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Chapter 1
Understanding Sustainable Agriculture

Nafeesa Farooq Khan and Sumaiya Rehman

Abstract Agriculture has seen enormous transformations, particularly after the
conclusion of World War II. Agricultural production rose dramatically due to new
technology, mechanisation, significant chemical usage and government policies that
supported output maximisation. While these modifications have had several benefi-
cial consequences and decreased several dangers in agriculture, they have also
incurred enormous expenses in topsoil depletion, groundwater pollution, the col-
lapse of family farms and persistent disregard of living and working conditions.
Globally, food and agricultural production systems are confronted with unprece-
dented problems due to the increased demand for food due to population growth,
increased hunger and malnutrition, unfavourable climate change consequences,
overexploitation of natural resources, loss of biodiversity and food loss and waste.
These obstacles may jeopardise the world’s ability to satisfy its food demands in the
present and future. Agriculture must be sustainable if it fulfils the needs of future
generations while also assuring profitability, environmental health and social and
economic equality. Today, the notion of sustainable agriculture is gaining greater
recognition and support within conventional agriculture. Not only does sustainable
agriculture solve several environmental and social challenges, it also creates novel
and economically feasible options for producers, labourers, consumers and policy-
makers across the food supply chain. The present chapter will attempt to cover the
fundamentals of the idea using the content format provided.

Keywords Green Revolution - Sustainable agriculture - Organic farming -
Micro-irrigation

N. E. Khan (P<) - S. Rehman
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2 N. E. Khan and S. Rehman
1.1 Introduction

The pre-Green Revolution period was a period of scarcity and shortage of food. On
account of these scarcities and deficits, the sustainability of life had become diffi-
cult. Less production was the prime feature of cultivation. The use of traditional
types of crops and methods of cultivation was creating a vicious circle. The mani-
fold increase in the problems of people was putting too much pressure on agriculture.

Consequently, there was a need for hybrid seeds yielding more than traditional
ones. Likewise, there was a kind of urgency to use scientific methods of increasing
production, such as chemical fertilisers and technologies. All eventually found a
more meaningful expression when the Green Revolution occurred, stressing the
importance of high-yielding crops, chemical fertilisers, scientific land use and other
things involved in boosting agriculture.

1.2 Global Impact of Green Revolution on the Environment

Green Revolution set a tone for greater production. Unlike the past, people began to
use new varieties of crops and hybrid seeds. To ensure increasing production, chem-
ical fertilisers and newly discovered technologies were used. An increase in produc-
tion remained the sole purpose of agricultural activities. To achieve this objective,
chemical fertilisers were used, which deteriorated the quality of land in the long run.
Without considering the negative impacts of chemical fertilisers, the Green
Revolution era, tilling through new technologies and increasing use of inorganic
substances, caused innumerable environmental problems. The things that ensured
the Green Revolution, in the long run, proved least environmentally friendly. The
quality of soil deteriorated. Loss of moisture of cultivable land and water quality
degenerated. The land became increasingly less fertile, possessing inadequate and
imbalanced proportions of different minerals. Due to pesticides, a more significant
number of pro-peasant organisms vanished. In the pace of the Green Revolution, the
environment underwent more significant changes, and most of them proved very
harmful.

Developing economies like India, by resorting to enhanced agronomic practices,
including better agricultural practices, HYVs (high-yielding varieties), plant
defence procedures, chemical fertilisers and modernisation, attained higher produc-
tion of crops. Crops like maize and rice witnessed a boom using enhanced tech-
niques, popularly identified as the “Green Revolution technology”. As the total
cereal production increased, the Green Revolution technology transformed India
into a secure food country. By the 1980s and 1990s, it could rarely export any food
(Anderson & Hazell, 1989). Paradoxically, however, the increased production cre-
ated increased agrarian instability. Several studies show that the improved flux in
food grain manufacture in India can be credited to the extensive acceptance of
Green Revolution tools (Mehra, 1981; Singh, 1998).
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On account of the Green Revolution, selective cropping of wheat and rice became
a widespread phenomenon. The other crops received the least attention. Rice and
wheat became more lucrative for farmers as yields increased than many other crops.
The environmental implication of the Green Revolution includes agricultural
increase into peripheral lands, alarming rates of cutting down trees and grazing in
dried areas. All this is ultimately having more opposing ecological effects. It is
expected that soil and water loss and damage to organic matter may lead to land
deterioration and degradation, which eventually will make it more challenging for
upcoming generations to meet their requirements for food, fuelwood and other
agronomic and forest yields. New technology facilitates the exploitation of land
base due to the enhanced yields in prevailing cultivated lands. Hence, increasing the
growth and using yield-enhancing machinery lessen the burden on new agricultural
lands to fulfil growing demands for nutrition and other agronomic products. The
expansion and use of yield-increasing crop varieties, amplified use of chemical fer-
tilisers, improved manufacturing ways and other yield-enhancing elements have
triggered land deprivation.

The use of a vast amount of pesticides might disturb the ecosystems badly in a
variable number of ways. A decrease in plant genetic diversity is another significant
ecological threat linked to it. Once the diversity declines in farms, actual steps
should be taken to warrant that the plant genetic substance is preserved somewhere
else. Ecological threats related to the use of fertilisers appear to be somewhat unim-
portant, though excessive usage rates and reduced social practices may cause eutro-
phication of water bodies.

1.3 Sustainable Agriculture

Sustainable agriculture is indefinitely a comprehensive idea with numerous delinea-
tions (Lockeretz, 1988). Summing it up in a single frame is very challenging.
Primarily it denotes a variety of approaches for talking about the number of difficul-
ties that agricultural science faces. These difficulties comprise loss of soil produc-
tion, plant nutrient loss and water pollution by extensive use of pesticides, chemical
fertilisers and deposits. Sustainable agriculture is the efficacious organisation of
means for agronomy to fulfil varying human requirements through sustaining or
improving natural means and circumventing ecological deterioration (TAC-CGIAR,
1988). Sustainable farming is a scheme of farming devoted to preserving and main-
taining the cultivation base of atmosphere, soil and water safeguarding the upcom-
ing generation’s capability to nourish themselves by a sufficient stock of harmless
and healthy diet (Grace, 1990). It is an arrangement that could indeterminately fulfil
the desires for food and fibre at reasonable financial and environmental costs
(Crosson, 1992).

Sustainable agriculture aspires to create an agricultural environment that is both
sustainable and prosperous while conserving the natural resource base. Sustainable
agriculture includes protection of the environment and an increase in production,
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which is economically beneficial. In short, sustainable agriculture means a kind of
financially and environmentally sustainable agriculture over a more signifi-
cant period.

1.3.1 Advantages

Sustainable agriculture seems to be advantageous in multiple ways:

e It causes low or no pollution to the environment.

* Being environmentally friendly, it has the least possible effects on different
forms on earth.

e It crucially acts as an active indicator in maintaining the earth’s biodiversity.

It promotes rich biodiversity as well as natural elements and their recycling.

e It emphasises the growth of plants on account of their original potential.

* The conservation of natural resources and their judicious use figures at the centre
of sustainable agriculture.

It helps in maintaining the economic sustainability of farm operations.

1.3.2 Principles of Sustainable Agriculture

There are five fundamental concepts for increasing farm production and sustain-
ability on a global scale. These ideals seek to establish a production structure that is
both environmentally friendly and meets human needs. In the first place, sustainable
agriculture aims to improve resource utilisation efficiency, which is possible by
strictly adhering to sustainability principles. The second principle involves protect-
ing and enhancing natural resources that help maintain favourable conditions for
fruitful production and productivity. The third principle envisages healthy human-
environment relationships by improving people’s resilience, communities and eco-
systems. The fourth principle develops a healthy equation between native means of
production by expressing faith in a rural lifestyle and social welfare acts. The fifth
and final principle brings in the concept of welfare economics wherein the role of
governance comes to play a pivotal part.

1.3.3 Goals of Sustainable Agriculture

The following are a few significant goals of sustainable agriculture:

1. It expects a productive and profitable production. It chiefly aims for surplus
production and crop varieties to make the human resource equation and equilib-
rium healthy.
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2. The ultimate goal of sustainable agriculture is ever-increasing production and
profit with the least harmful impacts.

3. It is driven by the desire to set in a kind of balance between man and the
environment.

4. The prime concern of sustainable agriculture is the conservation of resources
and protection of health and the environment.

5. Low-input methods, skilled management and recycling of natural elements and
less hazardous production methods like novel ideas run central to it.

6. It puts forward the cause of N fixation, pest-predator relationships and nutrient
cycling into agriculture procedures.

7. Sustainable agriculture seeks to avoid harmful substances in raising multi-
ple crops.

8. It discourages the use of those off-farm inputs that are non-renewable and
external, potentially harming the environment.

9. It prefers only those inputs which are less harmful and renewable and help
minimise variable costs.

10. Sustainable agriculture takes farmer and rural life at the centre of its edifice and
proclaims a proactive role for peasants. Its goal is to involve farmers, and with
their full participation, it assigns a significant place to them in all processes of
problem analysis. Besides, it would be preferred to prefer technology to
develop, adopt and extend benefits.

11. The whole idea of sustainable agriculture is progress in production, profitability
and equitable access to predictive resources and opportunities.

12. To promote agriculture along suitable and sustainable lines, there is a greater
need to benefit from the productive use of plant and animal species’ biological
and genetic potential.

13. An increase in self-sufficiency amongst growers and people of rural areas.

14. Cost-effective and well-organised making with stress on combined practice
managing and preserving biological resources, energy, soil and water.

1.4 Farming Systems and Agriculture Sustainability

The farming system could be a complicated inter-linked matrix of animal’s imple-
ments, soil, plants, capital, labour, power and alternative inputs organised partly by
farmhouse people and prejudiced by variable degrees of institutional, political, eco-
nomic and social forces working at different stages. Specifically, it is a well-defined,
exclusive and judiciously constant procedure of field enterprises that a family
accomplishes with its physical, biological, socio-economic and cultural situation in
agreement with the family’s objectives, likings and incomes. Theoretically, it
denotes a group of components or parts that remain interconnected amongst them-
selves. Agricultural initiatives comprise apiary, crops, dairying, fishery, piggery,
poultry, sericulture and tree crops. A grouping of one or many enterprises with crop-
ping, when cautiously selected, planned and implemented, provides larger
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dividends than a solitary enterprise, particularly for minor and peripheral farmers.
Farmhouse as a component is thought about and intended to incorporate the initia-
tives to be shared with crop production activities. The end product or final product
of one enterprise is used efficiently as raw material for the other. For instance, the
absolute wastes of dairying like urine and dung are used to make compost that func-
tions as an input or manure in the cropping system. Similarly, the grass attained
from cereals (maize, sorghum and rice) has been used as cattle fodder. Sustainability
is the goal of the agricultural system where the manufacturing process is improved
by practical application of efforts without interfering with the excellence of envi-
rons with which it cooperates on the one hand and efforts to reach the national
objectives on the other hand.

1.4.1 Principles of Farming System

* Ecological equilibrium.

* Opportunity for job creation.

* Increased input performance.

* Integration of two or more enterprises.

e Maximum productivity and profitability.

e Minimisation of risk.

* Optimum use of subsistence systems.

* Recycling of wastes and residues.

* The use of final yields from one individual enterprise as raw material for another
enterprise.

1.4.2 Aims of Farming System

1. Food security: In agricultural schemes, varied enterprises yield diverse food
sources, viz. fats, minerals, proteins and carbohydrates, from the same land
unit, which helps resolve the undernourishment problems predominant amongst
the peripheral and sub-peripheral rural families.

2. Employment generation: Numerous farmhouse enterprises like livestock, crop
production or some other similar enterprise in the agricultural system may
upsurge employment avenues considerably and may help overcome
unemployment.

3. Farming system increases input use efficiency by enabling proper resource
utilisation with tangible outputs.

4. One of the crucial aspects of the farming system is protecting and preserving
the environment by providing different biocontrol measures and pest and dis-
ease control mechanisms.

5. It has a more significant advantage because it is eco-friendly, significantly
reducing environmental pollution.
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6. Farming system possesses a greater potential to prevent a farmer from market
fluctuations and benefit from the market by considering the current demands
and preferences.

7. It helps in- and outflow of money by selling different products such as eggs,
milk, fish, silkworm cocoons, honey, etc. That has increased farmers’ purchas-
ing power and opportunity to invest and take advantage of improved
technologies.

8. It helps produce both food and fodder simultaneously, enabling farmers to
enhance their livestock and income from means other than mere acts of cultiva-
tion. Making farmers capable of using proper resource utilisation in the farming
systems equips them even for the lean agriculture season.

9. The farming systems help maintain the rich humus and the allied soil potential
by minimising synthetic fertilisers and advocating the cause of natural organic
materials, manures and wastes. There is a way to prevent soil pollution and the
death of pro-farmer organisms in the farming system.

10. The farming systems provide scope for multiple crops in the least expensive
and farm-efficient conditions. Less reliance on chemical fertilisers, pesticides
and other such things in the farming system has increased opportunities to
increase monetary gains per unit area per unit time by increasing crops and con-
nected initiatives.

11. The cost-efficient production, greater profitability and other benefits of farming
systems work on the principle of no wastage.

12. Additionally, it saves energy by providing effective recycling of organic wastes.

13. The growth and development of agro-based industries become possible by the
hands of IFS.

1.4.3 Organic Farming

Organic farming “is a method of agriculture practice that prevents or substantially
eliminates the use of synthetically compounded fertilisers, pesticides, growth regu-
lators and livestock feed additives”. Organic agricultural schemes extensively use
crop rotation, crop residues, livestock compost, legumes, green manure, off-farm
organic wastes and biological pest management (USDA, 1980). The concept of the
soil as a biological environment that must be “nursed” in a way that does not restrict
the activities of beneficial living organisms necessary for nutrient recycling and
humus production is critical to this explanation. “Organic agriculture is a holistic
production management system that promotes agro-ecosystem health, including
biodiversity, biological cycles and soil biological activity. It emphasises the use of
management practices in preference to off-farm inputs, considering that regional
conditions require locally adapted systems. This is accomplished by using wherever
possible, agronomic, biological, and mechanical methods, as opposed to using syn-
thetic materials, to fulfil any specific function within the system (Di Caracalla, 1997).
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1.4.4 Principles of Organic Farming

12.
13.
14.
15.

Organic farming is the quest for quality foods with high nutritional values.

. To develop a healthy man-environment relationship.
. Creative and constructive use of resources with the most negligible degenera-

tion of life, natural cycles and systems.

Maintaining and encouraging organic cycles and preserving the wealth of pro-
farming microorganisms, soil fertility and varied life forms with careful
mechanical intervention.

. To prevent soil pollution and water pollution and promote healthy living condi-

tions on earth and water.

Conservation of soil and water quality is a priority.

To use locally organised agricultural systems with a significant reliance on
renewable energy.

. Making a broad use of organic matter and nutrient elements.
. Scope for enlarging the livestock conditions.

10.
11.

Upholding rich biodiversity on the surface of the earth.

Organic production, cultivation of quality life and creation of a safe working
environment.

Production of food and fodder with the help of renewable resources.

Growth and development of crop production and animal husbandry.
Promotion of love for nature and output of harmony.

A system of just production and distribution.

1.4.5 Relevance of Organic Farming

Attention towards organic farming practices is developing rapidly, particularly in
parts where the current modern agricultural system has unchecked several agricul-
tural and ecological issues, both going on and off the farmhouse, threatening food
safety. The following are a few examples of the repercussions of modern agriculture
that have made organic farming relevant in contemporary times:

(a) Loss of soil fertility.
(b) Contamination of food, soil and water with insecticides and chemical

fertilisers.

(c) Health effects on agriculturalists, workers, farm families and rural populations

due to the insecticides, pesticides and other deadly chemicals.

(d) Resistance of insects and pests to these chemicals.
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1.4.6 Precision Agriculture

Precision agriculture (PA) is one of the emerging concepts towards achieving sus-
tainable agriculture. This farming concept is based on proper measurement, obser-
vation and well-responding mechanism to intra- and inter-field inconsistency in
crops. This concept’s overall goal is to optimise earnings on investments while con-
serving the resources (McBratney et al., 2005). It aims at increasing production by
incorporating technologies and principles to manage environmental quality. The
precision agriculture concept works quite well in enhancing crops like coffee, tea,
sugar beet and sugarcane. Despite being full of potentials, the idea has not been suf-
ficiently addressed.

The need for precision farming production is an outborn of scarcity-like condi-
tions. Less production and shortage of food created necessary conditions to develop
this model. The concept is premised on increasing production through a well-
coordinated system of efforts and ingredients like irrigation, fertilisation, pesticides
and high-yielding crops. The design invokes a desire to increase production by
keeping the growing size of the human population without any degradation of natu-
ral resources; by using high-yielding varieties, avoid negative ecological/environ-
mental consequences like waterlogging and chemical deterioration (salinisation and
loss of nutrients), respectively.

It involves a systematic way of farming, starting with selecting crop varieties,
fertilisers in proper doses, exact types of herbicides and pesticides and adequate
means of irrigation to ensure optimum growth and development. Precision agricul-
ture promotes maximum utilisation of advanced technologies such as tools, machin-
ery, satellite-based information and pro-peasant agrarian measures. Precision
agriculture by the exact and appropriate quantities in the proper time helps reduce
the cost of several agrochemicals used in crop production. This well-coordinated
system based on accurate equipment information, land preparation, seeds, fertilis-
ers, pesticides and herbicides, irrigation and post-production activities makes preci-
sion farming significant and such anthropogenic activities in precision farming
affects the environment the least.

Precision farming comprises many steps that aim to utilise information in agri-
culture to enhance production by all means available to achieve expected yields. As
a system, it makes it imperative to assess the variability for proper management and
evaluation.

