number of
protein biomarkers (Tran et al., 2017). Many cancer therapies and screening
methods concentrate on reducing the rate at which cancer cells proliferate.
Early and precise cancer detection is essential for successful therapy, and
Positron Emission Tomography (PET), Computed Tomography (CT), and
Magnetic Resonance Imaging (MRI) are often utilized in recent examina-
tions and tests (Kim et al., 2010). It has become extremely challenging for
researchers to transform findings from studies into effective treatments and
favorable results for patients since current approaches are too limited in
scope to give comprehensive clinical information on all the different types
and stages of tumors (Akhter et al., 2013; Wang et al., 2010). Most current
anticancer medications do not distinguish between cancerous and healthy
cells, they are physiologically toxic and have undesirable side effects. In
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addition, a key issue with cancer is that it is often not detected until it has
spread throughout the body (a stage known as “metastatic”’) (Chaturvedi et
al., 2019). Various research findings are under consideration for the diag-
nosis of cancer with the help of nano-technology which includes building
a detector that is capable of screening for cancer while wearing it on your
wrist (Nie et al., 2007), lanthanide-derived up conversion nanoparticles
have the capability to convert low-energy photons into high-energy photons,
thereby enabling the detection of tissue depth through auto-fluorescence
(Gu et al., 2013). Fluorescence nano-probes that exhibit pH responsiveness
have the capability to identify the presence of fibroblast activation protein-
a on the membranes of tumor-associated fibroblasts (Ji et al., 2013). To
conduct tissue biopsies and detect instances of pancreatic cancer as well
as cervical cancer, the gold nanoparticles may also be used in conjunction
with antibodies. In addition to this, photoacoustic tomography is another
application for gold nanoparticles. Because of this, gold nanoparticles are
considered to be a viable option-based diagnostic agent for various malig-
nancies (Purohit and Singh, 2018). Cancer cells can be specifically targeted
by liposomes, which degrade quickly, are compatible with human cells,
and are far more robust in colloidal solutions (Akbarzadeh et al., 2013;
Zhang et al., 2008). To evaluate the efficacy and safety of drug delivery,
using anti-cancer drugs and free drug administration, researchers found
that liposomes have minimal toxicity at the site of malignancies versus
placebo or free medications (Allen and Cullis, 2013; Sutradhar and Amin,
2014). Doxil (Liposomal Doxorubicin), the first FDA-approved nano-
drug, treats AIDS patients’ Kaposi’s sarcoma with PEGylated liposomal
formulation (Singh, 2018). Merrimack, a pharmaceutical corporation, has
developed a liposomal sphere that encapsulates the drug irinotecan. The
pharmaceutical agent under consideration is MM-398. This demonstrates
promise in the management of chemotherapy-resistant cancers, such as
lung, pancreatic, colorectal, and glioma malignancies (Ko et al., 2013; Roy
et al., 2013; Saif, 2014).

8.5.4 ROLE OF NANOTECHNOLOGY IN GENETIC AND METABOLIC
DISORDERS

Genetic disorders are sought to be cured through Gene therapy and there
have been several research that use gene therapy to cure diseases caused
by genetic aberrations, Nucleic Acid Drugs are one of the treatment options



Recent Advances in the Use of Bionanotechnology for Bioremediation 205

promising in hereditary retinopathy and other genetic defects. The method
of treating hereditary retinopathy with Nucleic Acid Drugs (NAD) for gene
interference is among the most promising in the field of ophthalmology.
However, there have been a number of problems with their administration,
bioavailability, and usefulness. The problems mentioned earlier can be
addressed in one of two ways: either by enhancing the long-term stability
of NADs or by choosing more appropriate carriers for NAD distribution.
The development of nanotechnology has helped accelerate the adoption
of both strategies. Liposomes, nano-capsules, Nano-micelles, dendrimers,
nanoparticles, nanoparticles hydrogels, and nano-emulsions are just some
of the conventional nano-carriers synthesized by nanotechnology that are
widely reported to improve delivery efficiency (Sanchez-Lopez et al., 2017).
Second, new technologies like DNA origami have opened up more potential
domains of use for gene therapy (Zhan et al., 2023). The role of mi RNAs in
disease diagnosis has been well researched and seems to be promising but
there is still no diagnostic test available to detect mi RNAs, nanotechnology
allows the development of commercial diagnostic tools for mi RNA (Devaraj
and Loganathan, 2023).

Synthetic and natural nanoparticles regulate osteoclast differentia-
tion, activity, apoptosis, and osteoblast crosstalk. Synthetic nanoparticles
pack antiresorptive medicines or osteoclast gene regulatory molecules.
Targeting osteoclast membranes or bone extracellular matrix improves
control. Extracellular vesicles, or natural nanoparticles, also help bone
homeostasis. Nanoparticle-controlled osteoclast activity may contribute
to osteoporosis treatment (Rouco et al., 2023). Nano-biosensors, nanopar-
ticle-based treatments have been successfully used in diabetes and other
metabolic and genetic disorders, new research has shown a promising
future for nano-medicine, according to research a riboswitch is designed
for the treatment of metabolic disorders, Virus-like particles as Nano-
carriers were designed and it was demonstrated that VLPs can serve as an
exceptional barrier against nuclease-mediated degradation. For inherited
metabolic abnormalities, it may be employed as a possible disease-
modifying medication. The functioning riboswitch can bind metabolites
individually and selectively, stopping the process of their self-assembly
and its consequences (Zilberzwige-Tal et al., 2022). Nanotechnology has
transformed healthcare since its debut, improving results, and has created
the next generation of nanostructures. Nanotechnology has become
ubiquitous in the previous two decades, aided by considerable health-
care research. Nanomedicine uses nanotechnology and nano-carriers/
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nano-systems to prevent, diagnose, and cure illness. Theranostic nano-
systems outperform conventional ones. Gene therapy, targeted medicine
delivery, and cancer and genetic disease treatment use nanotechnology.
Nano-technology’s potential is untapped. To change healthcare, further
efforts must be made to overcome these restrictions and maximize its
potential (Anjum et al., 2021).

8.6 CONCLUSION

In the modern era, bio-nanotechnologies are revolutionizing day by day
and their novel approaches are being discovered at an amazingly fast
speed. Nanotechnology plays an important role in reducing environmental
pollutants such as removing air pollutants, soil remediation, and wastewater
treatment, by monitoring environmental pollutants with biosensors and they
also play a major role in agriculture and health management systems. Nano-
technology techniques are used as the nanomaterials have a large surface
area in comparison to size, so they require less activation energy and have
high reactivity. Further, these nano-technology techniques are available
easily, cost-effective, increased efficiency, have less environmental impact,
and for sustainable in environment. However, new research is still being
conducted on nano-technology methods for the benefit of living organisms
and human humankind.
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ABSTRACT

Endophytes play a pivotal role in influencing the fitness of the host plant.
This interaction, scaffolds for the synthesis of novel and commercially valu-
able secondary metabolites having a plethora of applications. An increase
in the synthesis of therapeutically important metabolites mediated by plant-
endophyte interaction could be an economical and sustainable approach.
Nevertheless, the inclusive plant-endophyte interaction remains unclear. Of
late, Omics studies encompassing transcriptional/genomics, translational/
proteomics, and metabolomics studies have emerged as promising tools
in unraveling the role of endophytes in secondary metabolite synthesis in
medicinal plants. The present chapter provides comprehensive insights
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into the application of various Omics tools in ascertaining the influence of
endophytic microorganisms on secondary metabolite synthesis in various
medicinal plants, the scientific gaps, and future prospects within this field to
the scientific community.

9.1 INTRODUCTION

Endophytes are a diverse group of microorganisms such as bacteria, fungi,
algae, and actinomycetes that reside asymptomatically in healthy plant
tissues (Yadav and Meena, 2021). The word “Endophyte” is derived from
the two Greek words-endon = within and phyte = plant). In the year 1866,
it was first coined by De Bary. Endophytes are in a mutualistic relationship
without causing any apparent damage to their host plants. According to their
colonizing behaviors, endophytes are classified into facultative and obligate
categories. Endophytes that colonize the plants at certain stages of their life
cycles are known as facultative endophytes. Whereas, obligate types live
inside the plants throughout their life. Endophyte communities differ in
number, species, composition, host, and tissue. In plant-endophyte relation-
ships, the former protects, and provides shelter and nutrients, whereas the
latter is considered the powerhouse of an array of novel natural/bioactive
compounds (Schouten, 2019). These bioactive compounds provide plethora
of benefits to plant communities such as tolerance to biotic and abiotic stress,
increase in biomass (Wu et al., 2021), promotion of plant fitness (Caruso
et al., 2020), biological control agents (Exzra et al., 2009), disease resis-
tance (Rao et al., 2020), nutrient uptake (Yadav and Meena, 2021), promote
hormonal secretion (Soni et al., 2021), and seed germination (Yang et al.,
2018) and carves the way to their life. They are packed with a myriad of
secondary metabolites that include terpenoids (Jayaram et al., 2021), alka-
loids (Venieraki et al., 2017), flavonoids (Rai et al., 2021), steroids (Adeleke
et al., 2021), phenyl propanoids (Caruso et al., 2020), quinines (Singh et
al., 2021), indole derivatives (Rai et al., 2021), amides (Srinivas et al.,
2015), isocoumarin derivatives (Rao et al., 2020). Synthesis of extracellular
enzymes such as pectinases, asparaginases, amylases, and cellulases has also
been explored for their widespread agricultural, industrial, and biotechno-
logical applications. The present chapter provides comprehensive insights
into the application of various Omics tools in ascertaining the influence of
endophytic microorganisms on secondary metabolite synthesis in various
medicinal plants, the scientific gaps, and future prospects within this field to
the scientific community.
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9.2 PLANT-ENDOPHYTES INTERACTION

The endophytic consortium has the ability to synthesize the same or similar
kinds of natural/bioactive compounds as their host. The crosstalk between
the endophytes and the medicinal plant’s results in the synthesis of value-
added secondary metabolites has attracted researchers globally (Kusari et
al., 2012). Interactions between the endophytic microfloras with the host
plants vary from microbe to microbe and host to host. Nevertheless, our
understanding of this relationship remains unclear. Research works on
plant-endophyte mutualism have been focused on conventional approaches.
Therefore, uncovering the relationships of the plant and endophytes for the
production of value-added products can be achieved through the solicitation
of modern biological tools (Firakova et al., 2007). Furthermore, the identi-
fication and characterization of genes intricated in such beneficial interac-
tions through the amalgamation of omics tools opens up a new avenue for
research. Solicitation of omics tools such as genomics, transcriptomics, and
proteomics aids in uncovering the influence of endophytic consortium on
the plant genes and proteins for value-added secondary metabolite synthesis
(Figure 9.1).

FIGURE 9.1 Benefits of endophytic consortia on medicinal plants.



220 Agricultural Biotechnology

9.3 APPLICATION OF OMICS TOOLS

Advancements in analytical technology have opened up a new avenue in the
field of molecular biology and genomics (Yadav and Meena, 2021). Genomic
studies provide insight into the nature of genes. However, functional expres-
sion of modulation of genes and abundance of ribonucleic acid (RNA) tran-
scripts under various environmental conditions can be ascertained through
transcriptome analysis (Joyce et al., 2006). One of the earliest transcriptomic
studies was the upregulation of genes involved in the pyrimidine metabo-
lism of Epulorhiza sp., isolated from the roots of an orchid, Anoectochilus
roxburghii (Li et al., 2012).

Proteomics study deals with the study of functional gene expression
products. The proteomic study can be annotated well with genomic informa-
tion. Further, complementary data generated from the metagenomic study
could help us to understand the distribution of endophytic microfiora. All the
above techniques are inter-connected, and thus the combinatorial approach
pays the path to unravel the complexities involved in the plant-endophyte
relationship. The application of “Omics” tools helps us to discover the genes,
transcripts, and proteins from an array of endophytes and provides a scope
to understand their influence on the modulation of genes, responsible for
secondary metabolite production in various medicinal plants (Figure 9.2).

9.3.1 APPLICATION OF GENOMICS STUDY

Pandey et al. (2016) reported that endophytes isolated from the leaves,
roots, capsules, and seeds of the Papaver somniferum were inoculated to
the P somniferum seeds, free from endophytes. Gene expression studies
indicated that a capsule endophyte, SM1B (A4cinetobacter), upregulated the
expression of the key genes for the Benzylisoquinoline alkaloid biosynthesis
and had no effect on the baine 6-O-demethylase (T60ODM) and codeine
O-demethylase (CODM) gene expression. Whereas, capsule endophyte
SM3B (Marmoricola sp.), upregulated the expression of T6ODM and
CODM, respectively. Overall, the results demonstrate the specific role of
endophytes in the modulation of host plant productivity and BIA production
(Pandey et al., 2016).

Singh et al. (2019) reported that selected endophytic fungi such as
Curvularia sp. and Choanephora infundibulifera isolated from C. roseus
cultivar Dhawal increased serpentine content by 211.7-337.6%, while
Aspergillus japonicus and Pseudomonas sp. enhanced zajmalicine content by
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FIGURE 9.2 Application of “omics” tools.

123.4-203.8% in cultivar Prabal by modulating the expression of Geraniol
10-hydroxylase, tryptophan decarboxylase (TDC) and strictosidine synthase
and regulatory genes involved in terpenoid indole alkaloid biosynthetic
pathway in the root. Endophytic Actinobacterium and Pseudonocardia strain
YIM63111 upregulated cytochrome P450 monooxygenase and cytochrome
P450 oxidoreductase genes, thus resulting in an increase in Artemisinin
content in Artemisia annua (Li et al., 2012). Polysaccharide fraction, a potent
elicitor of root endophyte Trichoderma atroviride D16 upregulated tran-
scriptional activity of gene involved in tanshinones biosynthetic pathway for
synthesis of tanshinones in the hairy root of Salvia miltiorrhiza (Ming et al.,
2013). In another study, fungal endophytes such as Curvularia sp. CATDLF5
and Choanephora infundibulifera CATDLF6 induced vindoline production
in C. roseus by upregulating the expression of transcriptional activator and
terpenoid indole alkaloid pathway genes such as geranoil-10 hydroxylase,
TDC, strictosidine synthase, 16-hydroxytabersonine-O-methyltransferase,
desacetoxyvindoline-4-hydroxylase, deacetylvindoline-4-O-acetyltrans-
ferase. Further, it downregulated the expression of Cys2/His2-type zinc
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finger protein family transcriptional repressors genes (Pandey et al., 2016).
Selected endophytes (WPL16, WPL17, and WPS23) were inoculated in W.
somnifera plants to study the gene expression for withanolide biosynthesis.
Results indicated that gene expression of FPPS, SMT, ODM, SOS, SE, DXS,
DXR, CPRI CAS, HMGR, SGT, and CPR2 was upregulated in the leaves as
well as in the roots of in-vitro-grown normal and composite plants. However,
inoculated plants expressed the genes for CAS, SMT, HMGR, SGT, DXS,
DXR, CPRI, and CPR?2 in the leaves compared to the control plants. Never-
theless, upregulation of SOS, SE, FPPS, and ODM genes was observed in the
plants inoculated with WPL17 and WPS23 endophytic consortium (Pandey
etal., 2013).