Assessing variability helps manage the set of factors and the processes playing a
pivotal role in crop performance in space and time. The measurement of the incon-
sistency of factors and procedures determining spatiotemporal variations in crop
yield helps precision agriculture farming use the same to achieve maximum produc-
tion. Assessing spatiotemporal variability statistics makes precision farming highly
rewarding. The concept of variability are creatively used in precision soil fertility
management by accurately identifying and interpreting the influence of yield, qual-
ity and crop-specific environment. However, more important in precision agricul-
ture are the evaluation of data and the analysis of profitability. Proper use of data
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reduces agrochemicals, enables higher nutrient use efficiencies, helps in managing
inputs and maximises production. Due to all these benefits, precision agriculture
continues to develop (Pierce & Nowak, 1999).

1.4.7 Climate-Resilient Crop Varieties

Climate-resilient crops have become the need of the hour to endure the drastic cli-
matic change. They can tolerate erratic rains, heat, floods, droughts, chilling and
salinity stresses. They are essential ingredients of sustained agriculture, capable of
yielding high production and coping with the challenges of climate change. Climate-
tolerant crops are evolving as the best potential solutions for addressing climate
change problems, meeting the needs and demands of a rising population and
enabling competent peasants to be less reliant on what nature provides. Climate-
resilient crops are, to a greater extent, capable of coping with abiotic stresses like
droughts, heat and cold, the significant factors that adversely affect plant growth and
productivity (Maheswari et al., 2012). To produce stress-tolerant varieties, it is criti-
cal to recognise the characteristics that support and foster plant growth and develop-
ment during times of stress (Maheswari, 2017; Maheswari et al., 2016; Shanker
etal., 2014).

There are currently many programmes that aim to improve productivity and tol-
erance to physical stresses. Their availability needs to be encouraged to sustain the
production system and meet the increasing demand for food grains. On account of
being high yielding and increasingly tolerant to delayed monsoons and droughts,
climate-resilient crops are essential for sustainable farming practices.

Climate-resilient crops are likewise capable of enduring heat stress as well as
cold stress. Heat stress or exposure of plants to heat hampers agricultural production
by causing morphoanatomical, physiological and biochemical changes in plants.
The heat-tolerant varieties counter production losses. Many plants, especially those
native to warm habitat, exhibit injury symptoms, including reduction of leaf expan-
sion, wilting, chlorosis and necrosis, when subjected to low non-freezing tempera-
tures. Primary injury is the initial rapid reaction to chilling stress resulting in plant
dysfunction but is easily reversible when the temperature is elevated to non-chilling
conditions (Kratsch & Wise, 2000). To overcome this problem, climate-resilient
crops are the only remedy as they are, to a greater extent, capable of enduring even
the salinity stresses. So, these crops help meet the twin challenges. They are the key
varieties in agricultural production to meet the greater demands of the growing pop-
ulation. Likewise, they protect agriculture from the adverse impacts of climate
change. These crops are helpful to overcome the adverse effects of climate change
by helping to lower the yield losses under stress condition. For further advancement,
the climate-resilient varieties of crops could be utilised as potential genetic
resources.
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1.4.8 Micro-Irrigation

The idea of sustainable agriculture seems to be incomplete without the concept of
micro-irrigation. Micro-irrigation, described as the specific application of water on
or below the soil surface at low pressure through small devices that spray, mist,
sprinkle, or drip water, is gaining popularity (Hla & Scherer, 2003) and is regarded
as critical for increasing irrigation efficiency (Hla & Scherer, 2003) (FAO, 2003). It
seems to be instrumental in increasing yields and reducing the rate of salinisation,
especially when the crops are not overtly sensitive to salinity (Cetin, 2004).

Micro-irrigation, a concept based on new technologies, is a strategy to overcome
the shortage of water. It provides usage of water only as a requirement without least
wastage. Thus, it offers a continuous water supply in the crop zone that gives a
higher crop yield. According to Postel (2000), it has doubled crop yield per water
unit in many applications. It has proven much effective in crops like vegetables,
sugarcane, cotton and orchard and vineyard crops. Shah (2011) also claims yield
increases and water savings due to micro-irrigation. It additionally saves labour
costs and improves crop quality (Madramootoo & Rigby, 1991).

Significantly micro-irrigation makes it possible to reuse wastewater with a high
salt content that helps nitrogen in the wastewater be easily absorbed by plants and
less likely to pollute groundwater. Micro-irrigation maintains root zone moisture
content throughout the season. Micro-irrigation methods have proven too much
effective during the dry season in humid areas or arid climates. It offers the best
mechanism to make the best use of fertilisers and pesticide residues. It further pro-
motes more efficient use of nutrients, better and longer moisture retention in the
root zone, fewer pests and weed invasion and plant diseases and reduced pesticide/
herbicide use (Varma et al., 20006).

1.4.9 Tillage Management for the Effectiveness of Fertilisers
and Pesticides

As a component of sustainable agriculture, tillage is characterised as a mechanical
activity performed on the soil and crop residues to create a suitable seedbed for crop
seeds to be sown. This is accomplished by using a variety of farming tools, ranging
from the basic digging stick to the paddle-shaped spade that can be pulled by
humans or animals (Lal et al., 2007). Tillage impacts weed species by destroying
weed seedlings mechanically and altering the vertical distribution of weed seeds in
the soil (Peigné et al., 2007). Additionally, it modifies the soil climatic conditions
that influence weed dormancy, germination and development. Reduced tillage
intensity usually results in a rise in weed concentration in the topsoil (Vasileiadis
et al., 2007).
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The tillage system needs to be scientific, and conservation tillage needs to replace
conventional tilling methods because the scientific conservation tillage helps redis-
tribute organic carbon in the soil (Tebriigge & Diiring, 1999). In general, the organic
carbon content of surface soil increases as a result of the mulch’s presence and
decomposition and eventually declines with depth (Six et al., 1998).

1.5 Soil and Its Sustainability

In the scientific literature, the words “soil health” and “soil quality” are used
synonymously, and some people assume they are functionally interchangeable.
Preferentially, scientists prefer soil quality (Ritz et al., 2009), while farmers
prefer soil health for monitoring soils. Soil structure is characteristically essen-
tial as it is recognised through values that characterise and classify its health.
This substrate contributes to the sustainability of plant and animal production,
the preservation or improvement of water and air quality and the overall well-
being of plants and animals, thus improving an ecosystem’s functioning.
However, the soil quality remains an external property of soils that varies
according to the intended use of soils. Its quality is compromised by features
like soil sodicity, proton concentration, ground compaction, nutrient depletion,
low microbiota/biomass, moisture deficit and disrupted nutrient cycling.
Methods of unrestricted use of agrochemicals and ill land use practices world-
wide, with their disastrous effects on individuals and their surrounding things,
have led to substantial changes in people’s approach in recent times. Often a
belief prevails that plants require nitrogen, potassium and phosphorus, eventu-
ally termed limiting nutrients, to improve the soil’s water-retaining ability while
increasing its fertility. But elevated plant growth fertiliser applications usually
include N, P and K, which can cause imbalance and even reduce soil fertility.
The imminent fear of chemical persistence in the soil for generations and its
consequences raises food safety issue amongst the local masses. Thus, research-
ers have now shifted their focus on developing an alternative option to chemical
fertilisers, which would be more reliable and eco-friendlier. Scientists have
made recent advances as a significant contribution to world cropland sustain-
ability by converting theoretical information about soil structure into realistic
strategies that help growers assess the sustainability of specific management
strategies. This includes total secondary nutrient recovery and the use of soil
acids to create organic substance. Soil conservation ensures that nutrients do not
become insufficient or harmful to plants and that the right minerals add to the
food chain. The sustainability of soils becomes progressively relevant in the
years ahead, given the expected rise in world population and the resulting need
for intensification of food security. More systematic studies need to be done to
avoid further soil contamination due to erosion or pollution and produce enough
safe and nutritious food for healthy diets.
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1.5.1 Soil and Plant Environment as a Sustaining
Environment for Microbial Life

Plants below-ground parts are home to a diverse and abundant microbiota, including
algae, bacteria, fungi and protozoa (Glick, 1995; Miiller et al., 2016). These microbes
can either develop into pathogens or beneficial microbe but are frequently linked to
optimised nutrient supply and plant growth roles. The vitality of soil microorganisms is
influenced by various factors, including nutrient supply, climate, water and pH. They
establish a complex microbial consortium around the rhizospheric soil-root continuum,
which has multiple microorganisms living on or inside root cells that improve their
growth and survival. Additionally, rhizobia pick up iron (Fe3+), which is present in trace
amounts in the rhizosphere, through secreted iron-binding ligands or chelators known as
siderophores, which have an affinity for sequestering minimal iron from the microenvi-
ronment (Saha et al., 2016). Some other strains can persist and grow at a temperature of
45 °C with a pH 4 by mineralising insoluble phosphates. Rhizodeposition is the primary
carbon source for microbial life throughout the soil, supporting various organisms and
microbe consuming forms (Nguyen, 2009). In agriculture systems, soil with a dynamic
and good load of microbiota produces good crop yield. The decomposition rate is also
enhanced through the microbial communities, which produces enzymes that control the
dynamics of plant nutrients.

For example, soil microbes, including arbuscular fungi (AMF), aggressive bacte-
ria and helpful nematodes, were closely correlated with crop productivity, fruit
development, water-retaining capacity and nutrient availability which play vital roles
in plant health and soil fertility. Rhizospheric microbes and connected novel path-
ways, mechanisms and metabolites have been used to help soils operate more effi-
ciently and sustainably in agricultural production. Biofertilisers are currently utilised
as naturally efficient strains of microorganisms or modified organisms that reduce
the incidence or severity of diseases caused by plant pathogens. Thus, these microor-
ganisms are also known as biocontrol agents when they exhibit an antagonistic activ-
ity towards a particular phytopathogen (Beneduzi et al., 2012). The current
understanding of biological nitrogen fixation technology where rhizobium is used as
alternative fertilisers is now displaying successful results as biocontrol agents. From
an ecological viewpoint, living plant and soil surfaces are nutrient-limited. They
could form a particular relation in competition or predation or the possibility of
establishing a mutual relationship with indigenous microbes (Avrani et al., 2017).

1.5.2 Mechanisms and Application of Plant Growth-Promoting
Microbes in Agricultural Soils

Plant life is often impaired by multiple stressors, such as hydrogen ion toxicity,
nutrient deficiencies, toxic effects and imbalances. Plant growth-promoting (PGP)
microbes have shown a promise as long-term plant growth modulators and may be
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capable of dealing with various environmental stressors. Plant growth-promoting
factors in the rhizospheric microbiota have a great deal of significance for long-term
crop yields. There’s a lot of interest in finding out how to use them best under dif-
ferent stress conditions, droughts and high salt contents (Rosier et al., 2018).
Microbes contribute to plants’ overall strength and health by directly or indirectly
controlling the growth of pathogens. The manipulated invasion of plant roots by
rhizobia also activates an increased resistance that systematically triggers the plant’s
complete downstream defence response (Tonelli et al., 2020). Plants respond to
several biochemical signals induced by soil- and plant-associated microbes.
However, only a few diverse classes of gram-negative, nodule-forming bacteria
have been identified that emerge in the rhizosphere and develop a mutually symbi-
otic relationship with leguminous plants. In their initial interactions with the host,
they are considered foreign particles by plants followed by a series of defence
mechanism against them by exopolysaccharide secreted by some bacteria (Scheidle
et al., 2005). The bacteria overcome the defence by suppressing the plant defence
system and acquiring entrance into the root tissues’ interior (Cao et al., 2017,
Zamioudis & Pieterse, 2012). Once successfully established around the rhizosphere,
these bacteria grow fast and multiply (Scheidle et al., 2005). Thus, plant defence
mechanism plays a key role, starting from the entry of beneficial microbes
to total inactivation of harmful pathogens around its rhizosphere (Yu et al., 2019).
Usually, the plant’s environment is influenced by soil fertility, and its root exudates
which is rich in organic and inorganic compounds such as nutrients, amino acids,
hormones, fatty acids and phenols (Gopalakrishnan et al., 2015). The enormous
richness of minerals and nutrients around the root attracts other microbial flora
capable of establishing an uninterrupted interaction ranging from mutualistic to
pathogenic (Patil et al., 2017). For example, rhizobacteria directly or indirectly pro-
mote the growth of beneficial organisms and impede the multiplication of various
phytopathogens by acting as biocontrol agents (Munees & Mulugeta, 2014).
Additionally, rhizobia cause systemic tolerance, which is a beneficial mechanism
when contemplating various plant diseases (Fernandez-Gobel et al., 2019; Yu et al.,
2019). A plant responds to several biochemical signals induced by soil- and plant-
associated microbes. The strength and stability of its cross-talk signal play a key
role in determining the quality of resistance against pathogens. The interactions
with these microbes can be in the form of different possible relationships (symbio-
sis, mutualism competition, predation, commensalism, etc.). Following a sequence
of events, the hypersensitive response gets active at the initial stage — a mechanism
used by plants to prevent the spreading of local infections by microbial pathogens.
The plant directs different defence responses around the whole plant system by
signalling molecules such as salicylic acid, reactive oxygen species (ROS), nitric
oxide, jasmonic acid or ethylene at the onset of systemic hypersensitive response
(SAR) (Dong, 1998). This systemic acquired resistance (SAR) is mediated by sali-
cylic acid (SA), a compound that is commonly released in the aftermath of patho-
genic infection and reliably results in the expression of pathogenesis-related (PR)
proteins. Furthermore, a few downward induced responses mediated by jasmonic
acid (JA) and ethylene amplify bacteria’s infection risks. However, the SA- and



1 Understanding Sustainable Agriculture 15

JA-dependent defence pathways may sometimes be mutually exclusive or antago-
nistic, and certain strategic pathogens can exploit this process to circumvent sys-
temic acquired resistance. The sensitisation of defence responses by invaders such
as rhizobia further activates and stabilises the whole plant system, a process known
as priming, which categorically apprises the whole plant system (Mauch-Mani
et al., 2017). The activation of systemic expression of pathogenesis-related (PR)
genes codes for proteins and enzymes with antimicrobial activity (Pieterse et al.,
2014). These PR proteins include various enzymes ranging from chitinase, p-1,3-
glucanases, protease and lipase, which extract solute particles from the pathogenic
plasma membrane or strengthen the plant’s cell wall boundaries to resist infections.
Plant microbes are recognised as foreign agents by their perception of unique
microbial molecules or effector molecules referred to as microbe-associated molec-
ular patterns (MAMPs) and plant-associated molecular patterns (PAMPs). Few
researchers have regularly published on effectors such as flagellin protein, elonga-
tion factor Tu (EFTu), bacterial lipopolysaccharides or peptidoglycans and even
fungal chitooligosaccharides (Saijo et al., 2018). These PAMPs and MAMPs bind
to pattern recognition receptors or PRRs associated with host cells to induce plant
defence. Rey et al. (2013) confirmed that Medicago truncatula mutants without
detecting Nod factors were more susceptible to attacks by A. euteiches and
Colletotrichum trifolii than wild-type plants, implying rhizobia-plant communica-
tion. In addition, bradyrhizobial strain, defective in node factor production, exhibits
higher prevalence and extremity of the stem rot diseases caused by Sclerotium rolf-
sii in peanut plants (Figueredo et al., 2017). In certain instances, the use of inocu-
lants such as plant growth-promoting rhizobacteria (PGPR) was successful in
managing complex diseases such as anthracnose (Colletotrichum spp.), angular leaf
spot and bacterial wilt (Erwinia tracheiphila) (Ongena et al., 2005; Van Loon et al.,
1998). Recently, rhizobial inoculation in Medicago plants was correlated with prim-
ing for salicylic acid (SA) accumulation and salicylic acid (SA)-mediated defence
against the powdery mildew (Smigielski et al., 2019). Moreover, a fast systemic
oxidative change was observed after inoculation with Bradyrhizobium japonicum in
soybean roots (Fernandez-Gobel et al., 2019).

1.5.3 Microbial Disease-Suppressive Agents

Prolonged monocultures or minimal crop rotations constitute crop cultivation sys-
tems, often resulting in soil deterioration and accumulation of soil-borne infections.
Infection thrives in soils where various biotic and abiotic settings favour pathogens.
Suppressiveness of diseases due to soils is often attributed to the collective interven-
tion of microbial groups (Mazzola, 2002; Weller et al., 2002). Often soil manage-
ment techniques are successful in the prevention of soil-borne diseases. A specific
disease inhibition can be caused by the bacterium Pseudomonas (genus), which
grows on root surfaces intensely (Kloepper et al., 1988). Usually, most microbes
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can synthesise the secondary metabolites in antibiotics for their survival
(Gopalakrishnan et al., 2015).

There is a distinct mode of action to counter each type of pathogens. Mostly
antibiotics produced by useful microbe’s act on harmful microbes of the rhizo-
sphere, e.g. the mode of action of beta-lactam antibiotics like penicillin and vanco-
mycin directly disrupts the mature peptidoglycan molecule on the plasma
membrane, which causes cell death due to disruption of osmotic pressure
(McDermott et al., 2003). While antibiotics produced from other microbes such as
streptomycin specifically targets 16S and 23S rRNA of the 30S subunit of the bac-
terial translation unit (Wiener, 1996), chloramphenicol has the affinity towards
peptidyl transferase of the 50S ribosomal subunit of 70S ribosomes. It inhibits the
protein elongation process during protein synthesis. In addition, antibiotics such as
fluoroquinolones, bleomycin, cause double-stranded DNA breaks during replica-
tion of DNA/RNA (Drlica & Zhao, 1997). There are many reports of antibiotic
production by rhizobial strains during their symbiotic relationship with the plant
(Bardin et al., 2004a; Chandra et al., 2007; Deshwal et al., 2003). The production
of a narrow-spectrum peptide antibiotic trifolitoxin (TFX) by Rhizobium legumi-
nosarum in bean plants changes the overall microbial diversity around its rhizo-
sphere (Triplett and Barta (1987). The resistance of soy bean crop against infection
M. phaseolina correlated with the direct action of antibiotic rhizobitoxine pro-
duced by B. japonicum (Chakraborty & Purkayastha, 1987). Bacteriocins are pro-
teinaceous or peptidic toxins that suppress or destroy bacteria belonging to the
same or closely related genus (Salto et al., 1979; Tagg et al., 1976). Bacteriocins
formed by Rhizobium spp. have been classified as phage-like, protease-sensitive or
protease-resistant substances with antimicrobial activity (Schwinghamer et al.,
1973). Hirsch et al. (1980) discovered that R. leguminosarum harbours the symbi-
otic plasmid pRL1J1, which encodes genes needed for nodulation and nitrogen
fixation, as well as bacteriocin development determinants. R. leguminosarum bv.
viciae, R. Leguminosarum bv. trifolii, R. meliloti, R. trifolii, Sinorhizobium meliloti
and Bacterium japonicum have been reported to secrete antibiotics and cell wall-
degrading enzymes that inhibit the phytopathogens (Bardin et al., 2004b; Siddiqui
etal., 2000). Recently antibiotic phazolicin class of peptide, previously an unknown
compound, was found in the root nodules of wild beans (Phaseolus vulgaris), and
this compound was produced by a symbiotic soil bacterium that fixes nitrogen for
the plants and keeps control over harmful microbes around its rhizosphere (Travin
et al., 2019).