Inoculation of SM3B (Marmoricola sp.) has the ability to upregulate the
T60ODM and CODM genes. On the other hand, SM1B (Acinetobacter) endo-
phyte upregulates the expressions of most of the genes of the BIAs pathway
except T6OODM and CODM. Conversely, co-inoculation (SM3B and SM1B)
resulted in the upregulation of genes for the synthesis of morphine (TYDC,
NCS, 60MT, CNMT, NMCH, SalSyn, SalR, SalAT, COR) than that of
single-inoculations. Co-inoculation increased the synthesis of morphine
(22.50%), papaverine (36%), and noscapine (54%) content than the single
inoculation and endophyte-free control plants, respectively. Further, the
workers observed that co-inoculation improved transpiration rate, stomatal
conductance, photosynthetic pigments, and photosynthetic rate. It also
increased biomass (73.3%), capsule weight (66%), and seed yield (79%)
more than single-inoculation (Ray et al., 2019). Inoculation of endophytic
fungi, Gilmaniella sp. AL12 in Atractylodes lancea, induced high HMGR
gene expression. This resulted in an increase in jasmonic acid (JA) and vola-
tile oil accumulation (Ren et al., 2012). When compared to non-endophyte
treated control plants, inoculation of endophytic bacteria such as Bacillus
amyloliquefaciens and Pseudomonas fluorescens either in single or in combi-
nation to Withania somnifera improved the tolerance/resistance against, a
leaf spot disease fungus Alternaria alternata. High expression levels of plant
defense-related genes such as lignin-forming anionic peroxidase (39.9 fold),
PR-3 a class IV chitinase (18.70 fold), PR-3, a class II chitinase (16.22 fold),
PR-12 defensin (14.64 fold), hevein-like protein (13.1 fold), lipoxygenase
(10.9 fold), B-1,3-glucanase (10.4 fold) and PR-1 (7.23 fold) was observed
in combination-treated plants. Contrastingly, in pathogen-infected control
plants, as the disease progressed, a gradual decrease in the expression of
plant defense-related genes was noted (Mishra et al., 2018a). In a similar
study, the application of endophytic bacteria namely B amyloliquefaciens



Endophytes-Mediated Secondary Metabolites Synthesis in Plants 223

(MPE20) and P. fluorescens (MPE115) individually or in combination with
W. somnifera, challenged under biotic stress caused by a leaf spot disease
fungus, Alternaria alternata significantly modulated withanolide biosyn-
thetic pathway. The endophytic bacterial consortia upregulated the gene
expression of 3-hydroxy-3-methylglutaryl co-enzyme A reductase, 1-deoxy-
D-xylulose-5-phosphate reductase, farnesyl diphosphate synthase, squalene
synthase, cytochrome p450, sterol desaturase, sterol A-7 reductase and sterol
glycosyl transferases genes. Further, it also induced withaferin A (1.52—-1.96
fold), withanolide A (3.32-5.96 fold), and withanolide B (12.49-21.47 fold)
synthesis (Mishra et al., 2018b).

Under field conditions, inoculation of native endophytic fungi such as
Aspergillus terreus strain 2aWF, Penicillium oxalicum strain 5aWF, and
Sarocladium kiliense strain 10aWF to four weeks old W somnifera plant,
induced the accumulation of withanolide A content (97 to 100%) in leaves.
However, an increase in withanolide A content (52%—65%) was observed
in the roots treated with 5aWF and 10aWF, respectively. Compared to
control plants, a significant increase in the expression levels of withano-
lide biosynthetic pathway genes such as HMGR, DXR, FPPS, SOS, SQE,
CAS, SMT1, STEI, CYP710A41, and host-resistant related gene, NPR1was
observed (Kushwaha et al., 2019). In another study, treatment for 24 hours
with mycelial extract (1% w/v) and culture filtrate (5% v/v) obtained from
native endophytic 4. ferreus 2aWF in the root cell suspension cultures of W.
somnifera significantly enhanced the withanolide A (10.29 pg/g FCB and
12.20 pg/g FCB). Withanolide biosynthetic pathway genes such as HMGR,
DXS, DXR, FPPS, SQS, SQE, and CAS genes were upregulated on treatment
with 3% cell homogenate and culture filtrate in W. somnifera suspension
culture or callus treatment compared to control cell suspension culture
(Kushwaha et al., 2019). When compared to the control plants, maximum
production of withaferin A was achieved in callus and cell suspension
cultures of W. somnifera with cell homogenate (3%), culture filtrate (3%),
and fungal disc of endophytic fungus Piriformospora indica. The expression
of genes for withanolides synthesis such as hmgr, fpps, ss, se, cas, dxs, and
dxr was increased (Ahlawat et al., 2016).

Kushwaha et al. (2019) studied the effect of co-inoculation of native
fungal endophytes such as A. terreus (2aWF), P. oxalicum (5aWF), and S.
kiliense (10aWF) along with the biocontrol agent, Trichoderma viride (TV)
on the synthesis of Withaferin A in W. somnifera. Results indicated that,
compared to the control plants, shoot (65-150%), root weight (35—75%),
and plant height (15-35%) was increased. In the leaves of TV-treated plants,
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withanolide A content was significantly increased by 260%. Whereas, in the
co-inoculation treatments, withanolide A production was enhanced up to
109-242% in leaves and 19-73% in the roots, respectively. Furthermore, a
significant increase in withaferin A content (27%) was noticed in the leaves of
co-inoculation. However, no effect on withanolide A and withaferin A produc-
tion was observed in the roots treated with Trichoderma viride. Compared to
the control plants, co-inoculation treatments in roots and leaves upregulated
the gene expression of HMGR, DXR, FPPS, SOS, SQE, CAS, SMTI, STEI,
and CYP710A41. In addition, upregulation of the expression of host-resistant-
related gene NPR1 by 9 and 3—7 times in TV and co-inoculation treatment,
respectively. Overall, these results suggest that co-inoculation of TV along
with native endophytes of W. somnifera promoted withanolide and withaferin
A production in the leaves and roots of W. somnifera (Kushwaha et al., 2019).

In another study, Mastan et al. (2019) reported the influence of innate
bacterial endophyte, Alcaligenes faecalis (CFRB1) on forskolin synthesis in
Coleus forskohlii. Inoculation of Alcaligenes faecalis CFRB1 to C. forskohlii,
under field conditions, markedly upregulated the forskolin biosynthesis genes
such as CfTPS1, CfTPS2, CfTPS3, CfTPS4, acyltransferase (CfACT1-8),
diterpene synthases (CfTPSs) and cytochrome P450 (CfCYP76AHI15)
compared to the control plants. In addition, the inoculated plants also
displayed/exhibited/showed reduced severity towards root-rot and nematode
infection (78 and 81%, respectively). In a similar study, compared to the
control plants, treatment of root endophyte Fusarium redolens (RF1), shoot
endophytes namely, Phialemoniopsis cornearis (SF1) and Macrophomina
pseudophaseolina (SF2) induced forskolin content in C. forskohlii by 52 to
88% in pot and 60 to 84% under field conditions. Endophyte-treated plants
led to high expression of diterpene synthases (CfTPSs) like CfTPS1 (2.5 fold
with RF1 and SF2 treated plants), CfTPS2 (three- to seven-fold with RF1,
SF1, and SF2 treated plants), CfTPS3 (two- to seven-fold with RF1, SF1
and SF2 treated plants) and CfTPS4 (2.0 to 11.8-fold with RF1, SF1 and
SF2 treated plants). Treatment with SF2 resulted in a significant increase in
the expression of key diterpene synthases (CfTPS2 gene) in the root cork
of C. forskohlii. Furthermore, endophyte treatments conferred antagonistic
activity against nematode galls (80%) and plant pathogens like Fusarium
oxysporum, Colletotricum gloeosporioides, and Sclerotium rolfsii (Mastan
et al., 2019). An oleaginous fungal endophyte, Mortierella alpina CS10E4,
isolated from Crocus sativus L. stimulated apocarotenoid biosynthesis genes
such as phytoene synthase (4.5 fold), beta carotene hydroxylase (5 fold), two
isoforms of carotenoid cleavage dioxygenase genes CsCCDZ2 and CsCCD4
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(4 and 2.4 fold, respectively). Stimulation of these genes enhanced apocarot-
enoids production such as crocin and safranal by two- and four-fold compared
to the control plants, respectively. In addition, the treated plants also reduced
corm rot disease, caused by Fusarium oxysporum by 53% (Wani et al., 2017).

Treatment with native endophytic fungi such as CATDLFS (Curvularia
sp.) and CATDLF6 (Choanephora infundibulifera) favored serpentine
production by 212-338%, while CATDRF2 (Aspergillus japonicus) and
CATDSS5 (Pseudomonas sp.) enhanced ajmalicine content by 123-204% in
alkaloid rich-genotype of C. roseus cultivar Dhawal, respectively. Further,
it also induced the expression of terpenoid indole alkaloid structural and
regulatory genes in the root. High expression of structural and regulatory
genes for terpenoid indole alkaloid synthesis such as geraniol 10-hydroxy-
lase, TDC, and strictosidine synthase was observed in the roots. Further,
upregulation of Octadecanoid-derivative responsive Catharanthus AP2/
ERF domain transcription activators like ORCA3 and downregulation of
transcriptional repressor, ZCTs (Cys2/His2-type zinc finger protein family)
upregulated the expression of genes for secondary metabolite production in
endophyte inoculated plants (Singh et al., 2020). In a similar study, under
field conditions, treatment with innate endophytes Fusarium redolens (RF1),
Phialemoniopsis cornearis (SF1), Macrophomina pseudophaseolina (SF2),
and Trichoderma viride (TV1) enhanced the forskolin content by 37, 50,
44, and 27%, respectively, over control plants. However, co-inoculation of
endophytes RF1 + TV1, SF1 + TV1, and SF2 + TV1 significantly increased
the forskolin content by 94, 82, and 75% in C. forskohlii roots compared to
uninoculated control plants. Overall, these results suggest that, co-inoculation
of endophytes induced forskolin content (Mastan et al., 2021).

9.3.2 APPLICATION OF PROTEOMICS AND METABOLOMICS STUDY

Treatment with polysaccharide fraction of endophytic fungus 7. atroviride
enhanced tanshinones accumulation in S. miltiorrhiza hairy roots by peroxide
reaction, protein phosphorylation, Ca?* triggering, and JA signal transduc-
tion, leading to an increase in leucine-rich repeat (LRR) protein synthesis
(Maggini et al., 2019). Interaction of a consortium of native endophytic
bacteria augmented higher alkamide levels in Echinacea purpurea. The
proteomic study indicated that, the enzymatic source for the amine moiety
synthesis of the alkamides that is, branched-chain amino acids (BCCA)
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decarboxylase gene (GenBank Accession #LT593930) was upregulated in
the E. purpurea tissues than in the control ones (Tshikhudo et al., 2019).

9.4 CONCLUSION

Synthesis of tailor-made secondary metabolites in medicinal plants using
endophytic consortia incites the development of new scientific approaches.
This could prime the propagation of medicinal plants for their value-added
metabolites to a new era for natural drug discovery. Of late, studies on the
effect of endophytic microflora eliciting secondary metabolite production are
well established. However, the influence of endophytic microorganisms on
the modulation of gene and protein expression under different environmental
conditions in medicinal plants is in still under infancy stage. Therefore,
profound knowledge of crosstalk between the plant-endophyte interactions
is inevitable to comprehend the pivotal role of endophytes for plant welfare
through the means of employing “Omics study.” The complementary
information obtained through the “Omics” studies is critical in framing the
models for a better understanding of the influence of endophyte microflora
on the modulation of gene and protein expression, thus leading to enhanced
secondary metabolite synthesis in medicinal plants. The scope for exploita-
tion of these tools, especially in the field of natural product discovery is
highly warranted.

Data generated via “Omics tools” provides us a trivial insight into
information regarding the plant-endophyte interaction. Growing lines
of evidence suggest that the interaction is well studied using genomics
studies only. Therefore, there lies a huge scientific gap in understanding
and elucidating this relationship using other “Omics tools” such as tran-
scriptomics, proteomics metagenomics, and so forth. Genomic studies
introduce the hidden information in a microenvironment in the form of
molecular machinery. Nevertheless, the gene expression and its function
remain unclear, whereas, genome expression under the influence of different
environmental conditions can be understood through transcriptome studies.
On the other hand, proteomic studies provide insight into functional gene
products expressed in plant-endophyte interactions. Further, supplementing
the metagenomics study would provide complete information on the influ-
ence of endophytic consortia on medicinal plants. Henceforth, all these tools
must be integrated with other systemic approaches such as system biology,
to unravel the several myriads of myths related to signaling mechanisms.
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Thus, combined data analysis using various “Omics” tools could uncover the
riddle of crosstalk between the plant endophyte relationships.
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ABSTRACT

The presence of nanoparticles in nature is not recent since they naturally
exist in great diversity from those produced by human activity to those of
natural origin. This chapter discusses the use of nano-technology-based
sensors for the detection of environmental pollution. The chapter focuses
on the use of nano-biosensors, which combine nanotechnology with
biological components, as promising tools for the detection and monitoring
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of environmental pollutants. The chapter highlights the dependence between
nanoparticle synthesis and application design, as well as the importance of
considering environmental considerations in the generation of nanoparticles.
The use of nanotechnology is seen as a possible solution to problems that
have influenced humanity for centuries, such as pollution, and the rise of
the internet is intended to contribute to a model of analysis and follow-up of
contaminant particles in an effective and reliable way.

10.1 INTRODUCTION

Nanoparticles, the particles that make up matter can be classified by their
size. Coarse particles cover a range between 10,000 and 2500 nm and, fine
between 2500 and 100 nm. Until the 70s, they were called ultrafine particles
those between 1 and 100 nm. Later they designated the prefix nano- (from
the Greek “nanos” which means “dwarf”) and expressed the billionth part of
the unit. Therefore, a nanomaterial is defined as one that possesses certain
structural characteristics, of which at least one of its dimensions is in the
range of 1-100 nm. Thus, nanotechnology is the research area that studies,
designs and manufactures materials at the nanoscale with various applica-
tions (Kajitvichyanukul et al., 2022; Ozturk et al., 2023a).

Nanotechnology is an area of extensive development in recent years, due
to its applications and scope. In addition, the unique properties of nanomate-
rials (nanoparticles, nanocrystals, metal colloids, nano-rods, dendrimers, and
nano-capsules) receive particular attention for their possible use in pharma-
ceuticals, bioengineering, remediation of water and contaminated soil. The
presence of nanoparticles in nature is not recent since they naturally exist in
great diversity from those produced by human activity to those of natural
origin. They first arise under synthesis or accidentally, that is, as a product
of industrial activities, burning of fuels or daily activities, and secondary
products of mining and metallurgical activity (Ozturk et al., 2023a, b). Those
natural nanoparticles result from environmental factors, such as emissions
of gases, aerosols, particles from volcanoes, and weathering of rocks such
as allophane, ferrihydrite, goethite, magnetite, and anthracite. There are
two types of materials synthesis methods including that of synthesis under
the control of the “bottom-up” approach and the miniaturization of the
“top-down” approach. The first, goal is to synthesize nanoparticles by the
deposition and growth of crystals from solutions in the liquid or vapor phase,
such as the methods of sol-gel and aerosol pyrolysis, or through precipitation
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processes. With the top-down method, the nanoparticles are obtained through
miniaturization processes, applying different techniques, such as mechanical
grinding or thermal decomposition (Yadav, 2021).

Various studies emphasize the dependence between nanoparticle synthesis
and application design. This is because the interaction and stability of the
materials that make up the nanoparticle can be decisive in the beneficial
or detrimental effect of the treatment with nanoparticles. In recent years,
the application of innovative technology for eco-friendly approaches has
been aimed at satisfying needs including contaminant attenuation, organic
molecule sensors, and heavy metal detection, among others. Likewise, nano-
technology can provide strategies for saving in the consumption of fertilizers
in the soil, reduction of losses due to physical and chemical decomposition
of these inputs, attenuation of the effect of environmental contaminants in
water and soil, and even alternatives to increase carbon sequestration in the
floor. Numerous publications propose nano-technological systems for the
control of contaminants and recalcitrant molecules in aqueous matrices and
soils (Acharya and Pal, 2020).

The detection of environmental pollutants is of great importance, as it
allows for the effective management of potential hazards that could nega-
tively impact human health and the environment. Nano-biosensors, which
combine nanotechnology with biological components, have been extensively
studied and developed as promising tools for the detection and monitoring
of environmental pollutants. In recent years there have begun to hear about
nano-technoscience (nano-technology and nano-science), as a possible solu-
tion to problems that have influenced for decades and centuries to humanity
originated even from the great revolution from the 18" century to our
days; affecting our health, environment, and habitat as the so-called global
warming, caused largely by pollution that humans generate as garbage, waste
toxic, smoke caused by means of transportation and factories, among others
(Svendsen et al., 2020). With the use of nano-technology, technologies of
information and communications (ICT), and the rise of the internet, it is
intended to contribute to a model of analysis and follow-up of contaminant
particles in an effective way and reliable to able to create mechanisms that
help reduce environmental pollution, considering that there are current
systems that do it but oriented to microsensors.

Nanotechnology is a generic and evolving term that encompasses the
development of many products and processes, with the common feature of
the nano-meter scale (1 to 100 nm). For a particle to belong to this scale,
it must have nano-metric dimensions in more than one of its dimensions.
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Usually, nanoparticles have nano-metric dimensions in their three dimen-
sions, while the terms “nano-structured material” and “nanomaterial” are
more general and apply to materials whose manufacture, or whose dimen-
sions are controlled at the nano-metric level (Usman et al., 2020). There are
three types of nanoparticles: natural ones, such as those produced in volcanic
eruptions; incidental ones, such as engine combustion emissions; and manu-
factured ones, generated on purpose with a purpose. There are two reasons
why environmental considerations are critical in the generation of nanopar-
ticles. One is the fact that it is a nascent technology that has not done any
damage yet. In recent decades, ecological awareness has developed in terms
of the effects that different materials can have on ecosystems, which can
be seen in the regulations that have emerged regarding their use. Likewise,
the techniques associated with the generation and use of nanoparticles have
been recently developed, which provides a unique opportunity to control the
development of this technology from its inception (Qian et al., 2020).

Secondly, there is a lack of data regarding the possible effects that
nanoparticles have on organisms and the environment, should they be
released. For example, it has been estimated that in 2010 between 260,000
and 390,000 tons of nano-structured materials were released, which ended
up in landfills (63-91%), soils (8—28%), bodies of water (0.4—7%) and in the
atmosphere (0.1-1.5%). Little is known about how they behave in different
environments and the effects they have on living things (Vazquez-Nuifiez et
al., 2020). Since nanoparticles are produced with relatively new techniques,
there is no specific regulation on them. In this regard, nano-ethics is an area
of ethics that studies nanotechnology and its products and whose purpose is
to serve as a guide to develop training, prohibition, and restriction regulations
regarding the use of nanomaterials. In this chapter, the focus will be on the
role of enzymes in coping with pollution via nanotechnology, particularly in
the development of nano-biosensors. The advantages of using enzymes, the
limitations and difficulties faced in this field, as well as the prospects of these
sensors are also discussed.

10.2 USE OF NANO-TECHNOLOGY FOR SOIL REMEDIATION

Dutta et al. (2022) added nanoparticles of gold and silver on the soil surface
and stabilized phenanthrene which is a carcinogenic polycyclic aromatic
hydrocarbon. They suggested that the binding of phenanthrene to metallic
nanoparticles is the result of the absorption phenomenon. This mechanism
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originates due to the properties of the nucleus and the concentration of
reagents in the nanoparticles, evidencing the influence of nanoparticles on
transport, bioavailability, and toxic properties of contaminants in the soil.
Kumar and Sundramoorthy (2019) propose that single-walled carbon
nanotubes (single-walled carbon nanotubes (SWCNTs)) have the potential
to reduce the mobility and bioavailability of herbicides in soil for agricul-
tural use. It is due to the capacity of SWCNTs as adsorbents of organic
compounds, particularly diuron, and norflurazon, contaminating herbicides
in agricultural soils. Based on the correlation results of the surface area of
the SWCNTs and the concentration of hydrogen/carbon/oxygen present in
its structure, the authors concluded that SWCNTs are capable of adsorbing
diuron and norflurazon under the influence of carboxylic functional groups
present on the surface of SWCNTs. Despite the promising results of this
study, it is necessary to evaluate the risk and possible adverse effects of the
application of a large amount of SWCNT in soils with these contaminants.

An alternative to control soil lead contamination, coming from urban
areas, is the application of stable apatite nanoparticles Ca, (PO,). After 30
days of application, the concentration of Pb (II) leachates in soil with apatite
nanoparticle treatment decreased in contrast to the concentration in untreated
soil. This was demonstrated by the decrease of the tclp (toxicity characteristic
leaching procedure) index in soils contaminated with Pb (II) post-apatite
nanoparticle treatment (Kumar et al., 2019). Laboratory tests showed that
the nanoparticles could effectively decrease up to 66% of the tclp fraction
in soil contaminated with Pb. A new class of stable iron-manganese binary
oxide nanoparticles prepared with water-soluble starch and carboxy methyl
cellulose (CMC) were presented as an alternative to immobilize arsenic. An
experiment in this respect was based on the sorption capacity and immobi-
lization of arsenite (As*") in the soil (Pramanik et al., 2020). Although the
adsorption capacity of As** was similar, both with naked or stabilized Fe-Mn
nanoparticles, the latter were added to the soil and in situ immobilization of
As*". The presence of stabilized Fe-Mn nanoparticles in columns of soil with
As** reduced between 91% and 96% of As** leachates and 78% of the tclp
index of As®*" present in the soil bed, however, the few investigations on the
use of nano-technology in the soil and the complexity of this system, limit
the comprehensive understanding of the behavior of nano-structures (Shukla
et al., 2019). Consequently, the evaluation of environmental risks is difficult
(imbalance of sensitive microbial communities, alterations in nutrient cycles,
trophic magnification), and toxicology result from the introduction of this
technology on the ground.
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10.2.1 USE OF NANOMATERIALS AS SORBENTS IN WATER

Titanium dioxide (TiO,) is a commonly applied semiconductor that recently
gains importance with notable results in environmental aspects, such as
photocatalyst in reduction reactions of inorganic contaminants, in the photo-
degradation of various organic contaminants, and in activation of micro-
organisms (Saleh, 2021). Titanate nanotubes (TNTs) are proposed as an
alternative to contaminated water treatment with potentially toxic elements
(Pte). TNTs are generally synthesized by the TiO, and NaOH hydrothermal
reaction. The advantages offered by this nanomaterial are based on its special
physicochemical properties, such as uniform microstructure, small diameter
of the tube, large specific surface area, and so forth. Besides, TNTs are
abundant in hydroxyl groups (-OH) that are in the interlaminations and the
surface, which is related to its intense ionic exchange activity: between H*/
Na* and ethylpropyltryptamine (EPT) ions, and with their cation adsorbent
capacity in the aqueous medium. Consequently, TNTs are applied to remove
various contaminants from water residuals, such as cations of EPT (e.g.,
Pb* and Cd*, Ag®, Cu*, and Ni*"), anions (e.g., As* and As>), stabilize
radioactive ions (e.g., Sr**, Ba**, and Cs"), and even amino aromatic dyes.
Awad et al. (2020) showed that the adsorption of our EPTs on the catalytic
surface of the TNTs follows the sequence: Pb? > Cd*> > Cu® > Cr’. However,
the presence of inorganic ions (e.g., Fe**, Al**, Na*, K*, Mg*, Ca*) in an
aqueous solution has inhibitory effects on absorption, because they compete
for adsorption sites with EPT ions. This poses a limitation in the application.
Of these nanostructures, wastewater often contains these ions.

Wadhawan et al. (2020) reported that titanium nanoparticles require high
concentration and ionic affinity to achieve aggregation. These factors must
be considered to interpret the behavior of nanoparticles, as well as their
removal from the wastewater. In another study by Pal et al. (2022), carbon
oxide nanoparticles used titanium oxide (TiO,) to remove fluoroquinolone
antibiotics, particularly ofloxacin, from residual water of nosocomial and
veterinary origin. The specific analysis of the concentration of ofloxacin
in solution after removing the solid nanoparticles showed the presence of
dimethylated groups and ionized carboxylates of fluoroquinolone. These
compounds are products of the degradation of ofloxacin on the surface of
the TiO, nanoparticles. However, studies on the adsorption of fluoroquino-
lones on titanium oxide showed the influence of organic matter (humic acid)
present in the aqueous medium and the chemical carrier of the drug, which
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could alter the transport and fate of norfloxacin in the atmosphere (Peng et
al., 2012).

Similarly, Xu et al. (2012) proposed the use of magnetic nanoparticles
as an alternative for the elimination of contaminants in wastewater. Among
some ideal characteristics concerning the rest of the nanostructures, the size,
greater surface area with respect to its total volume, magnetic properties,
low toxicity, chemical stability, and compatibility with biomolecules are also
mentioned (Alfansuri et al., 2022). At present, nano-metric scale filters are
being developed to have high chemical selectivity and controllable flow rate
and direct the separation of chemical reagents, prolonged-release drugs, and
wastewater treatment. In this area, it is essential to study the interaction of
the molecules with the pore surface and the affinity of the filter materials.
In addition, while manufacturing nano-filters, the range of porosity (1-10
nm), the affinity of the polymer-like membranes, the macromolecular archi-
tecture of mesopores, and the cavity of carbon nanotubes (CNTs) should
be considered. The functionality of CNT filters is based on pumping ions
across the membrane by applying pressure or an electric field. However,
in the large-scale application and expectations of nanotechnology, there
are still drawbacks due to the few studies on the formation mechanisms,
stabilization, release, transport, deposition as well as toxicological aspects
of nanoparticles in the aquatic and terrestrial environment (Ong et al., 2018).

10.3 USE OF BIOSENSORS AT NANO-METER SCALE

Biosensors are described as analytical detection devices comprising a
chemical origin recognition biological entity coupled to a transducer. This
system allows the quantitative development of a complex biochemical
parameter, that is, it transduces the recognition event (Banica, 2012). These
devices are useful in the detection of organic and inorganic molecules, in
the control of biological species, monitoring of organic contaminants, EPT,
detection of pathogens in the food (Rico-Sanchez et al., 2021), and even, in
the identification of the potential risk of bioterrorism, among other applica-
tions. However, the main challenges faced by many biosensors include their
low sensitivity, as well as their specificity, and complex cleaning methods.
The development of nanotechnology presents some solutions promising to
alleviate these problems (Zhang et al., 2011). This can be applied in biotech-
nology, medicine, the food industry, agriculture, materials engineering, and
basic sciences, among other areas of knowledge and application. Recently
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based biosensors are developed in nanotechnology comprising nanoparticles
with a core magnetic, covered by silica, more immobile layers of different
metals on the outer surface, and, finally, a coating of organic or inorganic
molecules of synthetic nature capable of joining to biomolecules. These can
be physically immobilized through hydrophobic, ionic, and or van der Waals
forces to a solid matrix. They also bind to chemically activated surfaces by
covalent immobilization. However, in some applications, there are failures
due to weak interaction of the biomolecules with the surface of the biosensor
(Gokaltun et al., 2017). Sensors can be fabricated under ambient condi-
tions of pressure and temperature with high precision and stability. Xu et
al. (2014) developed a disposable nano-biosensor for the rapid detection
of toxic compounds in water, such as 2-anthramine, acridine orange, and
2-naphthylamine. This device consists of immobile DNA on modified gold
nanoparticles with cysteamine. Nanoparticles improve DNA immobilization,
leading to an increase in the guanine signal. The interaction of the analyte with
the immobilized DNA was quantified by variations in the electrochemical
signal of guanine translated to voltage. The results of the genotoxicity tests
in water samples from lakes integrate the set of promising technologies for
the detection of contaminants in aquatic environments. Enzyme sensors offer
versatility and high specificity in the detection of organic compounds, such
as penicillin (Wu et al., 2014). However, the use of nano-graphene in the
biosensor showed advantages in terms of speed of response, repeatability,
and detection limit.

10.3.1 USE OF NANO-BIOSENSORS TO DETECT POLLUTION AND
OFFER REMEDIATION

The nano-biosensor (biological nano-sensor), is a device capable of
detecting in real-time and with high sensitivity and selectivity, chemical, and
biological agents. The term “nano-biosensor” designates those biosensors
whose properties come modulated by the nano-technological scale with
which they are made. It is expected that nano-biosensors have a sensitivity
much higher than that of devices conventional. Furthermore, they could
easily be introduced into the human body so they could provide much data
more dependable on the state of health of a patient. The next step to follow
is for the nano-sensors can be fabricated and/or manipulated to respond to
different stimuli. Although the theory says that nanoparticles can be devel-
oped so that the polluting particles adhere to these, and then destroy them; in
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our case, it does not go to that point. Our case goes to how these particles can
respond to contaminants in nano-sensors. Among the “polluting particles”
that affect the environment, are the material particulate matter (solids such
as ash, shoot, organic, dust, and salt and liquids such as aerosol and mist),
chemical material (exhaust gases, primary types such as chlorofluorocarbon,
methane, carbon dioxide (CO,), carbon monoxide, nitrogen, nitrous oxide,
oxide of nitrogen and sulfur oxide and type gases secondary as aldehyde,
ozone, and nitrateperoxyacetyl) and steam (conformed by the water and
volatile organic compound (VOC); Zamora-Ledezma et al., 2021).

10.3.1.1 CONTAMINANT DETECTION AND PREVENTION

One of the great challenges of environmental sciences is to be able to detect
the presence of pollutants in different ecosystems and even in the human
body (Altay and Ozturk, 2012; Darwash et al., 2023; Haq et al., 2021; Yalcin
and Altay, 2023). The new detection systems for toxic substances must
increasingly be done with lower detection levels to anticipate damage or
environmental impact. Detection is not an easy task, especially in systems
as complex and with so many interactions between the different phases such
as ecosystems. It is of great interest to have real-time pollutant monitoring
systems that can transmit data from a remote area to the decision-making
center. Single-walled carbon nanotubes have been used as chemical sensors
thanks to the change in electrical resistance that these semiconductors
undergo in the presence of gaseous substances such as nitrogen dioxide or
ammonia. These sensors have a faster response at room temperature to these
gases than conventional sensors. On the other hand, boron-doped silicon
nanowires have been used in ultra-sensitive and real-time sensors for the
detection of chemical and biological compounds (Daoudi et al., 2021). These
nanowires can be amine-functionalized and used to detect pH changes, while
biotin-functionalized nanowires can detect concentrations in the picomolar
range of streptavidin, a protein with a high affinity for biotin. Like almost
all nanomaterials, these nanowires can be functionalized with antibodies or
antigens and recognized by their very high-affinity counterparts. Metabolic
indicators such as calcium can also be detected in real time. These proper-
ties can also be used to detect pathogens or other chemical or biological
agents in water, air, or food (Fallah et al., 2021). Both in medicine and in the
diagnosis of the state of health of ecosystems, nanomaterials can be used as
indicators of exposure to pollutants, in time and concentration. This would
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make it possible to detect the sources of contamination and to assess early
the importance of the environmental or health impact.

The pollution reduction strategies include and use of renewable and less
toxic raw materials, and the design of new products with environmentally
friendly production processes. Industrial ecology is a new branch of engi-
neering that aims to redesign and replace all the production processes that
are currently in use, to produce a great diversity of satisfiers, with clean,
sustainable processes with low or no environmental impact.

Nano-structured catalysts can make synthesis processes more efficient,
reducing polluting by-products and energy consumption. An example is the
use for separation and catalysis of zeolites (nano- and microporous alumino-
silicates). These zeolites have been used to oxidize aromatic hydrocarbons,
such as toluene, to produce benzaldehyde (Panov et al., 2000). The oxidation
reaction starts with the presence of visible light, reducing energy consump-
tion for catalysis, and undesirable side reactions are eliminated, increasing
the yield of the desired product. The use of the nano-structured zeolites
presented a conversion of 85% to benzaldehyde, compared to only 35%
when conventional zeolites were used. On the other hand, the emergence of
bionanotechnology, which combines the properties of biological materials
with the properties of nanostructured materials, has opened new horizons
and applications of nanotechnology. The production of nanomaterials with
biopolymers or materials inspired by biological systems is an example of
the manufacture of environmentally friendly microelectronic devices. It is
estimated that manufacturing a 32-megabyte microchip weighing only 2 g
requires 1.7 kg of oil and chemicals and 32 liters of water (Williams, 2003).
Using biomolecular nanolithography can replace the way to make semi-
conductor chips. Using this technique, well-defined chip architectures were
produced on a biopolymer (polylysine) quench where metal nanoparticles
were scattered in lines and meshed at room temperature. These semicon-
ductor chips are fully biodegradable.

Nanotechnology can also be used to replace toxic materials in widespread
use today. For example, previously computer monitors were made of cathode
ray tubes (CRTs) and contained many toxic materials. The manufacture of
new liquid crystal monitors, which are smaller, consume less power, and
do not contain lead (Socolof et al., 2005). The use of carbon nanotubes
in computer monitors could, in the future, reduce environmental impact
by eliminating toxic compounds and reducing the need for raw materials
and energy, in addition to improving performance. Field emission moni-
tors (feds), which use carbon nanotubes (Talin et al., 2001), are the latest
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development in monitor and display technology and are now commercially
available. Although the toxicity of carbon nanotubes is still controversial,
the number of nanotubes in a fed monitor is very small, around 0.5 g per
monitor, compared to the kilograms of lead in a CRT monitor (Socolof et
al., 2005).

10.3.1.2 TREATMENT AND REMEDIATION OF CONTAMINATED SITES

Since its inception, nanotechnology has been proposed as a possible solu-
tion to wastewater treatment and remediation of contaminated sites. The
oxidizing or reducing of the capacity of nanomaterials, or as nutrients, has
been suggested as an alternative for the transformation of pollutants and toxic
substances, as well as to stimulate microbial growth. Due to their small size
and large specific surface area, nanomaterials are more reactive and can be
more easily dispersed. For example, conventional methods of oxidation of
contaminants using Fenton’s reagent or zero valence iron for the remediation
of sites contaminated with solvents, such as trichloroethane or other chlo-
rinated solvents, result in undesirable by-products such as dichloroethanes
and vinyl chloride. The use of bimetallic nanoparticles almost eliminates the
production of these undesirable by-products (Osman et al., 2023).