1.5.3.1 Siderophore

Siderophores (Greek: “iron carrier”) are low-molecular-weight, high-affinity, iron-
chelating and water-soluble organic compounds manufactured by many bacteria
capable of sequestering ferric ion (Fe*"), fulfilling iron deficiency in plants. Under
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aerobic conditions, iron undergoes oxidation and forms insoluble complex hydrox-
ides and oxy-hydroxides (Arora et al., 2001). The oxidation state of iron (Fe**/Fe*"
is regulated by both pH and Eh-activity of electrons (redox potential) of the soil and
the accessibility of other minerals (Bodek, 1988). Rhizobia have been reported to
produce several siderophores (Gupta et al., 2018; Srinivasan, 2017), but only a few
have been structurally characterised until now. These include anthranilate, citrate,
rhizobactin and other carboxylates, vicibactin, as well as unidentified catechols and
hydroxamates (Carson et al., 2000). Rhizobia develop siderophores in response to
iron deficiency, providing a benefit that results in pathogen exclusion due to iron
deficiency. The siderophores hinder the development of various phytopathogenic
fungi, including Fusarium oxysporum, Phytophthora parasitica, Pythium ultimum
and Scleritinia sclerotiotrum (Arora et al., 2001). Chelation of bacterial sidero-
phores increases their solubility and availability to plants, which aids in the allevia-
tion of biotic and abiotic stresses (O'Brien et al., 2014).

1.5.3.2 Phytoalexin

Plants need to promptly recognise pathogen attacks to activate their defence mecha-
nism that protects the infection process. Low-molecular-weight secondary metabo-
lites trigger a cascade of antimicrobial and antioxidative events produced in response
to stresses, collectively named phytoalexins. Phytoalexins are mostly lipophilic
compounds that readily cross the hydrophobic plasma membrane. It is believed that
phytoalexins play a major role in plant resistance against pathogenic fungus and
bacteria. Phytoalexins were significantly present in higher amounts at the sites of
infection compared to healthy plant tissues (Arruda et al., 2016). Pisatin was the
first chemically characterised phytoalexin to be purified and chemically identified
(Perrin & Bottomley, 1962). Plants can recognise molecular signals originating
from both microbes and their cell, which elicit phytoalexins as part of their defence
response (Mishra et al., 2012). The pathogens produce virulence factors called
effectors/elicitors facilitating pathogen attachment and entry into the host cell and
triggering the first line of defence known as PAMP-triggered immunity (PTI), also
called as basal or non-host defence and “effector-triggered immunity” (ETI) (Akira,
2009). This is based on the particular interaction between the exogenous or endog-
enous elicitors and the products of its R gene (Boller & Felix, 2009). Thus, tran-
scription of specific R gene leads to the induction of distinct signalling pathway
which can be divided into induced systemic resistance (ISR), activated mainly
through abiotic stress and mediated by jasmonate and ethylene, and systemic
acquired resistance (SAR), triggered by biotic stress, and is a salicylate-dependent
induction (Zhang et al., 2015). The aromatic amino acid phenylalanine acts as a
precursor for synthesising phytoalexins via the phenylpropanoid biosynthetic
pathway.
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1.5.4 Impact of Microbes in Enhancing Soil Fertility, Health
and Plant Growth Attributes

Plant growth-promoting microbiota (particularly arbuscular mycorrhizal fungi)
boosts farm crop production and returns under natural and stressful environments.
Growth regulators, the development of various metabolites and the direct and indi-
rect conversion of atmospheric nitrogen into ammonia are some of the mechanisms
involved in growth promotion. It also offers biotic resistance (pathogen) via induced
systemic resistance (ISR) and systemic acquired resistance (SAR). Host-microbe
interactions help promote plant growth and disease control in a changing climate,
allowing for more sustainable farming without jeopardising ecosystem services.
The dependence on microbes as biological control agents gives us complete access
to the natural system rather than human-made ones. This would also avoid the
harmful interference with indigenous microflora and maintain a balanced relation-
ship between human health and its beneficial organisms. Therefore, the industrial
application of biocontrol agents will require a deeper understanding of molecular
and their biochemical mechanism in particular to combat the pathogen and its inter-
actions with plant and environment. Conservation tillage has the potential to
improve grower profitability by lowering production and labour costs. At the same
time, organic farming may incur additional maintenance costs due to the increased
labour requirements for weeding and pest control, as well as for fertiliser inputs
(particularly nitrogen-based), which usually lack the consistency and stability of
synthetic fertilisers. Thus, using advantageous plant-microbe interactions, such as
those between plant growth-promoting rhizobacterium (PGPR) and arbuscular
fungi, assists in achieving long-term agriculture efficiency under normal and chal-
lenging environments.

1.6 Conclusions

In the existing paradigm, much emphasis has been placed on implementing sustain-
able agriculture, in which crops’ increased productivity is achieved by using their
intrinsic biological capacities, with minimal environmental disruption. Furthermore,
the rapid industrialisation and urbanisation releasing effluents to nearby areas have
intensified the need for soil quality assets in cities and towns. Recycling, land-
filling, incineration and pyrolysis are currently running to eliminate harmful par-
ticulate matter concentrations from polluted areas. Still, they all have detrimental
environmental implications, creating much more reactive and highly toxic transi-
tional compounds. On the other hand, natural organisms are now being built to
degrade chemical contaminants such as plant rhizospheric microbes. Microbes may
explicitly enhance plant growth, perhaps by biological nitrogen fixation, hormones,
nutrient absorption or indirectly plant protection against biotic and abiotic factors.
The majority of previous research has reflected the use of beneficial microbes to
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improve agricultural production. Besides, these techniques are costly and difficult
to adopt for soil. Thus, the hour is to find technical differences and future implemen-
tations of microbial inoculation technologies for long-term growth and environmen-
tal management against alarming rising population needs and declining
productivity issues.

References

Akira, S. (2009). Pathogen recognition by innate immunity and its signaling. Proceedings of
the Japan Academy. Series B, Physical and Biological Sciences, 85(4), 143—156. https://doi.
org/10.2183/pjab.85.143

Anderson, J. R., & Hazell, P. B. (1989). Variability in grain yields: Implications for agricultural
research and policy in developing countries.

Arora, N. K., Kang, S. C., & Maheshwari, D. K. (2001). Isolation of siderophore-producing strains
of Rhizobium meliloti and their biocontrol potential against Macrophomina phaseolina that
causes charcoal rot of groundnut. Current Science, 673—677.

Arruda, M. P, Lipka, A. E., Brown, P. J., Krill, A. M., Thurber, C., Brown-Guedira, G., ... Kolb,
F. L. (2016). Comparing genomic selection and marker-assisted selection for Fusarium head
blight resistance in wheat (Triticum aestivum L.). Molecular Breeding, 36(7), 1-11. https://doi.
org/10.1007/s11032-016-0508-5

Avrani, S., Bolotin, E., Katz, S., & Hershberg, R. (2017). Rapid genetic adaptation during the
first four months of survival under resource exhaustion. Molecular Biology Evolution, 34(7),
1758-1769. https://doi.org/10.1093/molbev/msx 118

Bardin, S. D., Huang, H. C., Pinto, J., Amundsen, E. J., & Erickson, R. S. (2004a). Biological con-
trol of Pythium damping-off of pea and sugar beet by Rhizobium leguminosarum bv. viceae.
Canadian Journal of Botany, 82(3), 291-296. https://doi.org/10.1139/b04-003

Bardin, S. D., Huang, H. C., & Moyer, J. R. (2004b). Control of Pythium damping-off of sugar
beet by seed treatment with crop straw powders and a biocontrol agent. Biological Control,
29(3), 453-460.

Beneduzi, A., Ambrosini, A., & Passaglia, L. M. (2012). Plant growth-promoting rhizobacteria
(PGPR): Their potential as antagonists and biocontrol agents. Genetics and Molecular Biology,
35(4(Suppl.)), 1044-1051. https://doi.org/10.1590/s1415-47572012000600020

Bodek, 1. (1988). Environmental inorganic chemistry. Pergamon Press.

Boller, T., & Felix, G. (2009). A renaissance of elicitors: Perception of microbe-associated molec-
ular patterns and danger signals by pattern-recognition receptors. Annual Review of Plant
Biology, 60, 379-406. https://doi.org/10.1146/annurev.arplant.57.032905.105346

Cao, Y., Halane, M. K., Gassmann, W., & Stacey, G. (2017). The role of plant innate immunity in
the legume-rhizobium symbiosis. Annual Review of Plant Biology, 68, 535-561. https://doi.
org/10.1146/annurev-arplant-042916-041030

Carson, K. C., Meyer, J., & Dilworth, M. J. (2000). Hydroxamate siderophores of root nod-
ule bacteria. Soil Biology and Biochemistry, 32(1), 11-21. https://doi.org/10.1016/
S0038-0717(99)00107-8

Cetin, O. (2004). Role of the micro irrigation on sustainability of soil and water resources.
Proceedings of the International Soil Congress on Natural Resource Management for
Sustainable Development, E 57-65, Erzurum, Turkey.

Chakraborty, B. N., & Purkayastha, R. P. (1987). Alteration in glyceollin synthesis and antigenic
patterns after chemical induction of resistance in soybean to Macrophomina phaseolina.
Canadian Journal of Microbiology, 33(10), 835-840.

Chandra, S., Choure, K., Dubey, R. C., & Maheshwari, D. K. (2007). Rhizosphere competent
Mesorhizobiumloti MP6 induces root hair curling, inhibits Sclerotinia sclerotiorum and


https://doi.org/10.2183/pjab.85.143
https://doi.org/10.2183/pjab.85.143
https://doi.org/10.1007/s11032-016-0508-5
https://doi.org/10.1007/s11032-016-0508-5
https://doi.org/10.1093/molbev/msx118
https://doi.org/10.1139/b04-003
https://doi.org/10.1590/s1415-47572012000600020
https://doi.org/10.1146/annurev.arplant.57.032905.105346
https://doi.org/10.1146/annurev-arplant-042916-041030
https://doi.org/10.1146/annurev-arplant-042916-041030
https://doi.org/10.1016/S0038-0717(99)00107-8
https://doi.org/10.1016/S0038-0717(99)00107-8

20 N. E. Khan and S. Rehman

enhances growth of Indian mustard (Brassica campestris). Brazilian Journal of Microbiology,
38(1), 124-130. https://doi.org/10.1590/S1517-83822007000100026

Crosson, P. 1992. “Sustainable Agriculture”, Resources, 106, 14—17

Deshwal, V. K., Dubey, R. C., & Maheshwari, D. K. (2003). Isolation of plant growth-promoting
strains of Bradyrhizobium (Arachis) sp. with biocontrol potential against Macrophomina pha-
seolina causing charcoal rot of peanut. Current Science, 443-448.

Di Caracalla, V. D. T. (1997). Codex Alimentarius Commission: Procedural Manual.

Dong, X. (1998). SA, JA, ethylene, and disease resistance in plants. Current Opinion in Plant
Biology, 1(4), 316-323. https://doi.org/10.1016/1369-5266(88)80053-0

Drlica, K., & Zhao, X. (1997). DNA gyrase, topoisomerase IV, and the 4-quinolones.
Microbiology and Molecular Biology Reviews, 61(3), 377-392. https://doi.org/10.1128/
mmbr.61.3.377-392.1997

Fernandez-Gobel, T. F., Deanna, R., Muifioz, N. B., Robert, G., Asurmendi, S., & Lascano, R. (2019).
Redox systemic signaling and induced tolerance responses during soybean—Bradyrhizobium
japonicum interaction: Involvement of nod factor receptor and autoregulation of nodulation.
Frontiers in Plant Science, 10, 141. https://doi.org/10.3389/fpls.2019.00141

Figueredo, M. S., Tonelli, M. L., Ibafiez, F., Morla, F., Cerioni, G., del Carmen Tordable, M., &
Fabra, A. (2017). Induced systemic resistance and symbiotic performance of peanut plants
challenged with fungal pathogens and co-inoculated with the biocontrol agent Bacillus sp.
CHEPS and Bradyrhizobium sp. SEMIA6144. Microbiological Research, 197, 65-73. https://
doi.org/10.1016/j.micres.2017.01.002

Glick, B. R. (1995). The enhancement of plant growth by free-living bacteria. Canadian Journal
of Microbiology, 41(2), 109-117. https://doi.org/10.1139/m95-015

Gopalakrishnan, S., Sathya, A., Vijayabharathi, R., Varshney, R. K., Gowda, C. L., & Krishnamurthy,
L. (2015). Plant growth promoting rhizobia: Challenges and opportunities. 3. Biotech, 5(4),
355-377. https://doi.org/10.1007/s13205-014-0241-x

Grace, T. (1990). Misperceptions Cloud Students’ Opinions of Agricultural Careers. Choices,
5(316-2016-7334).

Gupta, S., Kaushal, R., & Sood, G. (2018). Impact of plant growth—promoting rhizobacteria on
vegetable crop production. International Journal of Vegetable Science, 24(3), 289-300. https://
doi.org/10.1080/19315260.2017.1407984

Hirsch, P. R., Van Montagu, M., Johnston, A. W. B., Brewin, N. J., & Schell, J. (1980). Physical
identification of bacteriocinogenic, nodulation and other plasmids in strains of Rhizobium
leguminosarm. Microbiology, 120(2), 403—412.

Hla, A. K., & Scherer, T. F. (2003). Introduction to micro-irrigation.

Kloepper, J. W., Lifshitz, R., & Schroth, M. N. (1988). Pseudomonas inoculants to benefit plant
production. ISI Atlas of Science: Animal and Plant Sciences, 1(1), 60-64.

Kratsch, H. A., & Wise, R. R. (2000). The ultrastructure of chilling stress. Plant, Cell and
Environment, 23(4), 337-350. https://doi.org/10.1046/j.1365-3040.2000.00560.x

Lal, R., Reicosky, D. C., & Hanson, J. D. (2007). Evolution of the plow over 10,000 years and the
rationale for no-till farming. Soil and Tillage Research, 93(1), 1-12. https://doi.org/10.1016/].
still.2006.11.004

Lockeretz, W. (1988). Open questions in sustainable agriculture. American Journal of Alternative
Agriculture, 3(4), 174—181. https://doi.org/10.1017/S0889189300002460

Madramootoo, C. A., & Rigby, M. (1991). Effects of trickle irrigation on the growth and sunscald
of bell peppers (Capsicum annuum L.) in southern Quebec. Agricultural Water Management,
19(2), 181-189. https://doi.org/10.1016/0378-3774(91)90007-6

Maheswari. (2017). Enhancing tolerance to climatic stresses in rainfed crops: The road ahead.
In V. V. Belavadi, K. N. Nataraja, & N. R. Gangadharappa (Eds.), Agriculture under cli-
mate change: Threats, strategies and policies (pp. 105-111). Allied Publishers. ISBN:
978-93-85926-37-2.

Maheswari, M., Tekula, V. L., Yellisetty, V., Sarkar, B., Yadav, S. K., Singh, J., ... Maddi, V. (2016).
Functional mechanisms of drought tolerance in maise through phenotyping and genotyping


https://doi.org/10.1590/S1517-83822007000100026
https://doi.org/10.1016/1369-5266(88)80053-0
https://doi.org/10.1128/mmbr.61.3.377-392.1997
https://doi.org/10.1128/mmbr.61.3.377-392.1997
https://doi.org/10.3389/fpls.2019.00141
https://doi.org/10.1016/j.micres.2017.01.002
https://doi.org/10.1016/j.micres.2017.01.002
https://doi.org/10.1139/m95-015
https://doi.org/10.1007/s13205-014-0241-x
https://doi.org/10.1080/19315260.2017.1407984
https://doi.org/10.1080/19315260.2017.1407984
https://doi.org/10.1046/j.1365-3040.2000.00560.x
https://doi.org/10.1016/j.still.2006.11.004
https://doi.org/10.1016/j.still.2006.11.004
https://doi.org/10.1017/S0889189300002460
https://doi.org/10.1016/0378-3774(91)90007-6

1 Understanding Sustainable Agriculture 21

under well watered and water stressed conditions. European Journal of Agronomy, 79, 43-57.
https://doi.org/10.1016/j.eja.2016.05.008

Maheswari, M., Yadav, S. K., Shanker, A. K., Kumar, M. A., & Venkateswarlu, B. (2012). Overview
of plant stresses: Mechanisms, adaptations and research pursuit. In Crop stress and its manage-
ment: Perspectives and strategies (pp. 1-18). Springer.rdrecht.

Mauch-Mani, B., Baccelli, 1., Luna, E., & Flors, V. (2017). Defense priming: An adaptive part
of induced resistance. Annual Review of Plant Biology, 68, 485-512. https://doi.org/10.1146/
annurev-arplant-042916-041132

Mazzola, M. (2002). Mechanisms of natural soil suppressiveness to soil-borne diseases. Antonie
van Leeuwenhoek, 81(1), 557-564.

McBratney, A., Whelan, B., Ancev, T., & Bouma, J. (2005). Future directions of precision agricul-
ture. Precision Agriculture, 6(1), 7-23.

McDermott, P. F., Walker, R. D., & White, D. G. (2003). Antimicrobials: Modes of action and
mechanisms of resistance. International Journal of Toxicology, 22(2), 135-143. https://doi.
org/10.1080/10915810305089

Mehra, S. (1981). Instability in Indian agriculture in the context of the new technology, 25.
International Food Policy Research Institute.

Mishra, A. K., Sharma, K., & Misra, R. S. (2012). Elicitor recognition, signal transduction and
induced resistance in plants. Journal of Plant Interactions, 7(2), 95—120. https://doi.org/10.108
0/17429145.2011.597517

Miiller, D. B., Vogel, C., Bai, Y., & Vorholt, J. A. (2016). The plant microbiota: Systems-level
insights and perspectives. Annual Review of Genetics, 50, 211-234. https://doi.org/10.1146/
annurev-genet-120215-034952

Munees, A., & Mulugeta,K. (2014). Mechanisms of application of plant growth promoting rhizo-
bacteria: current perspective. Journal of King Saud University Science, 26(1), 1-20..

Nguyen, C. (2009). Rhizodeposition of organic C by plant: Mechanisms and controls. Journal of
Sustainable Agriculture, 97-123.

O'Brien, S., Hodgson, D. J., & Buckling, A. (2014). Social evolution of toxic metal bioremediation
in Pseudomonas aeruginosa. Proceedings of the Royal Society of London. Series B, 281(1787)
PubMed: 20140858.

Ongena, M., Duby, E, Jourdan, E., Beaudry, T., Jadin, V., Dommes, J., & Thonart, P. (2005).
Bacillus subtilis M4 decreases plant susceptibility towards fungal pathogens by increas-
ing host resistance associated with differential gene expression. Applied Microbiology and
Biotechnology, 67(5), 692—-698. https://doi.org/10.1007/s00253-004-1741-0

Patil, G., Mian, R., Vuong, T. et al. (2017). Molecular mapping and genomics of soybean seed
protein: a review and perspective for the future. Theoretical and Applied Genetics, 130,
1975-1991. https://doi.org/10.1007/s00122-017-2955-8

Peigné, J., Ball, B. C., Roger-Estrade, J., & David, C. J. S. U. (2007). Is conservation tillage suit-
able for organic farming? A review. Soil Use and Management, 23(2), 129-144. https://doi.
org/10.1111/§.1475-2743.2006.00082.x

Perrin, D. R., & Bottomley, W. (1962). Studies on phytoalexins. V. The structure of pisatin from
Pisum sativum L. Journal of the American Chemical Society, 84(10), 1919-1922. https://doi.
org/10.1021/ja00869a030

Pierce, F. J., & Nowak, P. (1999). Aspects of precision agriculture advances in agriculture.

Pieterse, C. M., Zamioudis, C., Berendsen, R. L., Weller, D. M., Van Wees, S. C., & Bakker,
P. A. (2014). Induced systemic resistance by beneficial microbes. Annual Review of
Phytopathology, 52, 347-375. https://doi.org/10.1146/annurev-phyto-082712-102340

Postel, S. L. (2000). Entering an era of water scarcity: The challenges ahead. Ecological
Applications, 10(4), 941-948. https://doi.org/10.1890/1051-0761(2000)010[0941:EAEOW
S$]2.0.CO;2

Rey, T., Nars, A., Bonhomme, M., Bottin, A., Huguet, S., Balzergue, S., ... & Jacquet, C. (2013).

NFP, a L ys M protein controlling N od f actor perception, also intervenes in M edicago truncatula

resistance to pathogens. New Phytologist, 198(3), 875-886.


https://doi.org/10.1016/j.eja.2016.05.008
https://doi.org/10.1146/annurev-arplant-042916-041132
https://doi.org/10.1146/annurev-arplant-042916-041132
https://doi.org/10.1080/10915810305089
https://doi.org/10.1080/10915810305089
https://doi.org/10.1080/17429145.2011.597517
https://doi.org/10.1080/17429145.2011.597517
https://doi.org/10.1146/annurev-genet-120215-034952
https://doi.org/10.1146/annurev-genet-120215-034952
https://doi.org/10.1007/s00253-004-1741-0
https://doi.org/10.1007/s00122-017-2955-8
https://doi.org/10.1111/j.1475-2743.2006.00082.x
https://doi.org/10.1111/j.1475-2743.2006.00082.x
https://doi.org/10.1021/ja00869a030
https://doi.org/10.1021/ja00869a030
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.1890/1051-0761(2000)010[0941:EAEOWS]2.0.CO;2
https://doi.org/10.1890/1051-0761(2000)010[0941:EAEOWS]2.0.CO;2

22 N. E. Khan and S. Rehman

Ritz, K., Black, H. L. J., Campbell, C. D., Harris, J. A., & Wood, C. (2009). Selecting biological
indicators for monitoring soils: A framework for balancing scientific and technical opinion to
assist policy development. Ecological Indicators, 9(6), 1212—1221. https://doi.org/10.1016/j.
ecolind.2009.02.009

Rosier, A., Medeiros, F. H. V., & Bais, H. P. (2018). Defining plant growth promoting rhizobacteria
molecular and biochemical networks in beneficial plant-microbe interactions. Plant and Soil,
428(1-2), 35-55. https://doi.org/10.1007/s11104-018-3679-5

Saha, M., Sarkar, S., Sarkar, B., Sharma, B. K., Bhattacharjee, S., & Tribedi, P. (2016). Microbial
siderophores and their potential applications: A review. Environmental Science and Pollution
Research International, 23(5), 3984-3999. https://doi.org/10.1007/s11356-015-4294-0

Saijo, Y., Loo, E. P. I., & Yasuda, S. (2018). Pattern recognition receptors and signaling in plant—
microbe interactions. Plant Journal: For Cell and Molecular Biology, 93(4), 592—613. https://
doi.org/10.1111/tpj.13808

Salto, H., Watanabe, T., & Tomloka, H. (1979). Purification, properties and cytotoxic effect of
a bacteriocin from Mycobacterium smegmatis. Antimicrobial Agents and Chemotherapy,15,
504-509.

Scheidle, H., Gross, A., & Niehaus, K. (2005). The lipid A substructure of the Sinorhizobium
meliloti lipopolysaccharides is sufficient to suppress the oxidative burst in host plants. New
Phytologist, 165(2), 559-565. https://doi.org/10.1111/j.1469-8137.2004.01214.x

Schwinghamer, E. A., Pankhurst, C. E., & Whitfeld, P. R. (1973). A Phage-like bacterio-
cin of Rhizobium trifolii. Canadian Journal of Microbiology, 19(3), 359-368. https://doi.
org/10.1139/m73-059

Secretariat, C. G. I. A. R., & CGIAR Technical Advisory Committee. (1988). Review processes
in the CGIAR.

Shah, T. (2011). Past, present and the future of canal irrigation in India (pp. 70-87). India infra-
structure report.

Shanker, A. K., Maheswari, M., Yadav, S. K., Desai, S., Bhanu, D., Attal, N. B., & Venkateswarlu,
B. (2014). Drought stress responses in crops. Functional and Integrative Genomics, 14(1),
11-22. https://doi.org/10.1007/s10142-013-0356-x

Siddiqui, I. A., Ehteshamul-Haque, S., Zaki, M. J., et al. (2000). Effect of urea on the efficacy of
Bradyrhizobium sp. and Trichoderma harzianum in the control of root infecting fungi in mung-
bean and sunflower. Sarhad Journal of Agriculture, 16, 403-406.

Singh, L. J. (1998). Farm poverty, household food security and agricultural sustainability in India.
Journal of Rural Development-Hyderabad, 17, 619—-632.

Six, J., Elliott, E. T., Paustian, K., Doran, J. W. (1998). Aggregation and soil organic matter accu-
mulation in cultivated and native grassland soils. Soil Science Society of America Journal, 62,
1367-13717.

Smigielski, L., Laubach, E. M., Pesch, L., Glock, J. M. L., Albrecht, F., Slusarenko, A., ... Kuhn,
H. (2019). Nodulation induces systemic resistance of Medicago truncatula and Pisum sati-
vum against Erysiphe pisi and primes for powdery mildew-triggered salicylic acid accumu-
lation. Molecular Plant—Microbe Interactions, 32(9), 1243-1255. https://doi.org/10.1094/
MPMI-11-18-0304-R

Srinivasan, T. (2017). Studies on antifungal activity of siderophores produced by rhizobium
spp. isolated from groundnut (Arachis hypogaea). Journal of Agricultural Science and Food
Research, 8(4), 1-2.

Tagg, J. R., Dajani, A. S., & Wannamaker, L. W. (1976). Bacteriocins of gram-positive bacteria.
Bacteriological Reviews, 40(3), 722-756. https://doi.org/10.1128/br.40.3.722-756.1976

Tebriigge, F., & Diiring, R.-A. (1999). Reducing tillage intensity—A review of results from a
long-term study in Germany. Soil and Tillage Research, 53(1), 15-28. https://doi.org/10.1016/
S0167-1987(99)00073-2

Tonelli, M. L., Figueredo, M. S., Rodriguez, J., Fabra, A., & Ibaiiez, F. (2020). Induced systemic
resistance-like responses elicited by rhizobia. Plant and Soil, 448(1-2), 1-14. https://doi.
org/10.1007/s11104-020-04423-5


https://doi.org/10.1016/j.ecolind.2009.02.009
https://doi.org/10.1016/j.ecolind.2009.02.009
https://doi.org/10.1007/s11104-018-3679-5
https://doi.org/10.1007/s11356-015-4294-0
https://doi.org/10.1111/tpj.13808
https://doi.org/10.1111/tpj.13808
https://doi.org/10.1111/j.1469-8137.2004.01214.x
https://doi.org/10.1139/m73-059
https://doi.org/10.1139/m73-059
https://doi.org/10.1007/s10142-013-0356-x
https://doi.org/10.1094/MPMI-11-18-0304-R
https://doi.org/10.1094/MPMI-11-18-0304-R
https://doi.org/10.1128/br.40.3.722-756.1976
https://doi.org/10.1016/S0167-1987(99)00073-2
https://doi.org/10.1016/S0167-1987(99)00073-2
https://doi.org/10.1007/s11104-020-04423-5
https://doi.org/10.1007/s11104-020-04423-5

1 Understanding Sustainable Agriculture 23

Travin, D. Y., Watson, Z. L., Metelev, M., Ward, F. R, Osterman, I. A., Khven, I. M., ... Severinov,
K. (2019). Structure of ribosome-bound azole-modified peptide phazolicin rationalises its
species-specific mode of bacterial translation inhibition. Nature Communications, 10(1), 1.

Triplett, E. W., & Barta, T. M. (1987). Trifolitoxin production and nodulation are necessary for the
expression of superior nodulation competitiveness by Rhizobium leguminosarum bv. trifolii
strain T24 on clover. Plant Physiology, 85(2), 335-342. https://doi.org/10.1104/pp.85.2.335

USDA Study Team on Organic Agriculture. (1980). Report and Recommendations on Organic
Farming. US Department of Agriculture, Washington, DC. Available at Website http://www.
nal.usda.gov/afsic/pubs/USDAOrgFarmRpt.pdf (verified December 20, 2012)

Van Loon, L. C., Bakker, P. A. H. M., & Pieterse, C. M. J. (1998). Systemic resistance induced
by rhizosphere bacteria. Annual Review of Phytopathology, 36(1), 453-483. https://doi.
org/10.1146/annurev.phyto.36.1.453

Varma, S., Verma, S., & Namara, R. E. (2006). Promoting micro irrigation technologies that reduce
poverty. Water Policy Briefing, 23.

Vasileiadis, V. P., Froud-Williams, R. J., & Eleftherohorinos, I. G. (2007). Vertical distribu-
tion, size and composition of the weed seedbank under various tillage and herbicide treat-
ments in a sequence of industrial crops. Weed Research, 47(3), 222-230. https://doi.
org/10.1111/j.1365-3180.2007.00564.x

Weller, D. M., Raaijmakers, J. M., Gardener, B. B. M., & Thomashow, L. S. (2002). Microbial
populations responsible for specific soil suppressiveness to plant pathogens. Annual Review
of Phytopathology, 40(1), 309-348. https://doi.org/10.1146/annurev.phyto.40.030402.110010

Wiener, P. (1996). Experimental studies on the ecological role of antibiotic production in bacteria.
Evolutionary Ecology, 10(4), 405-421.

World Health Organization. (2003). Diet, nutrition, and the prevention of chronic diseases: Report
of a joint WHO/FAO expert consultation, 916. World Health Organization.

Yu, K., Pieterse, C. M. J., Bakker, P. A. H. M., & Berendsen, R. L. (2019). Beneficial microbes
going underground of root immunity. Plant, Cell and Environment, 42(10), 2860-2870. https://
doi.org/10.1111/pce.13632

Zamioudis, C., & Pieterse, C. M. (2012). Modulation of host immunity by beneficial
microbes. Molecular Plant-Microbe Interactions, 25(2), 139-150. https://doi.org/10.1094/
MPMI-06-11-0179

Zhang, D.W., Deng, X. G., Fu, F. Q., Lin, H. H. (2015). Induction of plant virus defense response by
brassinosteroids and brassinosteroid signaling in Arabidopsis thaliana. Planta, 241, 875-885.


https://doi.org/10.1104/pp.85.2.335
http://www.nal.usda.gov/afsic/pubs/USDAOrgFarmRpt.pdf
http://www.nal.usda.gov/afsic/pubs/USDAOrgFarmRpt.pdf
https://doi.org/10.1146/annurev.phyto.36.1.453
https://doi.org/10.1146/annurev.phyto.36.1.453
https://doi.org/10.1111/j.1365-3180.2007.00564.x
https://doi.org/10.1111/j.1365-3180.2007.00564.x
https://doi.org/10.1146/annurev.phyto.40.030402.110010
https://doi.org/10.1111/pce.13632
https://doi.org/10.1111/pce.13632
https://doi.org/10.1094/MPMI-06-11-0179
https://doi.org/10.1094/MPMI-06-11-0179

Chapter 2
Biofertilizers: The Role in Sustainable
Agriculture

Check for
updates

Ishfaq Ul Rehman, Tajamul Islam, Abid Hussain Wani, Irfan Rashid,
Ishfag Ahmad Sheergojri, Maajid Mehraj Bandh, and Summia Rehman

Abstract The global rise in the human population presents a significant challenge
to the world’s food security. There is a huge gap between production and consump-
tion (7.2 million tonnes nutrient deficit) due to the expanding population and agri-
cultural land’s shrinking over time. Therefore, crop production must be significantly
boosted in the next few decades to meet the growing population’s food demand.
Chemical fertilizers have been extensively used to enable the crop outputs to bridge
the lacunae between production and consumption, which ultimately seriously dam-
aged both the natural ecosystems and human health. Therefore, biofertilizers’
exploitation is, to a certain extent, considered a substitute for chemical fertilizers in
the agricultural industry because of their significant potential to improve food pro-
duction and safety. Biofertilizers are substances that include cells of different variet-
ies of beneficial microorganisms that could become critical components of advanced
nutrient management. Organisms typically used as constituents of biofertilizers are
nitrogen fixers (N fixer), phosphorus solubilizers (P-solubilizer) and potassium sol-
ubilizers (K-solubilizer) or a mixture of fungi and moulds. These possible biofertil-
izers play a vital role in the production and sustainability of soils and safeguard the
environment by being eco-friendly and cost-effective for producers.
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2.1 Introduction

Since the evolution of the human race, agriculture has been a primary survival tool
for human generations. The agriculture sector generates food, fodder and other non-
wood products on which a significant fraction of the world’s population relies
(Hervé et al., 2016; Kaur et al., 2018, 2018b). Given the population explosion, we
need to set up appropriate plans and protocols to promote sustainable agriculture to
meet our demands (Bhardwaj et al., 2014; Singh et al., 2014). Traditional methods
are sensu stricto just to the farmer’s families and the local village communities as it
only engages food and feed production at the domestic level (Jehangir et al., 2017;
Pandey, 2018). However, with the advent of innovative technologies, the production
of agriculture output per hectare increases. Sustainable agriculture is a sensu latu
concept to grow crops to their threshold limit while simultaneously protecting the
environment (Barragan-Ocafia & Del-Valle-Rivera, 2016). There is a stochastic
change in agricultural practice methodology as people have been paying more atten-
tion to safeguarding the environment while working to amplify the farm yield.
Various hormones, fertilizers and even innovative approaches to fertigation are
being used to increase crop production (Campos et al., 2019; Umesha et al., 2018a).
Though yield may be amplified with increased application of synthetic chemicals,
the overdose of synthetic fertilizers would diminish the utility of living conditions
through pollutant and biomagnification or ecological amplification (Uosif et al.,
2014). But that would compromise environmental sustainability. So, without com-
promising the future generation’s needs, the current generation could attain sustain-
ability in the agricultural sector by using eco-friendly products and environmentally
sound technologies (Calabi-Floody et al., 2018; Umesha et al., 2018b; Wang
et al., 2015).

Biofertilizer is one such product that helps us in achieving sustainable agricul-
ture. Biofertilizers are the amalgamation of live or latent cells of competent
phosphate-solubilizing strains, N,-fixing or cellulolytic microorganisms, mainly
used to apply to seeds and seedlings, etc. (Agarwal et al., 2018; Garcia-Fraile et al.,
2015). They play a significant role in escalating soil fertility by fixing atmospheric
nitrogen and converting it into usable products. They also promote root growth by
producing necessary hormones and antimetabolites and help in soil mineralization
and nutrient decomposition (A, B., Ak, M., M, G., G, G, P, P, ... B, J,, 2009;
Kumar et al., 2017). They are economical and can be used as supplements to syn-
thetic fertilizers. Microflora like bacteria, fungi and blue-green algae are used as the
principal ingredients of biofertilizers. To improve their shelf-life, these should be
packed in material like peat and lignite powder. This way, biofertilizers have an
utmost significance in sustaining agriculture and a safe environment (Agarwal et al.,
2018). They can be grouped into different categories (Kumar et al., 2017) based on
their service in sustainable agriculture (Table 2.1).
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Table 2.1 Categories of biofertilizers

S.
no. | Biofertilizers Examples
1. | Nitrogen fixing Frankia, Anabaena, Rhizobium (symbiotic)
Anabaena, Azotobacter, Clostridium (free-living)
Azospirillum (associative symbiotic)
2. | Phosphorus mobilizing Glomus sp., Gigaspora sp., Scutellospora sp. and
Sclerocystis sp. (arbuscular mycorrhiza)
R. solani (orchid mycorrhiza)
Laccaria sp., boletus sp., Pisolithus sp., amanita sp.
(ectomycorrhiza)
Pezizellaericae
3. | Phosphorus solubilizing Bacillus circulans, B. megaterium var. phosphaticum, B.
subtilis, P. striata (bacteria)
Aspergillus awamori, Penicillium sp. (Fungi)
4. | Biofertilizers Bacillus sp. (for zinc and silicate
(micronutrients) Solubilizers)
5. Rhizobacteria (plant growth | P. fluorescens (promoting plant growth)
promoting)

2.1.1 Rhizobium

It is the most extensively studied genus to carrying the function of N, fixation
(Odame, 1997). This genus’s strains are symbiotically associated with leguminous
crops, the essential food components. Apart from the ingredient of meals, legumes
possess the potential to improve soil health via N, fixation (Laranjo et al., 2014),
with different strains of this genus.