Nanoparticles that are activated by light such as titanium dioxide (TiO,)
and zinc oxide (ZnQO), which are semiconductors with a wide bandgap,
continue to be highly studied for the removal of contaminants. These particles
are cheap and can be produced in large quantities, as well as being low toxic.
For example, ZnO nanoparticles are capable of both sensing and photo-
catalyzing the destruction of dangerous polychlorinated phenols. There is
great interest in manipulating the surface of these particles with organic and
inorganic pigments or dyes to have a response not only in the UV but also
in the visible spectrum and, in this way, make photocatalysis more efficient
for the transformation of pollutants into the environment. It must be borne
in mind that only 5% of the solar radiation that reaches the earth’s surface is
in the UV range.

Nanotechnology also has potential use in the remediation of contami-
nated sites in situ. For example, these nanoparticles can easily be added
and spread in reactors for the treatment of soils, sediments, and solid waste.
They can also be immobilized in solid matrices such as carbon, zeolites,
or membranes for the treatment of gaseous effluents (Sahoo et al., 2021).
There are reports that show that the injection of iron nanoparticles into the
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subsoil stimulates the degradation of polluting organochlorine compounds,
such as trichloroethane. With this technology, the toxicity of contaminants
in the soil is reduced. On the other hand, it has been shown that bimetallic
iron/palladium, iron/silver, or zinc/palladium nanoparticles are powerful
reductants and catalyze the transformation of a wide variety of contami-
nants, such as polychlorinated biphenyls, which are highly recalcitrant to
microbial degradation and are considered strong carcinogens. They are also
capable of transforming other halogenated compounds such as solvents and
pesticides, reducing almost all halogenates tested to hydrocarbons, which are
substances that are easy to be degraded by the natural microflora of the site.
In addition, these iron-based nanoparticles have been able to reduce a wide
variety of polluting compounds such as perchlorates, nitrates, dichromates,
nickel, mercury, and uranium dioxide (Pasinszki and Krebsz, 2020).

Nano-structured materials, such as carbon nanotubes, have been proposed
as excellent adsorbents for pollutants such as dangerous dioxins. Dioxins are
considered the most toxic substances ever synthesized by man. The absorp-
tion of dioxins by carbon nanotubes is at least three times higher than that
of activated carbon, with the Langmuir constant of nanotubes being orders
of magnitude larger than that of activated carbon (Yang et al., 2006). This
property of nanomaterials makes them potential candidates for air or water
decontamination treatment. Another example of the uses in environmental
processes of nano-structured materials is dendrimers. These nano-structured
particles are highly branched polymers with controlled composition and
architecture. Dendrimers at the nano-meter scale can be used as chelating
agents in polymeric membrane ultrafiltration systems. Dendrimers can be
designed to encapsulate zero valence metals and thus be able to “dissolve”
them in specific media or adsorb them on certain surfaces.

The conservation of soil, water, and air quality is one of the most important
challenges of the 21* century. Society has been characterized, especially in
the last 200 years, in altering ecosystems with the dispersion of large amounts
of pollutants derived from industrial activities, transportation, as well as from
each of the aspects of human activity. The four most important challenges
of environmental sciences are: (i) prevent pollution with the implementa-
tion of new less or non-polluting industrial processes; (ii) find efficient and
low-cost methods of remediation and restoration of contaminated sites; (iii)
predict in advance the environmental impact of new products launched on
the market; and (iv) have highly sensitive pollutant detection methods and
be able to detect pollution sources early to avoid damage (Singh, 2006).
Paradoxically, the solution to these great challenges could be found in the
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technology of extremely tiny materials: nanotechnology. Nanotechnology
is the revolutionary science of material manipulation at the molecular or
atomic level that has already impacted all disciplines, such as chemistry,
physics, biology, and engineering. Undoubtedly, nanotechnology will be
able to participate in the improvement of environmental processes. However,
like any new technology, there is a reasonable risk that it may also create new
environmental problems.

10.4 NANO-TECHNOLOGY AND ENVIRONMENT

The term “nanotechnology” was used for the first time in 1974 by Norio
Taniguchi, a researcher at the University of Tokyo, who thus pointed out
the ability to handle materials at the nanometric level. The initial references
to nanotechnology were presented in 1959 by physicist Richard Feynman
in a conference entitled “There’s Plenty of Room at the Bottom,” in which
he envisioned the possibility of manipulating materials on an atomic and
molecular scale (Toumey, 2008). According to Aguilar (2012), the bulk of
investment in nano-technology is focused on the development of a nano-
technological tools or instruments (e.g., tunneling microscope or scan-
ning probe microscopy (SPM), matrices or arrays, molecular labels, and
microfluidics) which are estimated to concentrate 4% of the total funds;
(1) new materials (e.g., textiles, ceramics, etc.) with 12%; (ii) new devices
(e.g., sensors) with 32%; and (iii) nano-biotechnological innovations with
52%, which is distributed in the development of new medicines, diagnostic
procedures, for the administration of medicines and for the discovery of
bio-pharmaceuticals.

Additionally, there are numerous patents and products derived from
nanotechnology that are commercialized or that are still in the pre-
commercialization phases. The degree of return on investment is still small,
especially in the medium and long term, since various data indicate that, in
terms of the global market, there is a business trend with nano-applications
in around 15% of the companies (Cozzens et al., 2013). The development of
nanotechnology has been led by highly industrialized countries, especially
the United States, Japan, and the European Union, and emerging countries
such as China and Korea. Such countries are considered leaders in this
field for several reasons, among which are the allocation of considerable
budgets by governments to strengthen research and development. However,
this great investment is directed mostly to the creation and development of
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nano-metric materials and their applications, leaving behind the study of the
consequences that this new technology can bring to the environment and
living beings.

10.5 APPLICATIONS OF NANO-BIOSENSORS

Medicine, engineering, computing, mechanics, physics, and chemistry are
some of the disciplines that are using the possibilities of nanotechnology.
Below is a brief review of the most cited applications in the specialized
literature:

1.

Nanotechnology Applied in Water: The ability to recycle water
from any source for different uses would save enormous amounts
of water and allow the use of hitherto untapped water resources.
Porous filters of a nano-meter scale can eliminate 100% of viruses
and bacteria. An electrical separation technology that attracts ions to
special sheets can remove salts and heavy metals.

Nanotechnology is Applied to the Energy Sector: It is necessary
to develop new technologies that allow sustaining the growing
consumption of electrical energy worldwide and, at the same time,
which are friendly to the environment. In this sense, solar cells
emerge as a promising device for the generation of clean energy
using alternative resources.

Nanotechnology Applied to Computing Devices: Using semi-
conductor nanotubes, logic-operating computing circuits and tran-
sistors have been developed, increasing speed, decreasing power
consumption, and increasing performance. The development of
nano-transistors and nano-memories is crucial to absorb the growing
and immense capacities of data processing and memory capacity
demanded by multimedia developments.

Nanotechnology Applied to Agriculture: Regarding agro-indus-
trial production, on the one hand, the nano-structuring of all kinds of
agrochemicals (fertilizers, herbicides, and pesticides, among others)
is experienced. On the other hand, progress is also being made in the
design of functional materials for specific applications such as irri-
gation systems, and “smart” plastics for packaging, among others.
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5. Nanotechnology Applied to Medicine: Among the most promising
and dynamic applications of nanotechnology are those in the health
sector. Research on diseases such as cancer, HIV aids, diabetes,
osteoarthritis, degenerative diseases, and cardiovascular and nervous
disorders, among many others, stands out (Nasrollahzadeh et al.,
2019).

Some more applications of nano-biosensors in the environment are
shown in Figure 10.1.

FIGURE 10.1 Representation of applications of nanotechnology in the environment,
including water and air monitoring, environmental remediation, soil analysis, and climate
change monitoring.

10.6 ENVIRONMENTAL PROBLEMS ASSOCIATED WITH
NANOPARTICLES

Several authors maintain that the strength of nanotechnologies is based on
the possibility of (i) making known products more efficient; (ii) making
multifunctional products; and (iii) significantly reducing and substituting the
amount of raw material in many industrial branches. But these changes do
not occur without linked, collateral, and unpredictable effects. And here lie
the weaknesses of nano-technologies: (a) the fact that the matter worked
at the nano-scale has unknown toxicological properties; (b) there is the
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question of who will be affected in terms of health by these technologies;
and (c) the employment situation and the social division of labor are consid-
ered, both at the regional, national, and international levels. Each type of
nanoparticle must be studied regarding its possible risks, but the individual
findings should not be generalized to any type of nanoparticle, since, due to
its unique properties, the toxicity can be different. In this sense, Helland et al.
(2008) points out that there are intrinsic properties of nanoparticles that must
be considered in terms of their toxicity. One is the way that it can affect how
the nanoparticle interacts with biological membranes.

The term “nano-toxicity” has been coined to refer to the adverse effects
that manufactured nanoparticles have on living organisms and ecosystems
(Surendhiran etal., 2020). The toxic effects of nanoparticles, in general, on the
different systems at the organism level have been recently reviewed, specifi-
cally, those of gold nanoparticles, from which it is concluded that the current
information is insufficient to determine their status regarding human and
environmental health. Likewise, the factors that contribute to their toxicity
and the mechanisms by which they act have been proposed, concluding that
conventional particle toxicology procedures are a recommendable starting
point to study nanoparticles. An example that warns against generalizing
the results is the study of the toxicity of spheroidal gold nanoparticles in
mice where it was shown that only a certain range of diameters of these
nanoparticles was toxic to mice. In this study, mice were inoculated with
gold nanoparticles with a diameter between 3 and 100 nm, of which only
those with a diameter between 8 and 37 nm were toxic (Irvine et al., 2015).

Most man-made nanoparticles are not found naturally in the environment,
so organisms may lack the necessary immune or purification systems to deal
with them. It has been reported that 12 nm nanoparticles can cross the blood-
brain barrier and that nanoparticles of 30 nm or less can be endocytosed by
cells, however, their effects on environmental and human health have not
yet been determined (Sokolova et al., 2020). This is partly since most of the
studies have been carried out in vitro. One aspect to consider for the study of
the toxicity of gold nanoparticles is their ability to form complexes with other
molecules of biological interest. On the one hand, many of the applications
of AuNPs require their coating with a stabilizing or recognition agent; in
this case, the type of complex that they will form is known from their design
(Medici et al., 2021). On the other hand, gold nanoparticles can incidentally
form complexes with the components of the medium. For example, with the
supplements of the culture medium in cytotoxicity tests, of the physiological
medium in the case of organisms exposed to these nanoparticles or of the
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environment in ecosystems (Sheikhi et al., 2019). The formation of these
complexes can modify the physiological properties of gold nanoparticles,
such as charge, surface chemistry, and aggregation state, which affect the
interaction with cells. This, in turn, increases the complexity of the system
regarding the interpretation of data in toxicity tests and its extrapolation to
the impact of gold (Gonzalez-Vega et al., 2022).

10.7 NANOPARTICLES IN THE ENVIRONMENT

Ettlinger et al. (2022) present different methods to investigate the toxicity of
these particles, in vitro and in vivo and point out the importance of considering
accessory reagents that may be present as impurities in the medium where
the nanoparticles are found and that may have toxic effects by themselves.
They present an extensive compilation of in vitro and in vivo toxicity studies
on cells and organisms, also including parameters on the gold nanoparticles
used, such as size and functional groups. New methods are constantly being
advanced in the study of toxicity at the cellular level. A recent study indi-
cates that nanoparticles can be bio-accumulated and amplified in a terrestrial
food chain. In their study, the researchers grew tobacco plants in a medium
containing gold nanoparticle and then fed Manduca sexta larvae with these
plants; the accumulation of these nanoparticles in the tissues of the plants and
in the larvae was demonstrated. In the latter, there was also an amplification
of up to an average factor of 11.6 but that varied according to the diameter of
the nanoparticle (Mansuri and Kumar, 2022).

The effects of nanoparticles on the environment and selected biological
matrices have been estimated and outlined in general terms, however, each
ecological system of interest must be studied to know the cycles in which
the present nanoparticles enter. For example, practical quantitative models
have been proposed to study the behavior of nanoparticles in general in
aquatic systems and their impact on aquatic organisms (Al-Thawadi, 2020).
In this sense, Schwirn et al. (2020) raises key questions and proposes the
sedimentation and dissolution processes as determining factors in the effec-
tive concentration of nanoparticles in the aqueous medium. They point out
that the presence of biological films (biofilms) increases the removal of
nanoparticles from the environment, in addition, they present a compendium
of natural aquatic systems where the exposure of organisms to various types
of nanoparticles has been studied. Likewise, it has been pointed out that
studies should be carried out on nano-structured materials before allowing
their widespread use, however, governments have been late in ordering
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studies on the life cycle of products and, except for those related to medical
applications, there has been ignored this call for attention. Emphasizing the
soil as an ecological system, the author also reviews the possible advantages
of the applications of nano-structured materials in agriculture, such as the
use of nano-fertilizers and the improvement of pesticides with the incorpora-
tion of metallic nanoparticles.

10.7.1 PROPOSED MEASURES
10.7.1.1 GENERAL ASPECTS

Three general questions have been suggested to answer to know the environ-
mental effects of nanoparticles: (i) How do nanoparticles change over time
once they are present in the environment? (ii) What effects could they have
on organisms? and (iii) What effects could they have on ecosystems? To
answer these questions, studies must be carried out on its life cycle, quantity,
mobility, reactivity, bioavailability, stability, solubility, toxicity, ecotoxicity,
and persistence (Malhi et al., 2020). Even clearly defining the objectives of
the study in the medical, biological, or ecological fields, the panorama faced
by the agencies when trying to elaborate a regulation that regulates the use
of nanoparticles is intricate, since, in addition, they must consider economic
implications and the needs of society.

10.7.1.2 ETHICAL ASPECTS

For its part, nano-ethics contributes with other questions that are not oriented
toward the scientific field, such as those mentioned above, but towards
the elaboration of public policies. These questions include: what are the
potential health and safety risks with nano-technology applications? Who
is responsible if something happens? What are the rights of an individual
affected by a nano-technology process or product (such as nanoparticles)?
How can society be protected from the risks of nanotechnology (Kah et al.,
2019). Actions to answer these questions would focus on gathering informa-
tion, sharing this information, educating the public, and developing laws and
regulations.

10.7.1.3 NEED FOR RULES FOR THE REGULATION

The challenges faced by agencies such as the FDA for the regulation of nano-
materials have been specified by several authors. One of the main problems
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regarding the establishment of legal regulations regarding nanomaterials is
that there is still no universally accepted definition for nanomaterial, which
includes nanoparticles (Foulkes et al., 2020). Although nano-materials have
been developed for a few decades, it was not until April 29, 2009, when
the European parliament required a comprehensive and scientific definition
of the term nano-material, as well as a correction in the legislation of the
European Union due to the potential risks to human health and the environ-
ment (Gottardo et al., 2021). Until now, no government has established a
regulatory framework for nanotechnology. However, political considerations
have been raised that can guide the competent authorities in the development
and application of nanotechnology in general and, specifically, in relation to
nanoparticles. These measures include:

* Standardize the nomenclature and protocols, to be able to compare
the results of the tests.

*  Cooperation between the public and private sectors.

* Sensitize regulatory and environmental agencies regarding the
benefits and potential risks of nanotechnology.

* Financially support research and development of nanotechnologies
that contribute to sustainable development.

» Evaluate the possible environmental and human health impacts of
nanoparticles, especially those that are already being mass-produced.

* Identify, evaluate, and publicize good practices, handling methods,
and safety procedures related to nanomaterials.

*  Apply, where possible, established policies regarding environmental
and health considerations related to chemical products.

*  Educate the public about the benefits and risks of nanotechnology.

* Promote cooperation between governments and intergovernmental
organizations to share information regarding the impacts of nano-
technology on the environment and on human health.