2.1.2 Azospirillum

Genus Azospirillum — a free-living genus — fixes the atmospheric nitrogen at a rate
of 20-40 kg ha='y~! (Bashan, 1993). Strains of this genus are used as biofertilizers
in various economically important crops like corn, rice, wheat, etc., which are
(Do6bereiner, 1997; Reinhold & Hurek, 1989; Sundaram et al., 1988). There is a
proven fact that there is an increase in agricultural production and soil properties by
applying Azospirillum strains Motsara et al. (1995).

2.1.3 Azotobacter

Azotobacter is an important genus promoting the synthesis of active secondary
compounds like heteroxins, vitamins, gibberellins, etc. and thus significantly
improves plants’ root growth. This genus’s species show intolerance to fluctuations
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of pH, salts and temperature (Jaga & Singh, 2010; Rao, 1986). Growth and crop
yield of Triticum aestivum have increased with the augmentation of Azotobacter
species (Ei-Lattief, 2016). Along with some yeast strains, it shows many improvised
results (Ahmed et al., 2011). Some well-known methods of application of
Azotobacter species are seed sipping and seedling root dipping.

2.1.4 Phosphorus-Solubilizing
and Phosphorus-Mobilizing Microbes

Biofertilizers containing P-solubilizing and phosphorus-mobilizing microbes can
make the accumulated phosphates readily available for plant growth progress
(Goldstein, 1986). PSB also alters the status of soil nutrient structure (Blake, 1993).

2.2 Biofertilizers: Why their Need Is Inevitable?

In contemporary times there is a trend of environmental hazards and threats to sus-
tainable agriculture due to the extensive use of chemical fertilizers. Given this, bio-
fertilizers’ continued application proves very economical, eco-friendly, efficient
and productive to marginal and small farmers over chemical fertilizers. There are
primarily two reasons which push the agriculturists for frequent use of
biofertilizers:

e Usage of biofertilizers is a front runner in increased crop productivity.
* Increased usage of chemical fertilizer augments the damage in soil texture with
accompanying environmental problems.

2.3 How Biofertilizers Work

Bacteria, fungi and other microorganisms, though distributed heterogeneously, are
omnipotent in the world. The microbes that are present in the rhizosphere and can
promote growth and development are accordingly termed as plant growth-promoting
bacteria (PGPB). These days several PGPBs are available as biofertilizers at a com-
mercial scale (Calvo et al., 2014). PGPB plays a very prominent role in plant growth
and soil fertility maintenance in the following ways (Fig. 2.1):

1. Under certain stress conditions, PGPBs may produce and supply important hor-
mones like auxins, cytokinin and gibberellin, which directly regulate plant
growth. PGPBs also aid plants by providing essential elements like nitrogen (N)
and phosphorous (P) and enhance potassium (K) intake, etc. Since these activi-
ties promote plant growth directly, they are called direct ways.
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Plant growth promoting Rhizobium

(PGPR)

Direct mechanism Indirect mechanism

Fig. 2.1 Direct and indirect mode of action

2. PGPBs also promote plants’ growth indirectly via different pathways, e.g. pro-
tecting against the deleterious effects of plant pathogens (Gamalero et al., 2009).

2.3.1 Direct Way

Nitrogen (N,) fixation is the best-studied direct way of growth promotion in plants
by PGPBs. Nitrogen belongs to the category of essential nutrient element for plants.
Though the atmosphere contains 78% nitrogen as dinitrogen (N,), plants cannot
take up and use it in this form. The plant available forms (PAFs) of nitrogen are
ammonia and nitrates mainly produced by microorganisms via biological nitrogen
fixation (BNF). Plants can assimilate the nitrates and ammonia via assimilation
pathways, i.e. ammonium assimilation and nitrate assimilation, respectively (Tairo
& Ndakidemi, 2013). The nitrogen-fixing microorganisms (also called diazotrophs)
possess a unique enzyme complex known as dinitrogenase which acts on atmo-
spheric nitrogen and converts it into ammonia (Smith et al., 2013). Diazotrophs can
be free-living and symbiotic. The symbiotic category includes Rhizobiaceae mem-
bers that share a symbiosis with plants belonging to Leguminosae (Ahemad &
Khan, 2012a, 2012b, 2012c, 2012d).

Symbiotic nitrogen-fixing rhizobacteria collectively called Rhizobia, e.g.
Rhizobium, Bradyrhizobium, Sinorhizobium, Azorhizobium and Mesorhizobium,
belong to the Rhizobiaceae (Alphaproteobacteria) family. They create a symbiotic
relationship with their hosts (legumes) by infecting their roots. A complex interplay
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of chemical signalling between the host and symbiont is required to establish this
relationship, which results in the root nodule formation Rhizobia resides intracel-
lularly as symbiont (Allito et al., 2015). Simultaneously, the non-symbiotic nitrogen-
fixing rhizobacteria form a non-obligatory relationship with the non-leguminous
plants (Verma et al., 2010). All diazotrophs carry nitrogen fixation by a complex
molybdenum-iron dinitrogenase system, consisting of dinitrogenase reductase with
a cofactor of Fe (iron) and dinitrogenase with Fe and Mo (molybdenum) as its
cofactors (Smith et al., 2013). However, many free-living bacteria like A. vinelandii
contain iron-iron or vanadium-iron cofactors in response to molybdenum depletion.
Ferredoxin reduces dinitrogenase reductase, which in turn reduces dinitrogenase,
followed by reduction of dinitrogen (N,) to ammonia (NHj;) (Santi et al., 2013). The
genes responsible for nitrogen fixation are called Nif genes found in free-living and
symbiotic nitrogen fixers (Black et al., 2012). Nif genes consist of two types of
structural and regulatory genes. The former is responsible for Fe protein activation,
biosynthesis of Fe-Mo cofactor and donation of electrons, and the latter accountable
for enzyme functionality and synthesis (Ahemad & Kibret, 2014).

Maximum legume plants develop de novo lateral root organs to accommodate
the symbiotic Rhizobium, called “root nodules”. The process of development of root
nodules in legumes is an essential feature associated with nitrogen fixation. It
involves de-differentiation of differentiated root cortical cells following bacterial
infection to the roots. The de-differentiated cells then differentiate into root nodules
harbouring the nitrogen-fixing microbes (Suzaki et al., 2015). The schematic repre-
sentation of plant-bacteria interaction has been presented in Fig. 2.2.

For the proper formation of nodules, two regulatory events, viz. infection of bac-
teria in epidermis and organogenesis of the cortex’s nodule (Suzaki & Kawaguchi,
2014), must be well synchronized. Nod factors produced by rhizobia are chemically
lipochoto-oligosaccharides which initiate the symbiotic relation between the
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: Plant
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Fig. 2.2 Diagrammatic representation of plant-bacteria interaction
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rhizobium and host plants (Maillet et al., 2011). The amount of plant ethylene has
been reported to increase after the infection with Rhizobium spp., which prevents
further rhizobial disease and nodule development (Abeles et al., 2012). Several rhi-
zobial strains restrict the increase in ethylene production by synthesizing “rhizobi-
toxine”, a small molecule that inhibits the function of enzyme
I-aminocyclopropane-1-carboxylate (ACC) synthase — the main regulatory enzyme
in the ethylene biosynthesis pathway (Nascimento et al., 2012). The limit on ethyl-
ene production because of rhizobitoxine causes an increase in the number of nod-
ules formed on host plant roots and enhances symbiosis (Vijayan et al., 2013). Some
rhizobial strains decrease the ethylene concentration by producing the enzyme ACC
deaminase, which breaks down some ACC before its conversion to ethylene. This
ethylene reduction results in increased formation of nodules and plant biomass by
25-40% (Zahir et al., 2011). About 10% of rhizobial strains in the field naturally
have ACC deaminase, so the number of nodules formed by Rhizobia strains without
ACC deaminase can be enhanced through transformation via genetic engineering
(Glick, 2014). The same approach was used in the Sinorhizobium meliloti strain
lacking this enzyme which was transformed with the ACC deaminase gene from
Rhizobium leguminosarum bv. viciae. This transformation reportedly increased the
number of nodules significantly by approximately 35% and the biomass of alfalfa
by 40% compared to the control of wild strain (Glick, 2012, 2015).

Phytohormones produced and supplied by plant-associated microflora can stim-
ulate growth and development in the host plant by modulating its endogenous hor-
mone levels (Gray, 2004; Van Loon, 2007). Auxins (indole-3-acetic acid),
gibberellins (GAs) and cytokinins are among the most significant plant growth
regulators produced by associated microbes. It is reported that 80% of associated
rhizospheric microbes of different crops synthesize auxins as their secondary
metabolites (Ahemad & Khan, 2011). They do so through the tryptophan-dependent
and tryptophan-independent pathways. The following three tryptophan-dependent
auxin synthesis pathways are known:

(i) Indole-3-pyruvic acid (IPyA) pathway present in Rhizobium, Bradyrhizobium
and Azospirillum
(i1) Indole-3-acetamide (IAM) pathway found in certain pathogenic bacteria such
as Pseudomonas syringae and Agrobacterium tumefaciens
(iii) Tryptamine pathway found in species like Bacillus megaterium and Bacillus
licheniformis

TAA from a rhizobacterial source has been recognized as the primary causal mole-
cule of pathogenesis or phytostimulation (Ahemad & Khan, 2012b; Mahanty et al.,
2017). In addition to IAA, cytokinin modulation is reported to be involved in phy-
tostimulation. For example, enhancement of seedling growth in Arabidopsis thali-
ana and Proteus vulgaris has been reported via cytokinin synthesis by Bacillus
megaterium (Ortiz-Castro et al., 2008). Diverse genera of bacteria like Azospirillum,
Bacillus, Klebsiella, Proteus, Pseudomonas, Xanthomonas, etc. include well-
characterized cytokinin-producing species. Besides cytokinin and ethylene, gib-
berellin (GA) production has also been observed in plant-associated bacteria and
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fungi. GA-producing bacteria are used to boost seed germination rate even though
bacterial GA’s precise function is not understood (Goswami et al., 2016).

2.3.2 Indirect Way

As mentioned above, PGPB may also indirectly promote the growth of plants with
which they are associated, e.g. by reducing the adverse effects of pathogenic fungi
or bacteria on plant growth and development. Scientists are also promoting the use
of PGPB as an eco-friendly alternative to chemical fungicides.

Antibiotics

PGPBs protect plants from many pathogen attacks by producing antibiotics acting
against the pathogens (mainly fungi). They make different antibiotics under differ-
ent conditions, with many of them studied in detail. Some of these antibiotic-
producing strains have also been commercialized. Scientists have also modified
these antibiotic-producing strains of PGPBs to produce antibiotics under laboratory
conditions (Devine et al., 2017).

Cell Wall-Degrading Enzymes

Some plants defend themselves against the pathogenic fungus by producing
enzymes involved in cell wall degradation, e.g. such as chitinase, which hydrolyses
chitin in the fungal cell wall. Similarly, some bacteria (used as biocontrol agents)
produce enzymes like cellulases, chitinases, glucanases, lipases and proteases,
which can degrade many pathogenic fungi’s cell walls (Kim et al., 2015). Hence
PGPBs control fungal diseases and prevent yield loss which is a promising and eco-
friendly way.

Hydrogen Cyanide

Many PGPBs like Rhizobium, Pseudomonas and Bacillus produce hydrogen cya-
nide to control many diseases. The lower levels of hydrogen cyanide do not allow
fungal pathogens to attack plants and enhance plants’ resistance against the dis-
eases. The hydrogen cyanide works by inhibiting the cytochrome-c oxidase and its
other metabolites. Some bacteria also produce antibiotics and HCN that act syner-
gistically against fungal pathogens and prevent the development of resistant patho-
genic fungi (Olanrewaju et al., 2017; Ramette et al., 2006).

2.4 Methods of Application of Biofertilizers to Crops

2.4.1 Seed Treatment

In this method, selected biofertilizers are mixed with water and gently combined
with the seed mass with the help of an adhesive like gum acacia, jiggery solution,
etc.; however, before sowing, the seeds are shade dried on a clean sheet or piece
of cloth.
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2.4.2 Seedling Root Dip

In this method, selected biofertilizers are mixed with water, and the seedling roots
are dipped in the mixture for about 8—10 hours before transplantation. This method
is usually used for transplanting crops such as rice.

2.4.3 Soil Treatment

Recommended biofertilizers and compost are mixed in the ratio of 1:50 by weight
and kept overnight. This mixture is mixed with soil at the time of sowing seeds or
transplanting the seedlings.

2.5 The Role of Biofertilizers in the Alleviation
of Environmental Stresses

Plants, being sessile, are vulnerable to a plethora of stress (abiotic and biotic) at any
given instant, interrupting normal metabolism seen as abnormal physiology. During
stress, the peculiar features in plants are the excessive formation of reactive oxygen
species (ROS), which include both free radicals and non-radical molecules. These
extreme ROS molecules damage cellular lipids, hence damaging cells, and cause
metabolic disorders and variations in senescence. Several plant growth-promoting
rhizobacteria (PGPR) are known to help plants alleviate stress. For example, rhizo-
bacteria maintain the cytoplasmic osmolarity under drought stress by producing
various osmolytes like glycine betaine, proline, ectoine, and trehalose. The produc-
tion of glycine betaine helps plants tolerate droughts, frost and salinity stresses
simultaneously.

As mentioned above, several rhizobacterial species may produce growth regula-
tors like ethylene and cytokinin, thus promoting crop plants’ growth under stress.
Pseudomonas alcaligenes, P. aureofaciens, P. aurantiaca and P. chlororaphis have
plant hormones under unfavourable conditions in saline arid soils (Verma et al.,
2017; Yadav et al., 2018). Further, alleviation of heat stress in plants by cytokinin-
producing PGPB was isolated from the rhizosphere’s soil (Arkhipova et al., 2007).
Liu et al. (2013) also reported that a cytokinin producer, Bacillus subtilis, improved
the tolerance to drought stress. Forchetti et al. (2010) showed that Bacillus pumilus
and Achromobacter xylosoxidans which are drought-tolerant endophytic bacterial
strains produce salicylic acid. Similarly, inoculation with rhizobacterial strains
enhances the growth parameters of sunflower under conditions of water stress.

Inoculation of cucumber plants with bacteria like Pseudomonas fluorescens,
P. extremorientalis, Stenotrophomonas rhizophila and Serratia plymuthica increases
dry weight appreciably up to 62% compared to the control. The improvement in
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growth and salt tolerance has been reported to be the IAA production under a salt
environment. Further, the fruit yield of the cucumber was also enhanced under con-
trolled conditions (Egamberdieva, 2011). Timmusk et al. (2014) showed that wheat
treatment with PGPB under drought stress increased biomass to 78% higher than
untreated plants. Enhanced biomass and root architecture modifications under
drought stress were reported when inoculated with PGPB strain (Bresson et al.,
2014) Phyllobacterium brassicacearum (STM196).

2.6 Some Factors Limiting the Use of Biofertilizers

e Lack of regulatory acts and facilities regarding testing of samples: One of the
potential limitations to the use of fertilizers is a scarcity of facilities provided by
institutions for testing biofertilizer samples. Further, there is a lack of govern-
ment involvement in this area which is a potential eco-friendly alternative to
chemical pesticides. In biofertilization, future research should be focused on
options available to confront the issues and propose valid frameworks for the
development of eco-friendly practices that allow advancement on the efficiency
and subsequent supply of product for the industry in the global economies.
Furthermore, their application’s technical tests must authenticate their safe use at
the worldwide level.

» Biofertilizers’ insufficient popularization and low level of farmer acceptance:
Among farmers, biofertilizers have not gained the required popularity. However,
it comes with various potential benefits for crops, especially under stresses. This
non-acceptance seems to be the lack of awareness among the farmers compared
to their synthetic counterparts. Other problems such as lack of timely financing,
experts’ involvement and biofertilizers’ non-availability also hinder their popu-
larity and acceptance.

2.7 Conclusions

Biofertilizers form a significant component of organic farming in modern agricul-
tural practices in terms of being a sustainable alternative to chemical fertilizers,
linked with various environmental hazards. However, to popularize the biofertiliz-
ers’ status, increased demand and awareness about its uses are yet to be created.
Biofertilizer technology, a significant part of sustainable agriculture, has to be
proper for farmers’ and planters’ social and infrastructural situations. It should be
economically feasible for all farmers, renewable, adaptable to prevailing local con-
ditions and satisfactory from the society’s cultural patterns, practically imple-
mentable and productive.
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Abstract Organic farming or organic agriculture has been adopted as a new and
sustainable agriculture technology due to its environmentally friendly nature and
healthy produce. It is an efficient technology to conserve soil fertility and health,
improve crop yield and quality and reduce carbon concentrations in the atmosphere.
It is more efficient in its use of non-renewable energy and has less detrimental
effects on water quality and biodiversity. Different strategies are employed in
organic farming for crop production. It uses biosolids in organic manures and
amendments and crop rotations, mulching, non-synthetic fertilisers, zero tillage,
integrated nutrient, pest management, etc., for crop management and productivity.

Keywords Soil health - Carbon sequestration - Soil fertility - Soil nutrients

3.1 Introduction

Organic farming refers to an agriculture system that relies on green manures, biofer-
tilisers, plant growth-promoting bacteria, integrated pest management (IMP)/bio-
logical pest control (integrated pest management (IPM)), integrated nutrient
management (INM) and zero or minimum tillage, mulching and crop rotation. It is
a practice that entails the routine plant cultivation and animal rearing (Trewavas,
2001). Biosolids like organic manures and amendments along with biopesticides are
among the biological materials and fertilisers used in this operation (allelopathic
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and plant growth-promoting bacteria). It avoids using synthetic chemicals to pre-
serve land biodiversity and ecosystem equilibrium, reducing emissions and waste
production (Hussain & Farooqi, 2021). To put it another way, organic farming is a
technique that includes caring for and growing of crops without the use of chemical
fertilisers and pesticides (Hole et al., 2005) and no production and involvement of
genetically modified organisms (Heckman, 2006).

As organic farming relies on livestock manures, off-farm organic wastes, mineral
grade rock additives, crop residues, crop rotation, biological system of nutrient
mobilisation and plant preservation to the greatest degree possible, rather than con-
ventional inputs (such as hormones, chemical fertilisers, feed additives and so on),
it is the most preferred for agriculture nowadays. It has numerous advantages, i.e. it
encourages and improves biodiversity, biological cycles and soil biological activity.
Crop substitution, renewable fertiliser, organic wastes, natural weed management,
mineral and rock treatments are also an example of ecologically balanced farming
values. Pesticides and fertilisers are used in organic cultivation if they are deemed
safe, while petrochemical fertilisers and pesticides are avoided (Barton, 2018;
Palaniappan & Annadurai, 2018).

3.2 Need for Organic Farming

There is an increased need for organic farming due to the following reasons
(Lammerts van Bueren et al., 2011; Macilwain, 2004; Stolze & Lampkin, 2009):

The organic food market is rapidly expanding and is highly profitable.
Food quality and environmental protection.

The enhancement of human wellbeing.

Organic goods have a rich flavour.

Analytical authentication ensures that the commodity is of a high standard.
The preservation of agricultural diversity.

Non-use of drugs, antibiotics and hormones in agricultural goods.

Nk b=

3.3 Key Aspects of Organic Farming

The following are the key features of organic farming (Altieri et al., 1983; Mider
et al., 2002; Pugliese, 2001) (Fig. 3.1):

1. Use organic content to protect soil health while still promoting biological
development.

2. Use of soil microorganisms to provide crop nutrients indirectly.

3. Legumes are used to fix nitrogen in soils.
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Fig. 3.1 Benefits and prospects of organic farming
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10.
. Maintenance of biological equilibrium.

Weed and pest management using crop rotation, environmental variation, natu-
ral pests, organic manures and appropriate chemical, thermal and biological
action, among other approaches.

Animal husbandry, including shelter, diet, hygiene, rearing and breeding.
Environmental stewardship, including the preservation of natural ecosystems
and biodiversity.

Development of natural crops.

Development of natural animals and poultry.

Grass and disease management that is organic.

Conservation of soil.

3.4 Organic Fertilisers

Organic fertilisers, such as manure and compost, may help improve soil productiv-
ity and crop yields by supplementing conventional fertilisers. However, due to their
lower C:N ratios, organic fertilisers applied to soils can increase N,O (nitrous oxide)
discharges, possibly contributing to global warming (Shen et al., 2018). When
opposed to conventional fertiliser applications, organic fertilisers provide several
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advantages for farm soils and the climate, as explained below (Shen et al., 2018;
Wang, 2014):

1. Increasing the organic matter content in the soils.

2. Improving soil’s water-holding capability.

3. Reduction in soil degradation as organic matter increases soil porosity.

Organic fertilisers with high carbon content may stimulate microbial development,
resulting in both nitrification and denitrification. Compost and other organic fertilis-

ers have been studied extensively for their effects on carbon-nitrogen dynamics,
N,O productions and soil composition (Shen et al., 2018).

3.5 Principles of Organic Farming

Four primary principles help in organic farming (Luttikholt, 2007):

3.5.1 Principle of Health

Organic farming would benefit the health and wellbeing of the land, plants, live-
stock, people and the environment. It is the maintenance of personal, economic,
environmental and social health. For example, it protects humans from contamina-
tion and offers them chemical-free, healthy food.

3.5.2 Principle of Fairness

The maintenance of equality and justice of the everyday world among humans and
other living beings demonstrates its principle of fairness. Organic cultivation
improves people’s lives and aims to alleviate hunger. Natural resources must be
utilised wisely and kept safe for forthcoming generations.

3.5.3 Principle of Ecological Balance

Organic agriculture can be based on biological processes. Organic cultivation prac-
tices must be compatible with natural ecosystem balances and periods.
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3.5.4 Principle of Care

Organic farming can be done with caution and responsibility to support the needs of
present and future generations and the climate. Organic agriculture, unlike indus-
trial and traditional farming practices, does not depend on synthetic pesticides. It
uses sustainable organic methods to improve soil productivity, such as improving
plant nutrition by microbial activity. Second, organic farming’s multiple cropping
increases biodiversity, which improves sustainability and stability while still con-
tributing to a sustainable farming environment.

3.6 Unsustainability of Conventional Farming

There are specific reasons due to which modern farming is considered unsustainable
(Kingwell, 2011; Sverdrup et al., 2017):

Soil productivity is lost because of improper toxic pesticide usage.

Water supplies are contaminated by nitrate drainage after rainstorms.

Soil degradation because of deep ploughing and heavy rains.

Increased fuel needs for agriculture.

Animal cruelty in terms of living, feeding, breeding and slaughtering.
Monoculture has resulted in a loss of biodiversity.

Invasive creatures and hybrids take up more room than native animals and plants.

Nk v =

3.7 Essentials of Organic Farming

When we begin using/performing organic farming methods, we must ensure the
presence of specific essential characteristics and components explained as follows:

3.7.1 Farmyard and Other Organic Manures

Farmyard, poultry and other manures are decomposed combinations of farm ani-
mals’ dung and faeces and debris and leftovers from roughages or fodder. Cow
dung, bird droppings, excess grass and other dairy wastes are used to make it. It is
highly beneficial, and some of its characteristics are as follows:

1. These are nutrient-dense.

2. As manures can be combined, the plants receive a well-balanced diet.

3. Potassium and phosphorus availability is comparable to that of inorganic sources.
4. Application of manures to the soil increases its productivity.
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Manure that strengthens the soil composition is used as a natural fertiliser in agri-
culture. It expands the soil’s ability to hold more water and nutrients. It also boosts
the soil’s microbial production, which improves mineral availability and plant nutri-
tion. Manures like farmyard manure (FYM) deliver all major nutrients (N, P, K, S,
Ca, Mg) and micronutrients for plant development (Cu, Fe, Mn and Zn). As a result,
it acts as a mixed fertiliser. Farmyard manure helps improve the physico-chemical
and biological properties of the soil. The application of FYM improves the soil
composition, which creates a more robust atmosphere for root growth. FYM also
upsurges the capacity of the soil to hold water (Tadesse et al., 2013). In the Indian
subcontinent, FYM is the most used sustainable manure. It’s a composted combina-
tion of cow dung, stable bedding and the leftovers of straw and plant stalk fed to
cattle. In India, rainfed (non-irrigated) dryland cultivation accounts for roughly 70%
of the cultivated land (144 million ha). Dryland agroecosystems have poor crop
yields due to low soil moisture and nutrient supply. Due to low soil moisture levels,
chemical fertiliser usage is restricted in these agroecosystems. Low-input organic
cultivation has been proposed to preserve soil moisture and increase soil productiv-
ity to realise the maximum economic capacity of these thinly spread drylands
(Ghoshal & Singh, 1995).

3.7.2  Vermicompost

Vermicompost is a nutrient-dense organic fertiliser and soil conditioner that con-
tains water-soluble nutrients. It is a mixture of decomposing vegetable or food
wastes, bedding materials and vermicast created by the decomposition process of
various worm species, most commonly white worms, rid wiggler worms and other
earthworms. The process of vermicompost production is referred to as vermicom-
posting, and the practice of raising worms is referred to as vermiculture. Vermicast
is the final outcome of earthworms decomposing organic matter (also known as
worm humus, worm faeces, worm manure or worm castings). The castings are
known to have less contaminants and a higher nutrient saturation level than organic
materials prior to vermicomposting.

Key Benefits of Vermicomposting The following are the key benefits of
vermicomposting:

1. Vermicomposting provides nutrient-rich castings and diverts wastes from
landfills.

2. As compared to conventional composting, lesser space is needed in

vermicomposting.

There is a reduction in the amount of strength needed.

Compost processing can be done more quickly.

5. Red wiggler worms consume half of their body weight in food waste every day.

Rl
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Vermicompost is superior to compost because of its higher N, P and K contents
and its potential to enhance soil structure and retain more water. Vermicompost is an
excellent organic manure for improving plant growth and yield. Vermicomposting is
a basic biotechnological composting technique in which some earthworms improve
the waste conversion method and provide a healthier product. In many aspects, ver-
micomposting varies from composting. It is a mesophilic system that makes use of
earthworms and microbes that survive between 10 and 32 degrees Celsius (not
ambient temperature but temperature within the pile of moist organic material). The
process is faster than composting since the waste is absorbed by the earthworm’s
intestine. It undergoes a significant but little-known transformation, yielding vermi-
casts rich in plant growth regulators, microbial activity and pest repellent properties.
In a nutshell, earthworms transform waste into gold through biological alchemy
(Adhikary, 2012). Vermicompost has the same recorded advantages as traditional
composts, such as providing organic matter, improving moisture retention and
increasing nutrient absorption and plant hormone-like action. Enhancements in the
physico-chemical composition of the growth media have been attributed to the
increased plant growth. However, it suggests that using vermicompost impacts plant
growth that is not explicitly related to physical or chemical properties. Any growth
promotion appears to be attributed to plant hormone-like behaviour associated with
vermicomposting microflora and metabolites formed due to secondary metabolism
(Bachman & Metzger, 2008).

3.7.3 Green Manuring

Green manuring is the process of incorporating undecomposed green plant tissue
into the soil. A green manure crop aims to introduce the organic matter to the soil.
Because of the incorporation, the soil’s nitrogen intake is improved, and some nutri-
ents become more readily accessible, improving the soil’s efficiency. It aids in the
preservation of arable soil’s organic matter content (Farooqi et al., 2021). It acts as
a source of energy and food for microbes that multiply quickly, not only decompos-
ing the green manure but also releasing plant nutrients in usable forms for crop
usage. The function of a green manure crop differs depending on the circumstance,
but the following are some of the advantages they provide:

Increasing soil humus and organic matter.

Increasing nitrogen fixation.

Defending the soil’s crust.

Preventing the process of erosion.

Keeping or changing the composition of the soil.

Access to unavailable nutrients from the lower soil profile.

Reducing soil vulnerability to leaching.

Ensuring access to readily accessible nutrients for the next generation of crops.

NN R L=
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Green manuring is a method of soil enrichment that involves plowing under or add-
ing certain green manure crops into the soil when it is either green or shortly after
they begin to bloom. The importance of green manuring resides in the incorporation
of organic matter into the soil is widely acknowledged as one of the essential com-
ponents for proper soil fertility. Green manure crops are cultivated to produce green
manure that has only recently become common among our farmers. According to
estimates, a green manure crop that is 40-50 days old provides up to 80—100 kg N ha~".
A green manure crop replaces 50-60 kg fertiliser N ha™!, even if half of this nitrogen
is crop utilisable. Dhanicha, sun hemp, cowpea, mung, potato, guar and berseem are
possible green manuring legumes. These crops grown during the Kharif season have
been recorded to contribute 8-21 tonnes of green matter and 42-95 kg of N per
hectare. Similarly, during the rabi season, cowpea and berseem contribute 12-29
tonnes of green matter and 67-68 kg of N per hectare (Dubey et al., 2015; Mishra
& Nayak, 2004; Sharma et al., 2013).

3.7.4 Organic Matter Application and Restoration

The three major components of soil organic matter (SOM) are small (fresh) plant
residues, decomposing (active) organic matter and solid organic matter (humus).
Soil organic matter serves as a nitrogen and phosphorus reservoir for crops, enhanc-
ing fertiliser exchange, preserving moisture, decreasing compaction, reducing sur-
face crusting and rising water infiltration. SOM does not include plant nutrients on
the soil surface, such as leaves, fertiliser or seed debris, which are usually sieved out
of soil samples prior to examination using a wire mesh (Farooqi et al., 2018).

Plant residues with a low carbon:nitrogen ratio (high nitrogen content) decom-
pose more rapidly than those with a high carbon:nitrogen ratio (low nitrogen con-
tent) and contribute less organic matter to the soil. Excessive tillage destroys soil
aggregates and accelerates the decomposition of organic matter in the soil. Healthy
soil aggregates increase the amount of usable organic matter in the soil, thus shield-
ing it from microbial deterioration. Accelerating SOM decomposition requires steps
to increase soil moisture, temperature and aeration. SOM may be degraded or
increased depending on the management measures used on the areas being anal-
ysed. The following are some main steps that may help improve SOM (Umar
et al., 2020):

(a) Use of cropping systems.

(b) Reducing or eliminating tillage.

(c) Reduce erosion using appropriate measures.
(d) Soil-test and fertilise properly.

(e) Use of perennial forages.

(f) Nutrient supply.

(g) Water-holding capacity.

(h) Soil aggregation.
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(i) Erosion prevention.

Organic matter in the soil is diverse and heterogeneous, made up of a variety of
organic materials that are preserved to differing degrees through physical isolation
from microbial biomass, molecular recalcitrance and direct contact with clay sur-
faces and inorganic ions (Shepherd et al., 2002).

3.7.5 Crop Rotation

Crop rotation is the practice of planting multiple crops on the same plot of land in
order to improve soil quality, maximise fertiliser availability and combat pest and
weed pressure. Consider a farmer who has cultivated a cornfield. He could plant
beans after the corn harvest is over since corn absorbs many N and beans return N
to the soil. Simple rotations may consist of two or three crops, whereas complicated
rotations may have a dozen or more (Behnke et al., 2018).

3.7.5.1 Principles for Crop Rotation

Crop rotation has several general rules, described as follows:

Plant a high N-demanding crop after a legume crop.

In a particular region, grow annual crops for just 1 year.

Do not plant one crop after another that is directly associated.

Use seed sequences that encourage the growth of healthy crops.

Implement weed-controlling seed series.

Use seasonal crops for more extended periods on sloping land.

Use a deep-rooted crop in rotation.

Use crops that can leave a large amount of residue in the rotation.

When cultivating a diverse range of crops, divide them into blocks based on plant
families, crop timing, crop form (leaf vs fruit vs root), fertiliser requirements or
crops with common cultural traditions.

e o

3.7.5.2 Steps for Crop Rotation and Planning

In organic farms the following steps are adapted from crop rotation (Mohler &
Johnson, 2009):

(a) Determine and prioritise the crop rotation priorities (e.g. environmental enforce-
ment, weed management, soil quality and disease control).

(b) Create a crop mix list.

(c) Look for an overabundance of land in one family.
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(d) Prepare a crop rotation plan, noting which beds or fields (or parts of fields) are
at risk of affecting such crops.

(e) Find crop couplets and short sequences that are appropriate for your farm
(including cover crops).

3.7.6 Mulching

Mulch is essentially a substance that is applied on top of the soil to have a protective
layer. Mulches may be inorganic (plastics, bricks and stones) or organic (wood
chips, grass clippings, straw and other similar materials) with a number of benefits
including the following:

* Protects the soil from erosion and alleviates compaction caused by heavy rains.
* Conserves moisture and eliminates the need for regular irrigation.

* Maintains a more constant temperature in the soil.

* Prevents the proliferation of weeds.

* Maintains the cleanliness of fruits and vegetables.

Chemical mulching has been used to successfully kill weeds and minimise soil
degradation in organic growing schemes by directly providing organic C nutrients
to the soil. It also helps conserve soil moisture and buffer abrupt shifts in soil tem-
perature, particularly in sandy soils where significant differences in soil temperature
and soil moisture are common (Tu et al., 2006). Chemical mulches have a mixed
effect on crop production. Mulching enhances plant development, production and
consistency of yield. The release of nutrients from decomposing mulches (both
quickly and slowly decomposing) may benefit the soil (Sinkeviciené¢ et al., 2009). It
also impacts humans in terms of cost, aesthetics and ease of service and weeding. It
is the key to any garden or orchard’s success, particularly during a drought
(Farooqi et al., 2020a, b). In semi-arid and arid areas, it’s even great for the green-
house or orchard. It acts as an insulator, allowing the soil temperature to be cooled
and moderated through hot days and cold nights. It boosts the development of ben-
eficial microbes and aids in the prevention of diseases. Additionally, it protects soil
moisture from excessive solar rays and air movement through the soil surface,
resulting in decreased soil moisture loss (Ranjan et al., 2017).

3.7.7 Integrated Nutrient Management

Integrated nutrient management (INM) is a term that refers to the most environmen-
tally friendly method of disposing of crop residues, producing high-quality compost
for soil fertility maintenance and supplying plants with the optimal amount of nutri-
ents available during the life cycle to support the yield (Selim, 2020).
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The following elements are the essential components of the INM scheme (Chen
etal., 2011; Wu & Ma, 2015):

1. All possible nutrient sources that can be used to develop nutrient input pro-
grammes with the goal of increasing nutrient use production and high yield per-
formance must be carefully considered.

2. The forms and quantities of soil nutrients in the root zone, also referred to as soil

balance, and their availability to meet cover crop requirements.

Identifying and mitigating nutrient losses, especially in intensive agriculture.

4. Taking into account all factors affecting the plant/nutrient relationship in order to
achieve high yield production, which is a critical aim and major advantage of
integrated nutrient management (INM), water use efficiency, grain superiority,
high economic returns and sustainability.