The European Union took nanotechnology into account in its work program
for 2013 (Rodriguez et al., 2019). It recognizes that research and innovation
are key to competitiveness and social progress. In this context, it provides
some guidelines on how to improve safety in relation to the production and
use of nanoparticles. In the first place, it refers to the fact that risk manage-
ment must be part of the culture of all those involved in the provision of the
material, which would be achieved through hazard identification, knowledge
of potential adverse effects, measurement, and exposure control. The lack
of information about the risks associated with nano-structured materials is
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evident in the proposals of the work program for 2013 of the European Union
referring to where research should be focused, which are oriented towards the
development of prevention tools. These proposals also provide more specific
guidelines to guide these investigations. Proposals include:

* Development of good practices regarding the management of nano-
materials and waste treatment.

* Development of risk mitigation methods in techniques that involve
nanomaterials and that may result in exposure in the work environ-
ment or in the ecosystem.

* Development of tools to calculate exposure to nanomaterials and
their effects on humans and ecosystems.

* Development of methods that allow the long-term prediction of the
eco-toxicological effects of exposure to nanomaterials.

* Incorporate the knowledge generated into the design of processes
and products at the nanoscale.

10.7.1.4 PRACTICAL PROPOSALS

Practical and specific measures have been proposed for the management of
occupational risk in relation to manufactured nanoparticles and, specifically,
in relation to laboratory personnel, where guidelines are given for the clas-
sification of “nano-" laboratories in three levels. For each level (Organiza-
tion, 2020) proposes prevention measures regarding laboratory logistics,
access restriction, the use of ventilation and vacuum, and personal protective
equipment, among others. Although several standards have been proposed,
it is not known if they are followed and if validation methods need to be
developed to determine their effectiveness. Regarding the protection of the
population, it has been pointed out that the Food and Drug Administration
(FDA) does not have a specific regulatory framework for nano-structured
products. However, this body hopes to be able to regulate them under the
name of “combination products,” for which a statute has been established.
Soares et al. (2018) points out that the existing toxicity tests may not be
sufficient to establish the risks, and that the possible regulation of a nano-
structured material also depends on a requirement from the manufacturer,
who must declare that nanotechnology is involved in the product.

Another advance was obtained in the discussion of “nano-reference
values,” at the international workshop on nano-reference values in September
2011, where exposure limits were proposed for many types of nanoparticles



Nanobiosensors to Detect Environmental Pollution 251

based on aspects such as composition and bio-persistence (Mihalache et
al., 2017). Recently, a report from the European network on the health and
environmental impact of nanomaterials was presented on the dangers and
fate of nanomaterials in the environment, which summarizes the advances in
the field, as well as the different workshops and publications regarding the
subject (Linkov et al., 2009).

10.8 MICROALGAE: SUITABLE ORGANISMS FOR THE DESIGN OF
NANO-SENSORS

In recent years, both molecules and cellular materials have been used for the
preparation of biosensors: plant tissues; animal cells. In addition, the use of
whole microorganisms such as bacteria or microalgae has been revealed as
a good alternative. The recent use of microalgae whole for the development
of biosensors has positioned them as a microorganism with the that more
promising results are obtained in relation to both the high sensitivity and the
reproducibility of the data they generate.

Microalgae are the main components of phytoplankton and the begin-
ning of the trophic chain in aquatic ecosystems; therefore, their availability
and abundance are very high, being found in all aquatic environments and
in many terrestrial environments. Most species of microalgae can grow in
almost any environmental condition and survive with low concentrations of
nutrients and in extreme environmental conditions of pH, temperature, and
salinity that could be lethal to other organisms. Therefore, it is not surprising
that microalgae have been chosen as ideal candidates for the development
of biosensors capable of responding to critical changes in aquatic ecosys-
tems. It is estimated that there are about 90,000 species of microalgae (not
including cyanobacteria) of which approximately half have been described,
the enormous potential of microalgae for the development of biosensors is
yet to be explored (Martins et al., 2022).

The functioning of microalgae biosensors is based on the inhibitory effect
that some toxic substances cause in the photosynthetic activity of the whole
organism. The photosynthetic activity status of green algae can be monitored
by three main methods: (i) measurement of the intensity of fluorescence
emitted by their chlorophyll molecules; (ii) the production of oxygen that is
generated as a product of photosynthesis; and (iii) measurement of alkaliza-
tion of means. Basically, the functioning of a photosynthetic organism of
plankton is summarized as follows: sunlight (photosynthetically active) is
absorbed through an uptake “antenna” formed by proteins associated with
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light-sensitive pigments. A small part of the absorbed energy is dissipated as
heat, while another part is emitted as fluorescence. The most important part
of the absorbed energy is used in the assimilation of CO, and the photolysis
of water, to carry out photosynthesis, with the consequent synthesis of
organic matter and the production of O,.

6CO, + 6H,0 — C,H ,0, + 60,

In addition, the photosynthetic activity gives rise to the alkalinization
of the culture medium because of CO, consumption and the consequent
displacement of the oxygen dissolution equilibrium in water (equations);
said alkalization is inhibited in the presence of the toxic agent.

CO, () + H,0 (I) » HCO," (aq) + H,0" (2) 6CO, (g)
+6H,0 (I) — CH,O, + 60, (3)

671276

In summary, in the presence of toxic agents, the activity of microalgae
is affected. The decrease in photosynthetic function can be assessed through
the decrease in fluorescence emission, the decrease in oxygen production,
and/or the alkalinization of the medium. Any of the parameters derived from
these methods can be used, in principle, to detect the presence of a toxic
agent. The most widely used method to detect photosynthetic inhibition in
the presence of a toxic agent is the measurement of chlorophyll fluorescence
emission in photosystem 2 (PS2).

This type of biosensor has been described, for example, to detect the
presence of certain herbicides that inhibit the transport of electrons to PS2
during photosynthesis. It has been estimated that 50% of the herbicides are
used to cause an effect at this level. There are many bibliographic references
in relation to the measurement of photosynthetic inhibition (produced by a
toxin such as an herbicide, a heavy metal, etc.) That occurs because of the
decrease in photosystem 2 (PS2) activity. Microalgae from the Chlorophyta
division such as Chlorella vulgaris and Dictyosphaerium chlorelloides have
been used for the detection of both organic and inorganic toxic compounds
both in water and immobilized on supports (Zhang et al., 2019).

10.8.1 IMMOBILIZATION OF MICROALGAE

One of the limiting steps in the development of microalgae biosensors is to
immobilize the biomass in a compatible material, to avoid losses without
altering either the stability or the activity of the cells. Most immobilization
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techniques rely on the use of organic materials (polyvinyl alcohols or
polysulfones) which can sometimes be toxic to algae. Although other
more biocompatible supports have been tested, such as calcium alginate,
they suffer from a lack of instability over time, which limits their use for
designs intended for long-term use. To improve the stability of the supports,
different types of immobilization techniques: microencapsulation within
semipermeable membranes; adsorption to cellulose derivatives; treatment
in gel matrices; crosslinking in glutaraldehyde, co-crosslinking in mixed
albumin-glutaraldehyde matrices, colonization on porous silicones and
semipermeable membranes. However, of all the options, the one that most
generally presents optimal properties are the silica-gel matrices; in addition
to presenting high mechanical and chemical stability, they have the addi-
tional advantage of being a transparent material, a necessary requirement
for cells to adequately develop their photosynthetic activity (Mallick, 2006).

10.8.2 A LIMITATION OF MICROALGAE NANO-SENSORS: THE
PROBLEM OF SPECIFICITY

Despite the important advantages, previously described, related to the use of
microalgae biosensors (speed, repeatability, accuracy, direct analysis of the
concentrations without pretreatment of samples or with minimal pretreat-
ment of the same, which makes possible the detection in situ of concentra-
tions real environmental), there is an aspect that still compromises its use.
Normally, biosensors have limited specificity, because a global signal is
obtained for a set of substances that are present in the samples and that could
eventually be affecting synergistically. In other words, the safest application
is often the one that tries to determine “contamination levels” in general,
or water contamination in general terms, without being able to specify the
concrete measure of the concentration of a certain toxicant. This data may
be sufficient in some cases, but as environmental regulations become more
restrictive and demanding, the exact determination of a certain parameter
may become an unavoidable requirement (Liu et al., 2020).

The specificity in microalgae biosensors can be achieved through a
genetic selection procedure to obtain specific biosensors. The applicability
of the biosensors thus obtained is potentially very high, since in principle it
would only be restricted by the natural limits of each species. The operational
principle on which the operation of highly specific microalgae biosensors is
based consists of the simultaneous use of two different genotypes to detect a
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certain contaminant. The sensitive genotype would make it possible to obtain
the necessary sensitivity against a certain toxin and the resistant genotype
would be the one that would reveal the specificity. As an example, if a concen-
tration of x mg/1 of a specific toxin is present in a water sample, the biosensor
would work in this way: on the one hand, the sensitive genotype would alert
to the presence of a toxin (it would be affected its photosynthetic activity); for
its part, the presence of the specific resistant mutant would reveal what toxin
it is and, in most cases, even its concentration (Araujo et al., 2022).

10.8.3 ROLE OF ENZYMES IN NANO-BIOSENSORS

Enzymes are biological catalysts that can accelerate chemical reactions without
being consumed. They are widely used in various fields, including biotech-
nology, medicine, and environmental science, due to their high specificity and
efficiency. In the context of nano-biosensors, enzymes can be immobilized
onto nanomaterials to enhance the sensitivity and selectivity of the sensor. One
of the most common approaches to immobilize enzymes on nanomaterials is
through physical adsorption or covalent attachment. In physical adsorption,
enzymes are attached to the surface of nanomaterials through weak interactions
such as hydrogen bonding, van der Waals forces, or electrostatic interactions.
On the other hand, covalent attachment involves the formation of a covalent
bond between the enzyme and the nano-material surface.

Enzymes can also be encapsulated within or onto nanomaterials to protect
them from harsh environments and enhance their stability. For instance, silica
nanoparticles have been used to encapsulate enzymes, which can protect
the enzyme from degradation and maintain their activity (Rad et al., 2012).
Enzymes can be used to detect a wide range of environmental pollutants,
including heavy metals, pesticides, and organic compounds. For example,
enzymes such as acetylcholinesterase and butyrylcholinesterase have been
used to detect organophosphate pesticides through inhibition assays. The
inhibition of these enzymes by organophosphate pesticides can be measured
by monitoring the activity of the enzyme, which decreases with increasing
pesticide concentration.

10.8.3.1 ADVANTAGES OF ENZYME-BASED NANO-BIOSENSORS

Enzyme-based nano-biosensors offer several advantages over conventional
sensors. Firstly, enzymes have high specificity and sensitivity, which allows
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for the detection of low concentrations of pollutants. Secondly, enzymes can
be easily immobilized onto nanomaterials, which provide a large surface area
for interaction with the analyte. This results in a higher signal-to-noise ratio
and improved sensitivity. Moreover, enzyme-based nano-biosensors can be
easily regenerated, which makes them more cost-effective and environmen-
tally friendly than conventional sensors. Additionally, the use of enzymes in
nano-biosensors can reduce the need for hazardous chemicals, which makes
them safer to use (Cao et al., 2011). Enzyme-based nano-biosensors have
several advantages over conventional sensors:

1. High Specificity and Sensitivity: Enzymes have high specificity
and sensitivity, which allows for the detection of low concentrations
of pollutants. This is particularly important in environmental moni-
toring, where the detection of trace amounts of pollutants can have
significant impacts on human health and the environment.

2. Large Surface Area for Interaction: Enzymes can be easily immo-
bilized onto nanomaterials, which provide a large surface area for
interaction with the analyte. This results in a higher signal-to-noise
ratio and improved sensitivity.

3. Easy Regeneration: Enzyme-based nano-biosensors can be easily
regenerated, which makes them more cost-effective and environ-
mentally friendly than conventional sensors. This is particularly
important in environmental monitoring, where sensors are often
deployed for extended periods of time.

4. Safer to Use: The use of enzymes in nano-biosensors can reduce the
need for hazardous chemicals, which makes them safer to use. This
is particularly important in environmental monitoring, where the use
of hazardous chemicals can have negative impacts on human health
and the environment.

5. Versatility: Enzymes can be used to detect a wide range of environ-
mental pollutants, including heavy metals, pesticides, and organic
compounds. This makes enzyme-based nano-biosensors versatile
and applicable to a wide range of environmental monitoring
applications.

Overall, the advantages of enzyme-based nano-biosensors make them a
promising tool for the detection and monitoring of environmental pollutants.
Further research and development in this field will likely lead to improved
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sensitivity, selectivity, and stability, which will enable more accurate and
reliable environmental monitoring.

10.8.3.2 LIMITATIONS AND DIFFICULTIES

Despite the advantages of enzyme-based nano-biosensors, there are several
limitations and difficulties that must be addressed. One of the main challenges
is the stability of enzymes, particularly in harsh environments. Enzymes can
denature or lose their activity when exposed to high temperatures, extreme
pH, or organic solvents. This can limit their use in certain applications.
Another challenge is the selectivity of enzymes, which can be affected by
interfering substances present in the sample matrix. For instance, enzymes
used to detect heavy metals can be inhibited by other metal ions, which can
lead to false-positive results. Therefore, it is important to carefully select the
enzyme and optimize the assay conditions to ensure high selectivity (Bai,
2021). Furthermore, the immobilization of enzymes onto nanomaterials
can affect their activity and stability. The choice of immobilization method,
nano-material surface chemistry, and enzyme loading density can all influ-
ence the performance of the sensor. While enzyme-based nano-biosensors
offer many advantages for the detection of environmental pollutants, there
are also several limitations and difficulties associated with their use. These
include:

1. Enzyme Stability: One of the primary challenges associated with
the use of enzymes in nano-biosensors is their stability. Enzymes
can be denatured by changes in temperature, pH, and exposure to
organic solvents. These factors can reduce the sensitivity and speci-
ficity of the sensor and can lead to false readings.

2. Limited Lifespan: Enzymes have a limited lifespan and can degrade
over time due to natural processes or exposure to harsh environ-
mental conditions. This can reduce the accuracy and reliability of
the sensor and can lead to increased maintenance costs.

3. High Cost: Enzymes can be expensive to produce and purify, which
can increase the cost of developing and deploying nano-biosensors.
This can limit the scalability of the technology and may make it
difficult to deploy in resource-limited settings.

4. Limited Detection Range: Enzymes have specific catalytic
activities, which can limit their ability to detect a wide range of
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environmental pollutants. This can lead to false negatives, where
pollutants go undetected by the sensor.

5. Interference: Enzyme-based nano-biosensors can be subject to
interference from other substances in the environment, which can
affect the accuracy and reliability of the sensor. For example, the
presence of other enzymes or organic compounds can interfere with
the detection of the target pollutant.

6. Sample Matrix Effects: Enzyme-based nano-biosensors can be
subject to sample matrix effects, which can affect the sensitivity
and specificity of the sensor. Sample matrix effects can arise due
to differences in the physical and chemical properties of the sample
matrix, such as pH, ionic strength, and the presence of organic
compounds.

7. Ethical Concerns: There are ethical concerns associated with the
use of enzymes in nano-biosensors. For example, the use of enzymes
derived from animals may raise ethical concerns related to animal
welfare, while the use of enzymes derived from genetically modi-
fied organisms (GMOs) may raise concerns related to biosafety and
environmental impact.

10.9 CONCLUSION

Although the use of nanostructures is increasingly frequent in consumer
products, risks that can affect the environment and human health are mostly
still unknown. One important reason is the lack of information and detection
techniques and identification on the number of nanomaterials in circum-
stances relevant to the environment. They must also discriminate between
nanoparticles of an anthropogenic origin from those that come from nature.
This way it will be possible to determine the influence and environmental
implications of the use of nanotechnology in various sectors of human
endeavor.