(O8]

4R’s of Nutrient Management
There is a popular nutrient management of 4R technology given below:

1. Right source.
2. Right rate.

3. Right time.
4. Right place.

3.7.8 Zero Tillage

Zero tillage describes arable land that receives no tillage between harvest and sow-
ing. It’s a low-tillage method in which the grain is sown directly onto the land that
hasn’t been tilled since the previous crop’s yield. Herbicides and adequate mulching
are used to manage weeds, and the stubble is held for erosion control.

There are some advantages of zero tillage which includes:

1. Reduced soil erosion caused by wind and water (because the mulch cover of
previous crops covers the soil).

. Compaction of the soil is reduced.

. Soils that are more fertile and robust.

. Moisture evaporation is reduced.

. Cost savings on diesel and labour.

[ I SOSN8

Land degradation on a physical and chemical level, a deficiency in organic mat-
ter, reduced ecological activity in the soil and crop yield loss are all effects of inten-
sive or traditional agriculture. Sustainable agriculture, on the other hand, envisions
a prosperous and long-term farming system based on three basic principles: soil-
free agriculture, crop rotation and a constant soil surface littered with plan debris
and vegetation (Shrestha et al., 2018).
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3.8 Benefits of Organic Farming

There are several benefits for organic farming, which are briefly discussed as
follows:

3.8.1 Crop Productivity

Crop production is increased as organic farming is practised. To increase productiv-
ity and sustainability, existing cropping systems must be transformed to address
growing environmental effects and reduced inputs. Since organic farming does not
encourage pesticides and is generally thought to focus more on crop variety than its
traditional equivalent, it is regarded as one type for improving the resilience of cur-
rent agriculture and cereal-rich cropping systems (Bedoussac et al., 2015).
Increasing crop yields by adding organic matter to the soil is a well-known proce-
dure. According to several studies, the use of organic materials improves rice grain
and straw production. Some researchers reported that the spent mushroom and rice
straw compost improved rice grain yields by 20% over NPK fertiliser. The benefits
of organic farming are established for developed and developing countries in terms
of biodiversity conservation, environmental improvement, decreased energy use
and carbon dioxide emissions, increased crop production without excessive depen-
dence on expensive inputs and sustainable resource use (Yadav et al., 2013).

3.8.2  Soil Fertility and Biological Parameters

Biological parameters are a significant part of soil quality evaluation. These biologi-
cal properties are critical when evaluating soil quality because flora and fauna in the
soil significantly impact it. Soil microbial biomass and microbial interactions are
essential for soil fertility to be sustained. A balanced ratio of microbial biomass and
operation in the soil is needed to ensure the continuous release of nutrients to plants.
Organic farming has been shown to increase microbial biomass and operation by
20-30% and 30-100%, respectively, as compared to conventional agriculture. A
soil with a solid organic matter content has more microbial activity and more soil N,
providing strength than a soil with a low organic matter content (which is managed
inorganically). Furthermore, soil organic matter can absorb CO, from the atmo-
sphere, raising the carbon content of the soil and thereby enhancing microbial bio-
mass and respiration.
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3.8.3 Sustainable Soil Management

There are several components of sustainable land management. The approach and
its implementations have a fragile yet complicated framework, explaining the vari-
ety of ingredients and medications (Kwiatkowska-Malina, 2018).

3.8.4 Water Management

Sufficient moisture in the soil’s root area during the growing season of the plant is
the most important factor in ensuring steady plant growth in sustainable agriculture.
The average rainfall is the first indicator of precipitation. In situations where rainfall
is insufficient, irrigation water can be used to provide the required water. A decrease
in yield is typically caused by inadequate or excessive soil moisture in the plant
root region.

Water resource sustainability is a relational, physical, fiscal and ecological term.
Future generations’ water uses, drainage, agricultural and recreational water storage
and habitat conservation programmes are also covered by sustainable water man-
agement. The following factors should be weighed to maintain its long-term viabil-
ity (Chiappetta,, & K. J. L. R. 0. B., 2017):

e The irrigation system should be continuously tracked.

e The pumps should be operating at full capacity, the water volume should be
measured and the water distribution should be even.

e The irrigation time and volume should be determined in relation to the plant’s
water requirements, with the aim of ensuring the most effective water use
possible.

e Irrigation should be discontinued during windy conditions and in the middle of
the day; instead, it should be done at night, with drip irrigation used as required.

e The facility’s load should be kept as high as possible.

* Pipes should be tested regularly, and leakage should be stopped.

* Poisoning of water supply and drainage channels should be avoided in any case.

» To avoid waterborne degradation, it is essential to ensure that water is infiltrated
into the soil using agricultural principles and drainage methods.

e Water quantity and distance from water supplies should be considered when pre-
paring output.

e Raw agricultural wastes and wastewater should not be discharged into natural
surface waters.

e Measures should be taken to mitigate irrigation’s harmful impact on the
environment.
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Drone and sensor technology may also be used to gather data for the implemen-
tation of a successful irrigation methodology (Farooqi et al., 2021):

* Soil moisture meters are used to determine the demand for water in the soil.

* Thermal photographs of soil and crop moisture material collected from drones.

* A multispectral camera can detect nitrogen deficiency.

e A variable-rate irrigation scheme should be designed based on environmental
data and forecasts.

e Variable-rate implementations should be performed at the best possible time in
areas of different water requirements.

3.8.5 Pest and Disease Management

Integrated pest management (IPM) is a foundational technique used in modern agri-
culture that utilises all available plant defence strategies. IPM involves integrating
successful approaches to eliminate risks to human health and the environment by
preventing the proliferation of insect species and ensuring that plant management
pesticides and other methods of action are used at economically and ecologically
justified levels. A well-designed integrated pest management system (IPM) consists
of three critical stages for maximum effectiveness and minimum environmental
effects in weed, disease and pest management (Tugrul, 2019):

(1) Identifying rodents, viruses and weeds is the first step for farmers, followed by
settling on physical, chemical, biological and regulatory enforcement choices.

(i1) After identifying invasive plants, keep an eye on reproductive rates.

(i) As the number of invasive organisms exceeds a certain level, several safety
options are enabled. The most efficient protection strategy against invasive
plants is using chemicals that do the minor environmental damage with all
defence strategies. Crop loss may also be reduced by crushing early or through
other physical defence techniques. The presence of helpful species should be
considered when choosing a defence system, and dangerous species may be
battled with pest-fighting species without chemicals.

3.8.6 Cover Crops and Crop Rotation

Cover plants may be grown between the central plant rows during off-season cycles
when the soil is bare. They reduce the need for herbicides while preventing soil
degradation, renewing soil resources, controlling weeds and protecting soil health.
It is the method of manufacturing various goods in the sector one after the other year
after year. As a result, various portions of the soil are used for different crops, and
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pests and pathogens unique to each crop are kept at bay. Covered plants contribute
significantly to agricultural productivity by protecting the land; maintaining the
desired temperature, humidity or illumination; and controlling pests and weeds. The
weed problem has emerged as a result of sustainable agriculture’s reduced soil cul-
tivation. Clover, vetch, trefoil, oats, wheat and sorghum are only a few examples of
plants with a broad range of uses and cultivation purposes. Cereals, for example, are
superior at weed management, while legumes excel at nitrogen addition to the crop
plant. The most critical thing to remember when growing cover plants is to strike a
compromise between the system’s expense and benefits.

3.9 The Organic Food System

Organic agriculture is a mode of development that promotes vegetation, ecosystems
and human health. It is based on natural processes and methods that have been
modified to local environments, rather than the input of any harmful chemical. This
system consists of various steps, which are described below:

3.9.1 C(lassification

There are three separate food system classifications, conventional, transitional and
the other brands, including seasonal, renewable, pesticide-free and environmentally
safe. The word “clean” refers to plants, goods, processors and other value-added
intermediaries in the production-to-consumption chain that has been approved by
certifying bodies (CB). The certifying bodies are fee-for-service organisations and
are typically supervised by the National Food Inspection Authorities. Organic certi-
fication is a lengthy procedure that takes at least 3 years to complete if done on a
farm that was already farmed using traditional techniques. This means that all
chemicals have been leached from the soil and that time has been allowed for
organic amendments to restore soil fertility.

Transitional organic is a regional label for farms that have made the commitment
to pursue organic certification. For example, the word “transitional” refers to farms
that have converted to certifiable organic practices and are in the 36-month period
between the last pesticide application and the time when the soil will be declared
chemical-free and the farm certified organic. Small farmers catering to local/
regional clients also use labels like natural, local, environmentally sustainable and
pesticide-free. Except for selling board-regulated goods such as dairy or chicken,
the processing and storage of items marketed under these brands are primarily
unregulated, except for governmental entities and district health units. Consequently,
the knowledge on farms that are not certified organic is dispersed and incomplete.
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3.9.2 Production

Organic farming is a comprehensive system aimed at the growth and fitness of agro-
ecosystems such as soil, plants, cattle and humans. The primary aim of organic
farming is to create profitable and environmentally friendly (Hamzaoui-Essoussi &
Zahaf, 2012).

We may divide organic farmers into three divisions based on how they leverage
the supply chain to bring their goods to consumers: big-, mini-, and medium-sized
operations. Large farmers can be identified by organic cash crops that are exported
or imported immediately after harvesting, as well as livestock and field crops that
are more likely to be shipped to dealers and processors for further processing. In this
case, most dairy farms will be called significant producers. Medium-sized busi-
nesses typically cater to a broader local sector (Hall & Mogyorody, 2001). Due to
infrastructure constraints, some of these farmers band together to grow their goods,
collaborating with complementary companies to increase their on-farm market’s
offerings and draw more buyers. Others also formed alliances with small regional
processors and manufacturers to hit restaurants and speciality food retailers. Most
medium-sized growers have on-farm markets set up as permanent storefronts, with
goods offered on consignment or resold to other farmers in the region. Small organic
farmers are less likely to employ delivery mediators. Farmers’ markets and on-farm
markets are where they work on building direct partnerships with customers. They
may supply a few restaurants, speciality stores or small grocers, but these are care-
fully nurtured partnerships that depend on niche marketing and personal connec-
tions. Owing to the paperwork and costs involved, small farmers are more likely to
abandon organic certification.

3.9.3 Distribution

In recent years, organic food has been a significant segment of the food retailing
industry. Natural produce has slowly progressed from specialised markets, such as
independent retail shops, to mass markets, such as massive grocery chains (Jones
et al., 2001; Tutunjian, 2008). Speciality retailers (95%) accounted for most of the
revenue 10 years ago, with mainstream stores accounting for the remaining 5%. The
pattern has now been reversed (Monitor, 2010). Farmers’ markets and other alter-
nate delivery networks are utilised and feature a clear connection between the man-
ufacturer and the customer (Smithers et al., 2008). Distributors in several countries
are marketing their product lines under particular brand names (Rostoks, 2002;
Tutunjian, 2004).



3 Organic Farming for Sustainable Soil Use, Management, Food Production and... 55

3.10 Effect of Organic Farming on Climate Change

3.10.1 Reduction of Greenhouse Gas Emission

Crop and livestock agriculture emissions have increased by more than 14% since
2001, from 4.7 billion tonnes of CO,, equal to more than 5.3 billion tonnes today.
Organic farming aids in the fight against climate change by lowering greenhouse
gas emissions. The volume of N fertiliser added to farmland has a direct relationship
with N,O pollution. In the EU, N,O emissions from controlled soils account for
about 40% of the total farm emissions. This is especially significant since 1 kg of
nitrous oxide has a 300-fold greater warming effect on the environment than
1 kg of CO,.

Organic farming does not enable the use of synthetic N fertilisers while concen-
trating on maintaining closed nutrient cycles and minimising losses by drainage,
volatilisation and pollution, resulting in lower N levels per hectare on organic farms
than on traditional farms, which lead to a healthy, climate-friendly development
method that provides adequate food supplies.

3.10.2 Reducing Energy Use

Synthetic fertilisers and pesticides are widely used in conventional cultivation. The
production of these chemicals necessitates a considerable amount of energy. Organic
cultivation, however, reduces energy usage per unit of land by 30-70% by replacing
the energy used to produce conventional fertilisers and utilising internal field inputs,
which reduces transportation fuel consumption as well.

3.10.3 Helping Farmers to Adapt to Climate Change

Organic farming also aids in the fight against global climate change by trapping
carbon in the soil. Many organic agricultural management methods, such as mini-
mal tillage, restoring crop residues to the surface, using cover crops and rotations
and incorporating more nitrogen-fixing legumes, improve carbon return to the soil.
This boosts efficiency while still promoting carbon conservation.
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3.10.4 Storing Carbon in the Soil

Organic cultivation aids farmers in adapting to climate change by preventing nutri-
ent and water depletion by high soil organic matter quality and soil cover. Soils
become more resistant to hurricanes, droughts and ground erosion because of this.
Farmers may develop new cropping systems which respond to climatic changes.
Organic farming reduces the risk for farmers by providing healthy agroecosystems
and returns and lower production costs (Farooqi et al., 2018; Farooqi et al., 2020a, b).

3.10.5 Advocating for Policy Change

Organic farming can eliminate greenhouse pollution, increase land productivity and
strengthen environmental resilience. As a result, we suggest that:

1. Governments recognise organic agriculture as a viable method for reducing
greenhouse gas emissions and carbon sequestration.

2. Developing world policymakers should provide policies focused on the ideals of
organic agriculture.

3. Appropriate mitigation actions to assist farmers in adapting to climate change
through study and extension services.

3.11 Conclusions

The increasing yield loss phenomena, soil structure and quality degradation and
greenhouse gas emissions have emphasised converting the current farming methods
to sustainable soil use and crop productivity. So, organic farming, which uses many
techniques and tools, holds a promise in making agriculture sustainable. It helps
protect people’s health by providing them the safer foods and protecting the health
of the environment by stopping the use of synthetic fertilisers and pesticides, which
otherwise damage the environment.
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Chapter 4
The Role of Plant Extracts in Sustainable
Agriculture

Check for
updates

Aadil Gulzar, Tajamul Islam, and Maroof Hamid

Abstract Environmental and toxicological problems have significantly increased
from the last couple of decades due to non-judicial agrochemicals. There is a drastic
decrease in the growth and yield of most crops due to diseases and infections, and
globally the insects and pests reduce the overall crop production by nearly 20%. In
the wake of all this, the novelty and application of biopesticides are increasing tre-
mendously and are effectively used as green pesticides globally. Many plant extracts
from various plants like neem (Azadirachta indica) showed promising effectiveness
as antimicrobials. Found relatively safe, they received greater acceptance from the
users. In industrialized countries, botanical pesticides have been actively used in
integrated pest management (IPM) for organic farming.

Further, due to the harmful nature of chemical pesticides, demand to use
biocontrol agents in the agricultural industry is increasing vigorously. Researchers
and scientists are now exploring more and more available alternatives that are
relatively more eco-friendly, non-toxic and readily biodegradable. They are focusing
on various types of plant extracts which can be applied in green agriculture. Some
of the potentially effective plant extracts obtained from the rhizome of ginger
(Z. officinale), garlic (A. sativum), pawpaw (C. papaya), neem (A. indica),
independent weed (C. odorata), bitter kola (G. kola), miracle tree (M. oleifera), etc.
are economically efficient, eco-friendly and helpful for sustainable agricultural and
horticultural.

Keywords Agriculture - Plant extracts - Chemicals - Fungicides - Disease -
Bacterial
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4.1 Introduction

Naturally obtained plant products have a significant potential and scope in modern
agriculture. Some plant products have been reported to contain biochemically active
compounds effective against various insects and pests (Aikawa, 2002). The active
chemicals extracted from the plants and effectively used in integrated pest manage-
ment are technically known as botanical pesticides or botanicals. Their use is exten-
sively getting accepted in modern agriculture because of their prominent role in
reducing crop pathogenicity (Bruneton, 1999). Besides this, the botanicals are get-
ting degraded more rapidly compared to synthetic chemicals. They are therefore
considered as eco-friendly and simultaneously do not kill the beneficial insects in
the croplands.

4.2 Commonly Used Botanicals

Plant extracts: Various plants such as neem, garlic, eucalyptus, turmeric, ginger
and tobacco are the rich sources of extracts or botanicals.

Essential oils: There are diverse types of essential oils such as nettle oil obtained
from Urtica spp., thyme oil from T vulgaris, eucalyptus oil from E. globules, rue
oil from R. graveolens, lemongrass oil from C. flexuosus and tea tree oil from
Melaleuca alternifolia (Al-Samarrai et al., 2012), which have some proven
potential as botanicals.

Gel and latex: Aloe vera is a rich repository of gel and latex.

4.3 Significance of Botanicals

e Sustainable and reliable

¢ Reduce yield losses

e Environmentally friendly

e Readily degradable

e Extremely useful in green farm practices and are cost-effective
» Essential agents of IPM (integrated pest management)

Plants are the natural laboratories where the biosynthesis of some elite secondary
metabolites takes place. They further harbour inbuilt capacities to defend the harm-
ful impacts of their natural enemies. These plants’ properties give rise to research-
ers’ scientific curiosity to recognize the potential of bioactive secondary metabolites
or compounds against harmful pathogens. For long, many plants and their metabo-
lites have been effectively used in the agriculture and health sector. Using plant
extracts to control insects, too, has a long history, and, even in the seventeenth cen-
tury, the nicotine from tobacco leaves was used to kill plum beetles.
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In recent times, researchers have been focusing on chemotherapeutics from the
plants as biocontrol agents, as they can be effectively used as agriculture insecti-
cides. Even some essential extracts from different plant species can sometimes be
used against pests in sophisticated storage godowns (Ilcim et al., 1997). Some aro-
matic and volatile oils can also be successfully used to safeguard food items from
spoilage and microbial contamination. In most developed countries, biopesticides
are widely used in the organic agriculture sector; however, these botanicals can be a
promising tool for post-harvest protection of crops in developing countries.
Currently, several biopesticide plant extracts are available in the market, which can
be categorized into the following classes:

4.4 Plant Extracts Used as Biopesticides (Based
on Different Categories)

* Growth regulators: Plant extracts that do not permit the insects to achieve their
reproductive stage.

e Feeding deterrents: These are the biochemical compounds that do not permit
the insects and pests to consume anything after entering their bodies. They lead
to their starvation that ultimately ends with their death.

e Repellents: These extracts can produce such types of odours that repel the pests,
e.g. garlic- or pepper-based insecticides.