From the analysis of existing information up to now, nanotechnology
is a great opportunity to improve production processes, making them less
polluting, more sustainable, and with lower energy consumption. Nano-
materials can also help us to restore contaminated sites, eliminating toxic
substances. It can help to detect through devices, based on nanotechnology,
the levels of contamination and the presence of toxic substances in our bodies.
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However, all these advantages can also be accompanied by the danger of a
massive and indiscriminate dispersal of nanomaterials. International commit-
tees and workshops are of great help in terms of proposing lines of action
that tend to minimize information gaps regarding environmental effects,
however, it is difficult to reach a consensus, and it is necessary to monitor the
implementation of the proposals. The proposed standards regarding exposure
to nanoparticles focus preferably on the protection of laboratory personnel,
workers, and users, relegating the environment to the background. Specific
information has been accumulated about the toxicity in cells and animals of
nanoparticles, such as gold, together with exposure limits to these and other
nanoparticles. With this information, it is possible to start building a database.
However, it is necessary to standardize the nomenclature, the toxicity tests,
and their interpretation, considering that each type of nanoparticle must be
studied without generalizing or extrapolating the results from one type to
another. Overall, while enzyme-based nano-biosensors offer many advan-
tages for the detection of environmental pollutants, there are also several
limitations and difficulties associated with their use. These challenges will
need to be addressed through further research and development to improve
the accuracy, reliability, and scalability of the technology.
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ABSTRACT

There are many difficulties with natural medications that should be defeated
like the trouble of leading clinical examination in homegrown drugs,
improvement of basic bioassays for organic normalization, pharmacological
and toxicological assessment techniques’ turn of events, examination of
their locales of retention, poisonous home-grown drugs being used, finding
different creature models for harmfulness and wellbeing assessment, lawful
and administrative parts of natural medications, and so forth. We researched
the role of medicinal plants in drug delivery.
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11.1 INTRODUCTION

From the backdrop of development home grown medicines were utilized to
fix human ailments in each conceivable condition. In present-day times we
have the choice to utilize them over manufactured particles since natural
medications have fewer side effects (Alexis et al., 2008; Atmakuri and Dathi,
2010). From the writing, it is exceptionally certain that home grown drugs
show their pharmacological activity either due to explicit constituents or
because of mix of constituents (Alexis et al., 2008). However, how much
constituents’ changes clump to the group due to biological elements, book of
an assortment of plant. The pharmacological impact of the medication can be
achieved just when its fixation ranges within the helpful reach. Any change
above or beneath the restorative focus led to either poisonous impacts or
no reaction. So, the titration of the portion as well as the assurance of the
portion is necessary. To conquer such cases, and to upgrade the viability
of natural medication novel drug delivery framework (NDDS) assumes a
significant part, which is a remarkable mix of different parts of science like
polymer innovation, pharmaceutics, immunology, sub-atomic biology, and
so forth. The professionals of the field to comprehend the issues related to the
utilization of homegrown items (e.g., poor solidness in gastric climate, high
degree of first-past digestion, and so forth) which makes an obstruction in
their successive utilization of engineered particles by the utilization of nano-
innovation, where vesicular frameworks help in the designated conveyance
of the ideal constituents (Terreno et al., 2008). Rate and degree are the two
most significant boundaries among the medication conveyance in addition
to assuming that they are enhanced (Chanchal and Swarnlata, 2008) with
situated drug conveyance, the viability of the treatment expanded a great
deal. Among different possibilities of homegrown, NDDS the vital ones are:

*  They can upgrade the solvency of the constituents;
*  They can limit the related poisonous impacts;
* Improvement in pharmacological activities.

11.2 LIPOSOMES

Liposomes are circular, colloidal bilayer vesicular frameworks comprised
of biodegradable material known as phospholipids (Terreno et al., 2008).
The phospholipids are the super primary units of these vesicles and are
amphipathic particles shaving bipolarity in their construction. Due to this,
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upon hydration with fluid media, they embrace a trademark circular shape
and build a fluid center within them. The polar head of the phospholipid
is situated towards the watery media while the hydrophobic tail is located
inside the layer. Therefore, liposomal vesicles have both hydrophilic as well
as hydrophobic locale. This property created a flexible transporter framework
as they can ensnare both hydrophilic as well as hydrophobic medication
within it (Saraf, 2010; Wen et al., 2010). Lipophilic medication possesses
the lipoidal space within the bilayered layer while hydrophilic medication
involves the watery area for example watery center. The normal size of
liposomes differs from 0.05-5.0 p. Among the different benefits related to
liposomes are as follows (He et al., 2008).

*  Solubility improvement;

* Enhancement of bioavailability;

*  Programmed focusing;

*  Prolongation of the span of activity;

* Improve the tissue macrophage take-up of the captured constituents.

11.3 NANOPARTICLES

They are the nanosized particulates (10—100 nm) which can be nanospheres,
nano-cases, or Solid Lipid Nanoparticles (SLNs). Nanospheres are lattice-
based frameworks in which the medication is consistently scattered in the
transporter framework (Hong et al., 2008). The framework can be either
manufactured or regular. Among engineered commonly biodegradable
polymers are utilized which is generally regarded as safe (GRAS) by FDA
for human utilization. The models incorporate polylactic corrosive, poly-a-
cyanoacrylate alkyl esters, polyvinyl alcohols, glycolic corrosive polymers,
and so forth (Li et al., 2009). Among normal polymers that are used as lattices
in nanoparticulates are two significant classes; (i) polysaccharides (chitosan,
cellulose, and its subordinates, dextran, alginate, and so on); and (ii) Proteins
(gelatin, egg whites, what is more, a few sorts of proteins from the vegetative
beginning; Chen, 2008).

In the event of nano-circles, the medication discharge is constrained
by two boundaries to be specific, disintegration and dissemination. Their
delivery can show a burst discharge instrument as well as a surface disinte-
gration system (Gortzi et al., 2008). Nano-cases in opposition to nano-circles
are supply-type frameworks in which the medication center is encircled
by a polymeric layer, while SLNs are explicitly intended to give modified
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conveyance of lipoidal drugs within the body (Chen et al., 2010). They are
bilayered frameworks intended for the conveyance of those medications
from which appropriate helpful results cannot be filtered in view of both
their high sub-atomic weight and their polar nature (Rane and Prabhakar,
2009).

Phytosome helps in defeating these impediments in drug conveyance
in order to improve the bioavailability of such synthetic substances. They
include restricting medication particles to phospholipids (phosphatidyl
choline) in a stoichiometric proportion (1:1 or 1:2) so as to structure lipid
complexes. As they include the bond arrangement, they are more stable as
for liposomes where there is just an entanglement of these constituents in the
watery space. They can entangle higher measures of medication, overcome
strength-related issues, and improve cutaneous assimilation (Rong and
Juqun, 2007).

11.4 MICROSPHERES

These are circular framework-based frameworks changing 1-300 p in size,
in which medication is consistently scattered in the polymeric network
(Priprem et al., 2008). Different strategies that can be embraced in the union
of microspheres are single emulsion procedure, two-fold emulsion method,
polymerization strategies (typical as well as interfacial), shower drying also,
shower coagulating, stage detachment coacervation strategy, and dissolvable
extraction technique. First arranged discharge energy is for the most part
continued in such frameworks where the delivery rate restricting advances
are dissemination and dissolution (Juqun and Rong, 2007). The external
disintegration media, first and foremost, will diffuse the grid and make
the captured medication solubilize in it and then the medication is set free
from the framework this is one kind of component in another sort of the
framework comprising polymer shows surface disintegration conduct where
the surface dissolve layer by layer and the arrival of the drug occurs. There
fundamental elements are there which impact the delivered sum as well as its
rate (Youfang et al., 2009). They are as follows:

1. Size: The smaller the size more the surface region, the lesser the way
length to diffuse or the fewer layers expected to dissolve for drug
discharge.

2. Type of Lattice: It relies upon the manner by which the grid shows
its delivery.
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3. Polymer Focus: It is conversely relative to how much medication is
delivered.

11.5 TRANSFEROSOMES AND ETHOSOMES

Transferosomes and Ectosomes are phospholipid vesicles planned to oversee
the medication by means of a transdermal course (Chang et al., 2011). Both
have a typical reasoning of improving the infiltration through layer corneum
boundary however the method of activity is different. Transferosomes do
as such by using the hydration and osmotic tension of the skin while in the
case of ectosomes, they have a high happy of ethanol (20-45%). Ethanol
being a synthetic saturation enhancer upsets the film obstruction and thereby
improves the dissolvability. Besides, it makes the vesicle adaptable without
modifying the security part. Transferosomes are utilized to convey the
natural constituents in the upper layers of skin while for more profound
layers and fundamental conveyance, ectosomes are the better other option
(Liu et al., 2008). Typically, they are given as cream or gel, being harm-
less they have better tolerant compliance. There are huge models where the
adequacy of homegrown constituent intervened treatment is expanded by
taking on these conveyance frameworks, for example, colchicine, curcumin,
and matrine. They incorporate transdermal medication conveyance with
the guide of patches embed-based drug conveyance and miniature pellets.
Reports demonstrate the way that they can likewise be a decent method for
drug conveyance of home-grown constituents to work on the viability of
the treatment. Transdermal medication conveyance framework is a painless
method for drug conveyance which can be of either solid sort or repository
type. They should deliver drugs at a foreordained rate over the site of use
(Min et al., 2008). Among their benefits critical are their capacity to control
the delivery, plausibility of withdrawal of treatment whenever required,
convenience, and capacity to drag out the term of action. They can even
consolidate the vesicular framework within them. Numerous other novel
medication conveyance frameworks can be used to improve the viability of
home-grown medicines.

Sublingual dissolving tablets can be utilized for the organization of phyto-
constituents for the speedy beginning of activity, since sublingual mucosa is
wealthy in blood supply, the drug straightforwardly sidesteps the primary past
digestion which is the fundamental issue related to the home-grown drugs.
Mucoadhesive medication conveyance framework can likewise be used to
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improve the viability of the treatment, the reason is that whether the medica-
tion conveyance is a unit dose structure or multi-particulate framework it
makes the measurements structure find itself around the assimilation window
of the medication particle which might prompt the improvement of bioavail-
ability. They do not have issues connected with oxidation, and so on as related
to liposomes since liposomes contain lipids which contain twofold limits in
their design (Bisht et al., 2007). They are inclined to free extreme chain-
intervened oxidation responses. Previously mentioned models are a couple
of different other kinds of NDDS that are as yet forthcoming to be used for
the conveyance of home-grown atoms. Focusing on this is another space that
can be used to expand the restorative viability of the conveyance framework.

The eventual fate of medication was established previously, before physi-
cists embraced combining engineered silver slugs for all those diseases, and
before drug organizations hitched our aggregate well-being to what has
become a multibillion-dollar cart (Leonard et al., 2010). Previously, practi-
cally every one of the prescriptions was from the plants; the plant being
man’s just physicist for a very long time (Yen et al., 2008). Spices are orga-
nizing a rebound, homegrown “renaissance” is going on all around the globe
and that is just the beginning, and more individuals are observing natural
treatments to treat different sorts of illnesses instead of standard medication.
There are three primary explanations behind the prominence of home-grown
medications (Wang et al., 2010).

* There is a developing worry over the dependence and well-being of
medications and medical procedures.

* Present-day medication is neglecting to treat a considerable lot of
the most widely recognized ailments.

*  Numerous regular measures are being displayed to deliver improved
results than medications or medical procedures without incidental
effects.

The methodology by which a medication is delivered can significantly
impact its efficacy. Certain medications possess an optimal concentration
range within which maximum advantage is derived and focus above or under-
neath this reach can be harmful or produce no remedial advantage by any
stretch of the imagination (Trickler et al., 2008). Once more, the remarkably
slow progress in the effectiveness of treating severe diseases has indicated
an increasing necessity for a multidisciplinary approach in delivering thera-
peutics to specific areas within tissues. From this, revolutionary concepts
regarding the management of pharmacokinetics, pharmacodynamics, elusive
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toxicity, immunogenicity, bio-recognition, and efficacy of pharmaceuticals
were formulated. These novel methodologies, commonly referred to as drug
delivery systems (DDS), are founded upon interdisciplinary approaches that
integrate the fields of polymer science, pharmaceutics, bioconjugate science,
and molecular science (Hou and Zhou, 2008).

Anovel pharmaceutical delivery system is an innovative approach to drug
delivery that addresses the limitations of traditional pharmaceutical delivery
systems. Current medication addresses a specific ailment by targeting the
affected area within a patient’s body and transporting the medication to that
particular site. Drug delivery system refers to the process through which an
optimal dosage of the concerned medication is administered to the patient,
ensuring it reaches the precise “site of action” and initiates its therapeutic
effect without any delay. Emerging medication delivery systems aim to over-
come all the obstacles associated with conventional DDS. There exist various
approaches through which novel drug delivery can be achieved (Dong et al.,
2009; Tzu et al., 2008). Various drug delivery and drug targeting systems are
currently being developed to minimize drug degradation and loss, prevent
adverse side effects, and enhance drug bioavailability and the concentration
of the drug accumulated in the desired region. Among the various drug
transporters that can be identified are soluble polymers, micro-particles
composed of insoluble or biodegradable regular and synthetic polymers,
microcapsules, cells, cell phantoms, lipoproteins, liposomes, and micelles.
These transporters can be designed to degrade gradually, respond to stimuli
(such as pH or temperature), and can even be specifically targeted (e.g., by
forming them with explicit antibodies against specific trademark parts of
the area of interest; Fu et al., 2008; Hu and Jiang, 2012; Shen et al., 2008).
Two significant approaches can be identified for addressing the optimal sites
for drug releases (i) uninvolved; and (ii) dynamic focusing. An example of
latent focusing is the particular collection of chemotherapeutic specialists in
strong growths because of the enhanced permeability of cancerous tissues
in comparison to healthy tissues, the contrast between the two becomes
apparent. A methodology that could potentially enable dynamic targeting
involves the surface functionalization of drug carriers with ligands that are
specifically recognized by receptors on the outer membrane of the desired
cells. Given the highly specific nature of ligand-receptor interactions, this
approach could facilitate a more precise localization of the desired site
(Borodina et al., 2008; Ma et al., 2000; Tanwar et al., 2006).

Controlled drug discharge and ensuing biodegradation are significant for
creating effective details. Potential delivery systems include: (i) desorption of
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surface-bound/adsorbed drugs; (ii) dispersion through the transporter lattice;
(iii) dissemination (on account of nano-capsules) through the transporter
wall; (iv) transporter network disintegration, and (v) a joined disintegration/
dispersion process. The method of conveyance can be the contrast between a
medication’s prosperity and disappointment, as the decision of a medication
is in many cases impacted by how the medication is administered (Wen et
al., 2010). Sustained (or nonstop) arrival of a medication includes polymers
that discharge the medication in a controlled manner. This controlled release
occurs either through diffusion from the polymer or through degradation of
the polymer over time. Pulsatile discharge is much of the time the favored
technique for drug conveyance, as it intently emulates the way by which the
body normally delivers chemicals like insulin (Shen et al., 2008).

Natural medicines have been generally utilized all around the world since
old times and have been acknowledged by medical practitioners and indi-
viduals for their better restorative worth as they have less antagonistic impacts
as contrasted and present-day prescriptions. The medications of Ayurvedic
beginning can be used in a superior structure with improved viability by
consolidating in current dose structures. Notwithstanding, phytotherapeutics
need a logical way to deal with conveying the parts in a clever way to incre-
ment patient consistency and keep away from the rehashed organization. This
can be accomplished by planning novel medication conveyance frameworks
for natural constituents. Novel medication conveyance frameworks not only
lessen the rehashed organization to defeat resistance but additionally help to
expand the restorative worth by diminishing harmfulness and expanding the
bioavailability, and so forth. In recent times, there has been a shift in focus
among pharmaceutical researchers toward the development of a drug delivery
system for herbal medicines, utilizing a scientific approach (Zhao et al., 2002).

Our nation has a tremendous information base of Ayurveda whose poten-
tial is just being acknowledged as of late. Be that as it may, the medication
conveyance framework utilized for controlling the medication to the patient
is conventional and obsolete, bringing about diminished viability of the
medication. On account of natural concentrates, there is an extraordinary
chance that many mixtures will be obliterated in the exceptionally acidic pH
of the stomach. Different parts may be utilized by the liver before arriving at
the blood. Subsequently, the necessary measure of the medication may not
arrive in the blood. In the event that the medication does not arrive at the
blood level, which is known as the “base compelling level” then there will
be no remedial impact.
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Phytopharmaceuticals are drugs utilizing customary mixtures obtained from
botanicals rather than synthetic substances. Regular fixings are all the more
effectively and all the more promptly processed by the body. Subsequently, they
produce less, if any, aftereffects and give expanded retention in the circulatory
system bringing about additional exhaustive and powerful medicines. Drugs
produced using synthetic mixtures are inclined to unfavorable incidental effects.
The human body will tend to dismiss specific synthetic mixtures which does not
happen normally. These dismissals happen as incidental effects; some as gentle
as minor cerebral pains, and others as serious as to be possibly deadly. It means
a lot to note while phytopharmaceuticals produce less to no side outcomes,
compound cooperations with other professionally prescribed medications can
happen. Moreover, as they are single and decontaminated compounds, they
can be effectively normalized making it simpler to consolidate them in current
medication conveyance frameworks contrasted with spices.

Lipid-based drug conveyance frameworks have been explored in different
examinations and have shown their true capacity in controlled and designated
drug conveyance. Pharmacosomes are amphophilic phospholipid edifices
of medications bearing dynamic hydrogen that tight spot to phospholipids.
They confer better biopharmaceutical properties to the medication, bringing
about superior bioavailability. Phytosomes are novel mixtures containing
lipophilic buildings of parts of plants beginning with Silybum Marianum,
Ginkgo Biloba, ginseng, and so forth, with phospholipid (Chen, 2008). They
are additionally called Phyto lipids conveyance frameworks. They have high
lipophilicity and further developed bioavailability and restorative proper-
ties. These are progressed types of natural concentrate that have improved
pharmacokinetic and pharmacological boundaries, whose results can profit-
ably be utilized in the treatment of intense liver illnesses, either metabolic
or infective beginning. Phytosomes are created by a patent cycle in which
individual parts of homegrown removes like flavonolignans and terpenoids
are bound on a sub-atomic level to the phospholipids like phosphatidyl-
choline through a polar end. Phytosomes are utilized as a medicament and
have a wide extension in cosmetology. Numerous areas of pyrosomes are
to be uncovered later on in the possibility of drug application. Phytosomes
structure an extension between the traditional conveyance framework and
the clever conveyance system (Gortzi et al., 2008). If the actual spices or
the cleansed phytopharmaceuticals or pyrosomes are consolidated in clever
medication conveyance frameworks, we can get the advantages of both.
In this way, it is essential to consolidate the clever medication conveyance
framework in Indian Ayurvedic drugs to battle serious sicknesses.
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As home-grown novel medication conveyance frameworks have a
parcel of potential, a few specialists are pursuing creating novel medica-
tion conveyance frameworks like mouth dissolving tablets, supported and
broadened discharge definitions, mucoadhesive frameworks, transdermal
dose structures, microparticles, microcapsules, nanoparticles, inserts and
so forth of spices. Some of them are at the research facility stage and some
have reached the stamp. A portion of the examination work done in this
space is summed up below. Asoka Life Science Limited sent off Res-Q,
the world’s most memorable poly-natural mouth-dissolving tablet, a quick
mouth-dissolving drug. It has a clever medication conveyance framework
that bestows expanded viability. In the Ayurvedic medication section, this
is the principal endeavor to make meds more viable in overseeing constant
afflictions. Res-Q is a poly-natural medication exceptionally compelling
for lung issues and other respiratory illnesses like asthma. This extraor-
dinary mouth-dissolving drug conveyance framework guarantees that
the medication arrives at the blood straightforwardly and that first-pass
digestion is avoided. It breaks up in the mouth by blending in with the
spit and gets assimilated. This Res-Q gives alleviation from respiratory
misery in 15 minutes or less. Along these lines, this medication looks like
the viability of Sorbit rate, a progressive mouth-dissolving drug utilized in
heart trouble.

A patent portrays an orally administrable definition for the controlled
delivery or stable stockpiling of a granulated spice, containing a granulated
spice and a transporter, the planned arrival of 75% of the dynamic fixings
somewhere in the range of 4 and 18 hr after organization. The active
components are selected from the assemblage consisting of hypericin,
hyperforin, and echinacosides. The innovation looks to give work on natural
arrangements, whose arrangements offer a helpful oral measurement type of
spices for providing ideal plasma centralizations of the organically dynamic
mixtures that work with client consistency. The oral-controlled and stable
delivery measurements type of granulated spice is in either framework details
like lattice tablets or in multi-particulate definitions like microcapsules
put into two-piece cases that are finished to get a medication conveyance
framework, which will guarantee a consistent stock of the dynamic parts
for a supported period. Herbal drugs have been broadly utilized all around
the world since old times and have been perceived by doctors and patients
for their better remedial worth as they have less unfavorable impacts as
contrasted and current meds. The medications of Ayurvedic beginning can
be used in a superior structure with improved viability by consolidating in
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present-day dose structures. In any case, phytotherapeutics needs a logical
way to deal with conveying the parts in an original way to increment patient
consistency and keep away from the rehashed organization. This can be
accomplished by planning novel medication conveyance frameworks for
homegrown constituents.

11.6 CONCLUSION

Novel pharmaceutical delivery systems serve to diminish the repetitive
administration required to surmount noncompliance, while simultaneously
contributing to the enhancement of therapeutic value through the allevia-
tion of toxicity and augmentation of bioavailability, among numerous other
advantages. In recent times, pharmaceutical scientists have redirected their
attention towards devising a drug delivery system for herbal medicines by
means of a scientific methodology. The astute examination can augment not
only the capture but also the sustenance in the market. However, there exist
numerous challenges associated with herbal medicines that need to be over-
come, such as the difficulty in conducting clinical research on herbal drugs,
the development of standardized bioassays for biological evaluation, the
advancement of pharmacological and toxicological assessment methods, the
examination of their sites of absorption, the utilization of toxic herbal drugs,
the exploration of substitute animal models for the purpose of evaluating
toxicity and ensuring safety, along with the examination of the legal and
regulatory components about herbal medicines.
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ABSTRACT

Technology has become an integral part of human life having beneficial as
well as detrimental impacts on sustainability. It has brought industrial revo-
lutionary improvements and assisted with economic progress whereas some
have been shown to cause damage to the environment. Several technological
applications have been developed to mitigate and monitor pollution mainly
the GIS, remote sensing, and nanotechnology. Both technology and the envi-
ronment have a complex connection, an understanding of which is critical for
sustainability achievement. The impact of advanced technologies on environ-
mental sustainability needs to be explored more for sustained future economic
development. An investment must be made in environmental efficiency and
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technologies simultaneously as this could lead to a significant reduction in
pollution. This chapter focuses on a few of such technological applications,
both aspects of technological applications on environmental pollution, and its
causes and effects on environmental sustainability. The chapter will help to
gain insight into current techniques, identification of advanced approaches,
and further advancement in various aspects of research and development.

12.1 INTRODUCTION

The term “Environmental pollution” is stated as the contamination of both phys-
ical as well as biological components of the earth or atmosphere system to such
an extent that normal environmental processes are severely affected (Iyyanki
and Manickam, 2017). Environmental pollution is among the extremely life-
threatening global challenges. It is rising gradually and becoming a serious threat
to the environment, human beings, animals, plants, and all living organisms.
The contributions, both natural and man-made, have resulted in environmental
pollution. The natural contributors originate as a result of various repeated
biochemical processes occurring in the biosphere like matter transformations
by bacterial activity, geothermal and volcanic activity, photosynthetic process,
the animal’s life, and so on. The anthropogenic contributors are mostly human
activities including energy production and use, raw materials exploration and
production, the industrial conversion of raw material inputs into useful finished
products, and so forth (Ghori et al., 2019; Nath and Cholakov, 2009; Ozturk et
al., 2015, 2017a). Recently, it has been shown that activities by man via urban-
ization, industrialization, exploration, and mining are at the forefront of world
environmental pollution (Altay and Ozturk, 2012; Ashraf et al., 2010; Haq et
al., 2021; Ozturk et al., 2017b, 2019; Ukaogo et al., 2020).

The substances that are involved in causing pollution are termed as
“pollutants.” A pollutant can be of different categories such as chemicals
(gases, toxic metal, organophosphorus compounds, radionuclides) or
geochemical substances (sediment, dust), biological organisms or their
products, or physical substances (heat, sound wave, radiation) that are
either released intentionally or unintentionally by a human into the natural
environment having actual or potentially harmful, adverse, unpleasant, or
problematic effects. Such unwanted effects may be directly affecting humans
or indirectly, and they are being targeted through a resource organism or
climate change (Imanberdieva et al., 2018; Ozturk et al., 2015; Rai, 2016).
The environmental pollutants or contributors, in case of an outcome of human
activity, encompass various aspects and can be comprehended in distinctive
ways based on the region of the world involved doing the observation.
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The climate change scenario and the outcomes of global warming
extremely affect numerous ecosystems, resulting in issues like food safety,
melting of ice and icebergs, extinction of animals, and harm to plant commu-
nities (Imanberdieva et al., 2018; Marlon et al., 2019; Ozturk et al., 2016,
2021, 2022a). There is a great variation among the countries, existing in the
patterns of environmental pollution as well as pollution-induced diseases.
The national income of a country and its stage of development are crucial
factors that are responsible for such strong differences (De Maio, 2011). In the
case of advanced and well-developed countries, pollution generally signifies
the emission of CO, gas or additional greenhouse gases (GHGs), whereas
in the poorest and least-developed countries, the term “pollution” refers to
the waste of basic activities of mankind (Borowski, 2017; Darwash et al.,
2023). The quality decline of the ecosystem as an outcome of environmental
pollution is evident by biological diversity, vegetation loss, huge amounts of
harmful chemicals present in food grains and the surrounding atmosphere,
and the development of higher risks of environment-related accidents and
threats to life-supporting systems (Rai, 2016).

Exposure to pollution has resulted in direct harm to human health, flora,
and fauna and disturbance in the ecosystem (Hameed et al., 2017; Ozturk et al.,
2022b, 2023a; Orru et al., 2017; Sardar et al., 2018; Yalcin and Altay, 2023).
It has caused increased mortality and morbidity rates. The pollutants enter the
immune defense system and damage the vital body organs including the brain,
lungs, and heart (Brook et al., 2017). It causes cardiovascular disorders, cere-
brovascular disease, ischemic heart disease (Brook et al., 2017), asthma, blood
pressure, lung cancer, chronic obstructive pulmonary disease, neurological
and autism spectrum disorders (Costa et al., 2017), diabetes, hypertension,
and various other ailments (Thiering and Heinrich, 2015). In early stage of
life in infants and childhood causes death and various diseases as well as
chronic and non-communicable diseases that may occur at any stage of life
(Suk et al., 2016). Likewise, exposure during the critical gestational period
causes harmful effects on an infant’s life such as low body weight at birth, pre-
mature, and small gestational age births (Silva et al., 2016). Climate change
has also affected soil nutrient quality, land-use patterns, water ecosystems, and
atmospheric gaseous composition (Agache et al., 2022; Bai et al., 2019). From
an economic point of view, the analysis showed that climate change affects
the economic performance of enterprises globally (both at macro- and micro-
levels; Aldieri and Vinci, 2020). As per the Environmental Performance Index
(EPIL, 2018), poor quality of air is the biggest threat to human health (Wolfetal.,
2022). It has been reported that human diseases caused by air-borne pollutants
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led to the loss of 65% of life-years due to environmental pollution-associated
human deaths and disabilities in the year 2016 (Friedrich, 2018). According
to EPI (2022), it has been indicated a complete world environmental analysis
and it leverages 40 performance indicators which are categorized into 11 issue
categories that are further grouped into three policy objectives as shown in
Figure 12.1 (Wolf et al., 2022).

FIGURE 12.1 Policy objectives and issue categories under the EPI (2022) framework.

Undoubtedly, the entire aforesaid is closely related to climate change, and
considering the imminent risk, the consequences can severely affect mankind
(Moores, 2009). Consequently, such alarming evidence has resulted in atten-
tion to environmental pollution studies over the last few years. There is a posi-
tive interest in the protection of ecosystems via environmental analysis and
contaminants determination (Hou et al., 2018; Wang et al., 2020). Monitoring
pollutants has now become a serious concern globally due to the adverse
effects of pollutants and limited resources (Artiola and Brusseau, 2019;
Hojjati-Najafabadi et al., 2022) and there is a positive interest in the protection
of ecosystems via environmental analysis and contaminants determination
(Hou et al., 2018; Wang et al., 2020). Presently, the commonly used techniques
including spectroscopy, chromatography, and hyphenated techniques proved
to be reliable, precise, and sensitive. However, these techniques have presented
shortcomings such as prolonged steps for sample preparations, less economical,
use of potentially toxic solvents, and most importantly the demand for well-
trained certified operators. All these approaches have certainly become limited
in terms of instant, on-site, and in situ analysis (Huang et al., 2019; Wen et al.,
2018). These global issues have also been tried to be tackled through clean and
green technologies, which aim at protecting the environment and conserving
resources, thus facilitating sustainable developments. Likewise, nanoparticles
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are considered useful for the mitigation of GHG, the use of optimized solvent
in paints, purification, and filtration of water, detection of pollution and
remediation, and generation of substitute green manufacturing technological
applications. However, the production and utilization of nanoparticles raise
numerous toxicity-related issues (Bensebaa, 2013).

12.2 NEGATIVE IMPACT OF TECHNOLOGICAL INNOVATION ON
ENVIRONMENT

New technologies have emerged because of the industrial revolution. This was
achieved by nonstop industrialization and additional technological advance-
ments that occurred in developed countries worldwide. The impact of such
technology on the global environment has resulted in mismanagement, threat,
and harm to our natural planet. It has caused major impacts on the environment
and ultimately led to climate change and global warming resulting in several
consequences (Table 12.1). These technological innovations have also caused
damage to our earth by two principal means viz. (i) pollution of the environ-
ment; and (ii) the depletion of natural resources (Bisong and Apologun, 2020).

TABLE 12.1 Impact of Technology on the Environment and Resulting Consequences of
Climate Change and Global Warming

Impact of Technology on the  Global Warming and Climate Change Consequences
Environment

* Increased global warming * Toxic air pollution

* Increased pollution * Increased heat

* Increased waste * Rise in sea levels

* Increased deforestation  Shrinkage of glaciers and sea ice

* Increased radiation » Diseases epidemics and pandemics

* Increased power consumption ¢ Drought stress and wildfires
* Water quality affects * Heavy rainfall

- » Change in the amount of precipitation and snow
patterns.

- » Change in plants and animals’ life cycles
- » Change in migration of animals

- * Loss of biodiversity

- » Desertification

- » Conflict and war

- * Less food supply

- * Increased volcanic activity
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Over the last few years, the global community has under a continuous
effort to attain the desired goals of sustained development and environ-
mental protection. However, the key barrier to achieving the said goals is
the unexpected rise in the release of GHGs as a result of the huge increase in
consumption as well as production processes since the Industrial Revolution.
Consequently, activities by man are widely considered a major culprit in
the deterioration of the environment and disturbance of ecosystem balance
(Lan et al., 2022; Li et al., 2022a, b; Usman et al., 2020). It has now been
realized by the world, the presence of serious threats viz. climate change
and global warming. Therefore, the emphasis has been shifted to predicting
the outcomes of such environmental changes and the factors involved in
mitigating these effects that are having impacts on the global environment
(Yasara et al., 2019; Yen et al., 2021; Zhao et al., 2022a, b; Zhenyu and
Sohail, 2022).

Global warming causes arise in the average temperature of the atmosphere
of the earth as well as oceans (Bisong and Sunday, 2014; Imanberdieva et al.,
2018; Ozturk et al., 2015, 2021, 2022a). It is believed that global warming
mainly results from an increase in GHG concentrations, which are produced
by various human activities like deforestation and the burning of fossil fuels.
Such fossil fuel burning mostly occurred via industrial and technological
activities (Lu et al., 2018; Yalcin and Altay, 2023). Global warming causes
various negative effects as shown in Table 12.1. It also causes other effects
such as food security threats from reducing yield of crops and increasing
humidity (Battista, 2009). All such changes are believed to be induced
by humans (Kennedy et al., 2010; Ozturk et al., 2023a; Yalcin and Altay,
2023). Technology-induced activities by man since the Industrial Revolution
have resulted in a continuous increase in atmospheric GHGs and led to an
increased radioactive force from CO,, tropospheric ozone, methane, nitrous
oxide, and chlorofluorocarbons (Bisong and Apologun, 2020; Darwash et al.,
2023; Ozturk et al., 2023a).

Emissions of gases notably nitrogen oxides from industries and vehicles
have a very detrimental impact on the quality of water (Yalcin and Altay,
2023). The deposited nitrogen in water serves as a fertilizer that encourages
algal growth in rivers, lakes, streams, estuaries, and oceans. Such growth of
algae creates eutrophic conditions that result in the destruction of submerged
aquatic vegetation and the hindrance of commercial fishing. The agricultural
runoff including pesticides, fertilizers especially nitrates, and animal wastes
appear to be more harmful to water quality. This runoff to rivers and streams
causes their contamination thus, making their water unfit and polluted for
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aquatic life (Bisong and Apologun, 2020; Haq et al., 2021; Yalcin and Altay,
2023). It has also been considered that technology has drastically increased
the rate and level of environmental pollution. Humans now travel more and
unnecessarily than before as a result of technological advancement. Such
an increase in traveling mediated by technology directly results in air pollu-
tion. The pollution produced from such travel is enormous and it appears in
the form of air pollution, water pollution, and noise pollution. The main air
pollutants are carbon monoxide, lead, ozone, sulfur dioxide, and nitrogen
oxides. Most of these pollutants are generated from fossil fuel burning, such
as in the case of coal-powered electric plants, in vehicles especially trucks
and cars, and also during the processing of natural oil and gas processing
(Bisong and Apologun, 2020; Yalcin and Altay, 2023).

Power consumption is also high because of technological innovations.
Technology (like phones, television, radios, and so forth), is employed in
schools, work environments, homes, and other places. The use of phones,
television, and radio technologies, which are used at different places and
powered by electricity, utilizes fossil fuels or nuclear fuel materials (which
are non-renewable) on a huge scale (Ozturk et al., 2023a). It has been reported
that the rate of the potential energy of the biosphere being spent by humans is
10 times higher than its accumulation by living organisms, which can absorb
sunlight (Bisong, 2016). Similarly, the sources of waste are different in all
regions around the world but are directly or indirectly related to technology.
Technological up-gradation is one of the major sources or causes of waste
in industry-based countries. Toxic wastes are produced in huge quantities on
a regular basis via replacement in technologies. For example, in computer
technology, shifting from large desktop computers to laptops and tablets
has resulted in zero use and wastage of previous computer systems, and are
thus disposed into the environment. The laptops and tablets are compact and
portable, which makes desktop computers obsolete and thus generates waste
products. The same is the case with tungsten bulbs which have been switched
to fluorescent bulbs and are also now replaced by incandescent bulbs. All
these used items enter the environment in the form of waste products, which
are mostly non-biodegradable. Such waste products ultimately contaminate
the soil, making it harmful to both plant’s and animals’ lives (Bisong and
Apologun, 2020; Ozturk et al., 2023a). An increase in deforestation and
depletion of forests globally is also now possible through the advancement
of high-capacity machinery (Altay, 2019). Deforestation not only affects
living organisms, but it also affects the global climate. This results in species
extinction and climatic change which is now present throughout the world.
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Humans can now easily deplete greenery in a short period of time and can
dig through huge mountains and hills with minimal stress (Duke, 2020).
Concludingly, it has been shown that unauthorized and uncontrollable use of
technology negatively impacts the environment but if used in the right direc-
tion, it has a great potential and capability to restore the natural environment.

12.3 POTENTIAL OF TECHNOLOGY TO PROTECT THE
ENVIRONMENT

Technological advancement has a close relationship with environmental
sustainability. Earlier, it was often perceived that such advancement in
technology has a negative impact on the environment. But, at present, it has
been switched and leading towards a greener planet. In the mid-18™ century,
advanced technology-based innovations gained human attention, and since
then people have used natural resources. Heavier utilization of raw materials
has resulted in increased production and the world’s population has resulted
in CO, emission and depletion of resources. The technological advance-
ment has enabled various sectors including government, various companies
as well as individuals to implement energy-efficient and environmentally
friendly practices, establish processes and utilize resources in a responsible
manner aiming to attain long-lasting environmental sustainability. However,
technology inflicts a negative impact on the environment, which must be
considered in mind. A sustainable advancement in technology is essential
for the growth and development of humankind. Several historical examples
have also shown that technology can have profound impacts on our future
(Okafor, 2020). Scientists in various studies have proposed that technology
if it is used positively, can serve as a medium for helping the environment
(Figure 12.2). For example, geo-engineering or climate engineering tech-
niques have removed atmospheric CO, and neutralized the adverse effects of
toxic gases through less radiation absorption (Ahuja, 2022). This technology
includes two categories viz. management of solar radiation and removal
of carbon dioxide (CO,). The geo-engineering involving the removal of
CO, removes atmospheric CO, and thus reduces the GHGs present in the
atmosphere. The geo-engineering encompassing management of solar radia-
tion allows neutralizing the damaging effects of GHGs by assisting in less
absorption of solar radiation by the earth. This can be effectively achieved
either through the deflection of sunlight away from the side of the earth or
through the improvement of the surface reflectivity of the earth (Bisong and
Apologun, 2020).



Environmental Pollution and Technological Applications 287

FIGURE 12.2 The potential of the technology to save the environment.

Bioremediation technologies that involve the removal of pollutants using
microorganisms in order to reduce metal toxicity in soil or water have also been
implemented (Ahuja, 2022). In the earlier days, various naturally prevailing
microorganisms have been employed to break down organic wastes of different
sectors including agricultural, industrial, and municipal. Later, genetically engi-
neered organisms were being used to clear effluent from industries, contami-
nated soils, and petroleum spills (Lovley, 2003). In this respect, Deinococcus
radiodurans, which is a known highly radio-resistant bacterium, was modified
to devour and digest ionic mercury and toluene from most radioactive nuclear
waste (Brim et al., 2000). Presently, it has been shown that bioremediation
technology can treat around 5-10% of entire toxic chemical groups and wastes.
It can efficiently treat oil, toluene, gasoline, pentachlorophenol, naphthalene,
and diverse agricultural waste (Bisong and Apologun, 2020).

Technologies have also been used to improve and restore the streams and
rivers’ health. The restoration of rivers and streams involves a group of activi-
ties, which are organized to improve the health of a stream or river. Health
improvement can be affected as a result of an increase in the habitat of distinct
species and a decrease in erosion of stream banks. Improved stream or river
health might also involve an improved quality of water, and the attainment of
a self-sustaining, and efficient stream flow system in which there is no peri-
odic intervention by man (like the construction of structures for controlling
floods; Gilman and Jarrod, 2009; Haq et al., 2021; Yalcin and Altay, 2023).

Restoration activities might encompass river or stream bank stabiliza-
tion, clearance of a disturbance inhibiting natural water flow, and installation
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of facilities for flood or storm-water management (Cronin, 2003). It has been
shown that most streams and river contaminants enter from the runoff of
fertilizers and pesticide chemicals used on farms (Altay and Ozturk, 2012).
In the last few decades, geographic information systems (GIS) based techno-
logical developments through remotely sensed data have aided in the obser-
vation, identification, and control of pollution sources. GIS applications have
resulted in an enhancement and encouragement of precise farm practices
through computer-based, real-time, and comprehensive information about
plant health. GIS tools also encompass pesticide chemicals distribution
analysis, endurance in the surrounding environment, and effects on human
health (McKelvey et al., 2004; Thapinta and Hudak, 2003). Remote sensing
is also a novel technology that can effectively detect and monitor marine
pollution. The advancement and development in software applications and
new sensors have enabled remote sensing to monitor the water quality of
marine, thus making it a powerful tool (Loughland and Saji, 2008). It can
also be used to monitor the quality of air at a micro-scale level (Narashid and
Mohd, 2010). Remote sensing also assists farmers to identify crop rows that
require irrigation, and also for pesticide and fertilizer applications to reduce
chemical use and achieve a higher crop yield. Remote sensors help to detect
pest infestation and disease attacks on crops (Prabhakar et al., 2022).

12.4 RECENT TECHNOLOGICAL APPLICATIONS FOR MONITORING
AND MITIGATING POLLUTION AND MAINTAINING ENVIRONMENT
SUSTAINABILITY

12.4.1 SENSING TECHNOLOGY

The use of wireless sensor networks is a technological approach to monitor
air pollution (Khedo et al., 2010). These sensors are small and less expensive
used for the collection and spreading of environmental data. Such sensors
can be efficiently used for monitoring of environment, surveillance, indoor
climate control, structural monitoring, air monitoring, medical diagnosis,
emergency response and disaster management, and information collection
from inhospitable sites (Ukhade and Parachuru, 2022).

Remote sensing serves as a vital approach for monitoring atmospheric
conditions on a large scale. It characterizes the distribution of air pollution
(both temporal and spatial) and its multiple effects on the environment. The
sensor’s spatial resolution provides a vital source to satisfy the picture of the
pollution and ecology interactions either at a regional level or a global scale.
In turn, the occurrence of variation in the ecosystem and environment affects
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the pollutant’s chemistry and remote sensing monitoring. Various studies
have documented that air pollution has a great influence on the aerosol optical
properties, atmospheric vertical structure, the acidity and alkalinity proper-
ties of soil and water, precipitation, and solar radiation, which ultimately
affects the precision level of observations generated from remote sensing
and the environment (Wang et al., 2022).

Increasing pollution levels in the marine environment have also demanded
the application of numerous preventative measures in maintaining the world’s
oceans’ water quality. Remote sensing is a useful technology to monitor
and detect the pollution existing in the marine environment, and advance-
ments in new sensor development and software applications have presented
remote sensing as an efficient tool for monitoring the quality of marine water
(Loughland and Saji, 2008). These sensors also provide digital data regarding
the infestation of pests through air, ground, or space-borne platforms. This
technique calculates the variation in electromagnetic radiation due to pests’
infestation and generates an accurate mean of objective quantification of
biotic stresses as compared to visual assessment procedures besides continu-
ously employed to assemble sample measurements without any destruction or
invasion. This helps in the reduction of pesticides and fertilizers applications,
better crop yield, and ecosystem safety (Prabhakar et al., 2022).

12.4.2 SPECTROSCOPIC TECHNIQUES

Spectroscopic techniques have been developed and are being used for
monitoring and detecting air pollution (Hodgeson et al., 1973), among which
chemiluminescence was the first to be applied. It acts as an analytical technique
that takes place in exothermic chemical reactions that involve the excitement
of electrons along with their vibrational states in the material and it helps to
detect O, and NO in any required area. Another technique is Molecular Gas
Phase Fluorescence, which helps to measure pollutants including NO, NO,,
SO,, and CI, present in the atmosphere. The visible absorption bands of such
pollutants are utilized to stimulate the fluorescence of a molecule. Moreover,
the ultraviolet absorption method uses electronic circuitry, dual monitors
containing distinctive referencing systems, a stabilized source of mercury,
and signal integration (Ukhade and Parachuru, 2022).

Spectroscopy has been considered an important technology for the inves-
tigation of the Earth’s atmosphere and has been identified as the only tool to
collect remote atmospheric observations. Such remote measurements are essen-
tial to check the spatial heterogeneity of the chemistry and physical features
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of the atmosphere, and also the technical and financial problems to directly
probe the earth’s atmosphere with varied types of in situ sensors. In situ, spec-
troscopy techniques have also been broadly applied in atmospheric studies,
such as the measurement of short-lived reactive species involved in controlling
the atmospheric chemical composition, isotopologue concentrations, and the
optical properties of particles. The data collected from these spectroscopic tools
is important for the determination of the quality of air, detection of air pollut-
ants emissions, and quantification of the magnitude and fluctuations of climate
forcing agents, ensuring regulations compliance, and notifying environmental
policies at both national and international platforms (Cuisset et al., 2016).

12.4.3 NANOTECHNOLOGY AND NANOMATERIALS

Nanomaterials are small-sized materials that have a minimum of one-
dimension that measures below 100 nm (Hadef, 2018). They serve as suitable
adsorbents and catalysts because of their smaller size and bigger reactive
surfaces (Barik et al., 2021; Lu et al., 2016). There are three categories of
nanomaterials including nanoparticles, nano-emulsions, and nano-clay
(Figure 12.3). These are further divided into two groups viz. organic and
inorganic (Li et al., 2019). Compared to conventional technological applica-
tions, the advancement of nanotechnology has led to the application of nano-
materials in environmental pollution remediation. These unique features of
nanotechnology in addition to cost-effectiveness have enabled to use of it
efficiently for the removal and degradation of pollutants from the environ-
ment (Ozturk et al., 2023b; Sanchez et al., 2011).

FIGURE 12.3 Categories of nanomaterials include nanoparticles, nano-emulsions, and
nano-clay.
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Nanotechnology serves as a novel remediation technology that has been
used to maintain a natural clean environment (Bhawana and Fulekar, 2012).
Nanoparticles possess a unique anti-bacterial property, higher surface area
to mass ratio, hardness, and magnetic as well as electric properties (Corsi et
al., 2018). Diverse types of nanotechnologies have been used to mitigate the
effects of different environmental pollutants. In a study (Yunus et al., 2012),
nanotechnology has been applied to alleviate the negative effects of atmo-
spheric air pollution. This study suggested the potential of nanotechnology
in improving existing technologies as well as in creating novel technolo-
gies. This study has reported three main features of this technology viz. (i)
remediation and purification; (ii) contaminants detection; and (iii) pollution
prevention. It has been examined that various nanotechnologies can be
effectively applied to target certain substances present in the environment
to prevent further degradation of the environment (Ukhade and Parachuru,
2022). A very useful application example of nanotechnology is carbon nano-
tubes. Carbon nanotubes were reported to target NO_ by passing NO and O,
through them and containing NO which is being oxidized to NO,, which is
then adsorbed on the surface of nitrate species. Likewise, fullerene is another
nanotechnology that targets CO,. It has been reported that fullerene has a
high adsorption capacity for CO, through strong chemisorption. Moreover,
graphene is a nanotechnology that targets CO,, SO,, NH,, N, and H,S
(Ukhade and Parachuru, 2022).

Nanotechnology proved to be an efficient treatment technology to manage
and remediate air pollution by different means such as by benefiting from
nano-material properties and using them as catalysts, adsorbents, sensors,
and membranes (Zhao, 2009). Recently two nanomaterials viz. nano-fibers
and nanocomposites have been identified as useful in the remediation of
pollution from wastewater. However, their production on a large-scale and
more widespread application is still undetermined. There is still a scope
for improving the development of nanomaterials, which can efficiently and
selectively remediate pollutants, offer better resistance as well as stability,
and less toxicity (Thangavelu et al., 2022). Although there are several
remarkable properties of nanomaterials including higher efficiency and reac-
tivity, but still, possess certain limitations that discourage their use on a large
scale for environmental remediation. It has been considered that they express
harmful effects on the natural environment. Their toxic properties and effects
on the ecosystem as well as on public health are the main risks. Addition-
ally, challenges involving the nano-materials regeneration and re-use will
significantly disturb the treatment cost. Also, the prevalent toxic and harmful
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conditions in environmental applications would cause the degradation of the
structure of the applied nano-sized particles. Furthermore, a precise clas-
sification of nanomaterials used in pollution remediation is necessary for
improved knowledge encompassing their distinct properties and functions
(Thangavelu et al., 2022).

12.4.4 POLLUTION MONITORING USING GEOGRAPHIC
INFORMATION SYSTEM (GIS)

Geographic information system (GIS) represents an efficient and practical
tool for the analysis and planning of environmental data. GIS collects spatial
data in the form of a digital mapping environment (Abbas and Ali, 2012;
Adamu et al., 2014). The generated digital-based map can be overlaid onto
a map along with data and other information to view and observe spatial
information and relationships. It allows enhanced observations and deep
knowledge of physical features as well as the relationships that have a great
impact on a given environmental state (Hacisalihoglu et al., 2001). Various
factors like slope steepness, vegetation, and other aspects can be observed
and overlaid to assess numerous environmental parameters and impact
analysis (Abechi et al., 2010).

The Web-based technology GIS is applied in the software development
of monitoring and detecting environmental pollution because of its easy
access and operation simplicity for users belonging to diverse professional
backgrounds. The use of such web-based programs anticipates the dearth of
GIS-based desktops through easy accessibility and use (Anna and Fikriyah,
2019). GIS tool has also been utilized for monitoring, analyzing, and modeling
purposes regarding chemical pesticide migration in the environment. It has
been proved that GIS analysis serves as a valuable tool for studying the
environment and public health and generating significant results that may
ultimately lead to prevention against over and uncontrollable exposure to
pesticides. Despite all such advantages, GIS is still not commonly practiced
for such studies mainly in the developing countries of the world that have
limited technology knowledge and access (Kaminska et al., 2004).

12.5 CONCLUSION

Global issues including environmental pollution, climate change, and global
warming have drastically increased as a result of various natural causes
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and some activities by humans. This scenario has gained the interest of
different sectors working on environment conservation, developing clean
and green technologies that might remediate environmental pollution much
more effectively. Some of these technologies have been highlighted in
this chapter along with positive and negative impacts on the environment.
Environmental pollution and resulting climate changes and global warming
are not influenced by technology but by its mismanagement. With advance-
ments in technologies, the concerned scientists or agencies must assess the
significance of both existing as well as new technological innovations. The
techniques must guarantee cost-effectiveness, eco-friendliness, consumer
safety, prolonged durability, and no hazardous waste release. Insight knowl-
edge and continuous efforts are still needed to make certain right designing,
cost control, and implementation of innovative ideas, plans, and novelties.
This could require collaboration between researchers and environmentalists
so that we can limit the troubles at the earliest.
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