* Confusants: These biochemical compounds puzzle the pests and confine their
contact to find the crops (Matsumura, 2001). Most common examples of confus-
ants have been found in pyrethroid and neonicotinoid group of insecticides
derived from pyrethrum (7. cineraria folium) and tobacco, respectively (Arshad
& Parvez, 2010).

4.5 Positives of Biopesticides

* Biopesticides are least harmful than synthetic pesticides.

* Biopesticides are very target-specific against synthetic pesticides, which kill
non-target organisms like birds, insects and mammals.

* Biopesticides are readily biodegradable and thus pose less risk of environmental
pollution as against synthetic pesticides, which are recalcitrant and
non-biodegradable.

* Biopesticides are a very crucial ingredient of IPM programmes and thus diminish
the pressure of synthetic pesticides and keep the yield optimal (Ncube et al., 2008).
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4.6 Plant Extracts Used as Bioherbicides (Categorized Based
on Different Modes of Action)

Plant antibiosis: It is the mechanism where one plant inhibits the growth of another
plant in its vicinity, and this function is shown by black walnut trees (Juglans
regia). They produce an active biochemical called juglone, which can potentially
be used in agriculture as an herbicide (Satish et al., 2007).

Plant growth regulation: Some plant oils play a significant role in some specific
functions like disrupting cell membranes and essential enzymes in plant tissue
and inhibiting the amino acid synthesis. This feature of these oils makes them
potentially workable to be used as bioherbicides.

Mechanical control: Some plant extracts like D-limonene can destroy the waxy
cuticle of weeds, causing necrosis, dehydration and weed death, thus acting as a
potent herbicide.

4.7 Plant Extracts Used as Fungicides and Antimicrobial
(Based on Modes of Action)

e Fungicidal control: Some botanicals tend to crumble the cell membrane of
fungal cells at different stages of their development and hence alter their
enzymatic activities and metabolic processes to act as a suitable fungicide.

* Induced resistance: Plant extracts can escalate some specific proteins that are
capable of inhibiting different fungal diseases. These chemicals enhance the
immune system of plants to defend themselves against fungal attacks (Sahan,
2011; Kalkisim, 2012).

Various secondary metabolites, such as alkaloids, phenolics and subclasses, viz.
phenolic acids, quinones, flavonoids, tannins and coumarins, possess diverse antimi-
crobial properties. They perform the function of defence mechanism against various
pathogens (B.D. & A.G., 2004), e.g. phenolics are toxic to microorganisms because of
their site-specific action and several hydroxyl groups. These extracts or essential oils
are often found effective against a broad spectrum of diseases and pathogens
(Table 4.1) and are extensively used to eradicate plant pathogens or diseases (Table 4.2).

4.8 Secondary Metabolites and their Mechanism of Action

¢ Phenolics

*  Membrane disruption and deprivation in substrate concentration.
* Bind to CAMs and form complexes with the cell wall to change its integration.
e Change enzyme configuration.
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Table 4.1 Botanicals and their antimicrobial activity
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Compound/ Class/
Name of the plant | derivatives group Activity
M. pumila Phloretin Flavonoids | Broad range
W. somnifera Withaferin A Lactone Antibacterial and antifungal
A. marmelos Essential oil Terpenoids | Antifungal
E. globulus Tannin Polyphenol | Antifungal, antibacterial and antiviral
A. cepa and A. Allicin Sulfoxide | Antifungal and antibacterial
sativum
T. vulgaris Caffeic acid Terpenoid | Antifungal, antibacterial and antiviral
Curcuma longa Curcumin Terpenoid | Antifungal, antibacterial and
antiprotozoal diseases
D. stramonium Hyoscyamine Alkaloids | Antifungal
scopolamine
P. nigrum Piperine Alkaloids | Antifungal
R. communis Ricinine, Ricinoleic Alkaloids | Antifungal
A. indica Azadirachtin Terpenoids | Antifungal and antibacterial

e Terpenes and Oils

e Causes cell wall and membrane destruction.
* Alkaloids and Flavonoids

* Span with cellular membranes.
e Tannins and Coumarins

¢ Bind to different biological components.

e Halt enzyme activities.

e Interact with DNA, lectins and polypeptides.
e Form disulphide bridges in proteins.

4.9 Plant Extracts with Anti-Parasitic Properties

Traditionally, some plants like garlic (Allium sativum), marigold (Tagetes erecta)
and the goosefoot or epazote (Chenopodium ambrosioides) possess the eminent
capability to control the parasitic insect population.

4.10 Conclusions

Agrochemicals have created a massive problem for emerging agriculture and
horticulture through chemical residue contamination, phytotoxicity, environmental
pollution and soil biochemistry alteration. Such problems led to the demand for



66

A. Gulzar et al.

Table 4.2 Different botanicals, preparation and effectiveness against diseases/pathogens

Part/parts
Plant used Preparation | Diseases/pathogens
D. stramonium and Calotropis spp. Whole Crude extract | C. lunata
plant
Z. officinale Rhizome Crude extract | P. infestans, F. solani,
P. oryzae
L. inermis Leaf Crude extract | D. oryzae
A. indica, A. squamosa and O. sanctum | Leaf, stem | Crude extract | Anthracnose
Bark, root
C. procera Leaf Crude extract | Tikka leaf spot disease
of groundnut (C. tikka)
L. camara Leaf Crude extract | Castor grey rot
(Botrytis ricini)
P. pinnata Leaf Crude extract | Leaf blight of onion
A. barbadensis and N. tabacum Leaf Crude extract | Dry rot of yams F.
oxysporum and A. niger
S. aromaticum and O. Sanctum Leaf, seed | Crude extract | Aspergillus flavus
and fruit
L. esculentum Leaf, stem | Crude extract | Bacterial disease on
onions
C. japonica and P. coreana Roots, stem | Crude extract | Rice blast and wheat
leaf rust
O. gratissimum, A. melegueta Leaf Crude extract | Post-harvest yam rot
Ocimum spp. Leaf Essential oils | A. flavus
M. spicata, S. fruticosa and Thymbra Leaf Essential oils | R. solani and S.
spp- sclerotiorum
O. sanctum and P. persica Leaf Essential oils | Grey mould of grapes
O. Hercleoticum Leaf Essential oils | . Oxysporum and P.
tracheiphila
N. sativa and F. asafoetida Seeds Essential oils | F. Oxysporum, A. niger
and A. flavus
P. nigrum, S. aromaticum, Pelargonium | Seeds Volatile Antibacterial
graveolens, Myristica fragrans (O. compounds
vulgare and T. vulgaris)
Rubus and Fragaria spp. Fruit Volatile Post-harvest decay
compounds | (fungi)
Cymbopogon spp. and T. vulgaris Leaf, root | Volatile Black mould disease
compounds | (A. niger)
U. dioica, A. millefolium Leaf Volatile A. Alternate
compounds
Allium sativum Bulb, leaf | Ethanol C. lunata
extracts
C. variegatum Leaf Phenolics A. Alternate and F.

oxysporum
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sustainable biocontrol options to deal with the alarming issues associated with syn-
thetic agrochemicals. To deal with plant diseases, these extracts are very effective,
cheap, biodegradable, assessable, readily available, target-specific, environment-
friendly and harmless to human beings than synthetic agrochemicals. Studies have
shown promising results of the increase in crop production and decrease in disease
incidence in most of the tested crops. Hence, plant extracts are strongly recom-
mended for the farmer community to achieve sustainable horticultural and agricul-
tural crop production.
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Chapter 5

Botanical Pesticides for an Eco-Friendly
and Sustainable Agriculture: New
Challenges and Prospects

Check for
updates

Muzafar Riyaz, Pratheesh Mathew, S. M. Zuber, and Gulzar Ahmed Rather

Abstract The global food demand has been rapidly increasing due to expansion in
the worldwide populace resulting in the waning of natural resources. The developed
and emerging nations are tapping all means to feed the global population. In a run
of these measures, many things brought ecological catastrophes and devastation to
many organisms. In our farmlands, most of the crops are affected by a specific class
of insects called pests. These pests are feeding on our crops, resulting in the collaps-
ing of our agricultural produce. To save these crops from pests, we manufactured
chemicals called pesticides which turned out to be very useful in eradicating the
pests. Still, in the meantime, the excessive use of these pesticides brought massive
devastation in many ways. Notably, most of the crops are dependent on cross-
pollination, carried out by various types of insects. Around 80% of the crops world-
wide are pollinated by insects (entomophily), especially the bees and other insect
species of different families. But, with the frequent utilization of chemical pesti-
cides, these pollinators and other beneficial insects are severely affected, resulting
in a threat to their populations. The utilization of chemical pesticides affects insects,
but their negative impact is also noticed in humans, aquatic organisms, birds, soil,
water and the environment. So, the phytochemicals in botanical extracts are proven
to be very much effective in preventing these dreadful crises due to a positive
response by non-target organisms and low impact on our habitats and human health.
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5.1 Introduction

Since time immemorial, man has been cultivating and harvesting crops. Agriculture
has consistently assumed a key position in boosting the economy of any country
(Loizou et al., 2019). In the present world, agriculture is the chief fount of revenue
in the nations engaged with agriculture and other farming sectors (Tang-Péronard
et al., 2011). The upsurge in the global population has raised the alarm of food
demand rising parallel to the worldwide population. The developed and emerging
nations are tapping all means to feed the billions of people across the globe. In pest
management practices, the advancement in technology has proven to be accompa-
nying farmers to achieving higher amounts of crop yields. However, in our farm-
lands, most of the yields are being influenced by a particular class of insects called
pests. These pests are feeding on our crops, resulting in the collapsing of most of our
agricultural produce. The damage prompted to the crops by insect pests varies on
the insect pests’ feeding habit (Table 5.1).

Table 5.1 List of some common insect pests and their feeding habits

Common name Order Feeding habit

Aphids, mealybugs, whiteflies and scale Hemiptera Plant sap

insects (coccids)

Hoppers Hemiptera Foliage and shoots

Caterpillars Lepidoptera Leaves and needles

Grasshoppers and locusts Orthoptera Leaves, grains, seed pods
and fruits

Borers Coleoptera, Roots, stem, shoots

Lepidoptera

Weevils Coleoptera Stored grains

Thrips Thysanoptera Fruit, leaves, shots, sap

Beetles Coleoptera Leaves, stem, petals, fruits

Pod bugs Hemiptera Seed pods

Stink bugs Hemiptera Leaves, fruits, stems, seed
pods

Termites Blattodea Timber, furniture, branches

Cockroaches Blattodea Food, fabrics, fruits, books

Fruit flies Diptera Fruits, leaves

Gall midges Diptera Shoots, plant tissue

Saw flies, gall wasps Hymenoptera Plant foliage

Grubs Coleoptera Roots

Silverfish Zygentoma Books, clothes, food items
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Though crops are affected by abiotic stresses, a significant portion of the crops
and the harvest are influenced by the biotic stress of the insect pests. The insect pests
can damage an entire or an enormous portion of our crop (Sharma et al., 2017).
Around 70% of the crop can be lost to the pests if preventive measures are not taken
since several species from different taxa include the natural insect predators and
parasitoids that control the population of quite a few pest species. However, with the
utilization of chemical pesticides, the natural enemies of the pests are becoming
vulnerable. These chemical pesticides assume a significant position in agricultural
and horticultural productivity (Carvalho, 2017). Pesticides have been assisting
farmers by slashing the time and efforts to expel weeds and pests in farm fields for
ages physically. However, due to the growing food demand, the utilization of chem-
ical pesticides has risen enormously. Several environmental contaminations have
also emerged with the considerable utilization of chemical pesticides. The soil,
water and air quality got widely disrupted by the residues of these chemical pesti-
cides. Life in aquatic ecosystems, beneficial insects and other vegetation became
affected by the toxicity of these chemical pesticides (Riyaz et al., 2020).

Thus, to reduce the chemical pesticide contamination, carbon outputs, habitat
destruction and fragmentation, sustainable agriculture is an effective alternative.
Sustainable agricultural practices are way forward to maintain the ecological equi-
librium by the eco-friendly techniques to reverse the damage done by large-scale
agriculture and allied farming sectors (Sldtmo et al., 2017). With a setup of a green
environment and the cultivation of the crops, a lot of eco-friendly practices in sus-
tainable farming can be utilized. These involve permaculture (Bhandari & Bista,
2019), aquaponics and hydroponics (AlShrouf, 2017), using renewable energy
resources (Dudin, 2018), crop rotation and polycultures (Weihuhn et al., 2017) and
integrated pest management (Dara, 2019) (Fig. 5.1). With these practices, natural
resource exploitation can be curbed. Further, diversification in the crops by crop
rotation and polycultures can reduce fertilizers and pesticides. Chemical pesticides
can be replaced by botanical pesticides, which are safer to handle and assure a low
impact on the species of different taxa, their habitats, different ecosystems and
human health (Nawaz, Juma, & Hongxia, 2016).

By introducing sustainable agricultural practices, the innovative technologies
have progressed well to conserve the environment, beneficial insect diversity and
human health. For eliminating the pests from farmlands, plant extracts are a creative
and safe approach. The extracts can be obtained from dried or ground plant materi-
als or crude plant. These plant extracts have been proven to be the best alternative to
chemical pesticides as they can remove the pests from the farm fields while improv-
ing the quality of soil, water and air by their low impact. The plant extracts used as
insecticides have a remarkable place among sustainable agriculture practices as they
are safer than synthetic pesticides. In this chapter, sustainability of agriculture,
botanical pesticides, their sources, usage, new challenges, prospects and effects of
chemical pesticides on beneficial insect diversity, human health and aquatic ecosys-
tems have been addressed in a detailed manner (Isman & Grieneisen, 2014).
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Fig. 5.1 Eco-friendly and sustainable agriculture practices

5.2 Sustainable Agriculture: A Promise to the Future

Back in the 1970s till now, there has been an enormous rise in environmental devas-
tation brought about by the widespread agricultural activities (Majeed & Mazhar,
2019). Around 12% of the global greenhouse gas emissions are contributed by the
activities such as industrial agriculture and other environmental devastations such as
deforestation, habitat destruction, pesticide toxification and pollution, and intense
carbon outputs caused the large-scale agribusinesses (Yue et al., 2017). Soil erosion
can also be triggered by higher demands of agriculture on natural ecosystems
(Nearing et al., 2017). There has been a rise in agricultural practices for a higher
food demand as well, and for achieving a good result, the crops have been fertilized
and sprayed with pesticides to save them from any pest damages. Safeguarding of
these crops is only possible when we frequently splash them with pesticides, thereby
achieving a good harvest. However, it has such severe implications on the environ-
ment and human health. For a good harvest to accomplish without menacing the
soil, water, human wellbeing and the surrounding ecosystems, there is a need for
eco-friendly and sustainable agriculture.

According to the Food and Agriculture Organization (FAO) of the United
Nations, sustainability in agricultural development can be defined as ‘the manage-
ment and conservation of the natural resource base, and the orientation of techno-
logical change in such a manner, to ensure the attainment of continued satisfaction
of human needs for present and future generations’ (FAO, 2014). Sustainable
farming becomes more substantial among the developed and developing nations
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Fig. 5.2 The illustration shows the working of sustainable practices in agriculture

engaged in the agriculture sectors (Roberts & Mattoo, 2018). The deployment of
sustainable agricultural practices into the farming sectors has proven to an innova-
tive approach towards conserving natural resources like aquatic and terrestrial
ecosystems, safeguarding the environment, human health and beneficial insect
diversity, including pollinators and natural predators (Saunders, 2018). Sustainable
agricultural practices aim to achieve higher crop yields, thus obtaining higher
economic profitability (Fig. 5.2). With the advancement in technology, modern
techniques can be employed in sustainable agriculture by which eco-friendly
practices can be carried out so that there is the least wastage of harvest and natural
resources. In sustainable agriculture, not only can we conserve our environment
and natural resources but also train and exercise optimization of the usage of pes-
ticides and fertilizers. The farmers implementing sustainable agriculture practices
can achieve a higher crop yield and conserve their surrounding ecosystems con-
taminated by pesticide residues. Dealing with the pests in an agroecosystem and
implementing integrated pest management (IPM) in sustainable agriculture are
ways forward for dealing with the pests and eventually safeguarding human and
environmental health. Integrated pest management (IPM) has emerged as the most
ecosystem-based strategy for protecting crop and vegetable cultivations. With
IPM, an aggregation of techniques can be employed such as biological, cultural,
manual and chemical by implementing resistant varieties of crops and habitat
management through which economic, health and environmental risk can be
reduced (Peterson et al., 2018).

5.3 The Growing Pest Emergence, Problem and Utilization
of Chemical Pesticides

The lower Devonian period marked the dawn of insect evolution. Because of their
capability to withstand a wide range of climatic conditions, these species became
the dominant creatures the planet has ever witnessed. The insects are the primary
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animals on the earth that adapted the flight capability, back around 400 million
years ago, and dominated all the world’s ecosystems (Riyaz et al., 2018). The flight
ability provided immense support to the insect body for grabbing an edge over oth-
ers and to get acclimatized in every nook and corner of the earth. The ability to
flourish in different environmental conditions with flexible body parts helped these
animals conquer even the limits of idiosyncratic environmental conditions. The
arthropodic origin of insects and their power and life inside invertebrate phyla made
them profoundly successful creatures of this planet. While insects flourished in the
animal kingdom as dominating creatures, these creatures deliver several ecosystem
services to the humankind and their world in a unique style. The pollens got shipped
through cross-pollination by flying cargos of insects, and around 80% of crops
across the globe are depending on the insects for transportation of their pollen from
one flower to the other (McGregor, 1976). The insects have marked a natural estab-
lishment across all global ecosystems. Besides rendering the services like nutrient
cycling, seed dispersal, fertility and structure of the soil, they are also proven to be
a significant food source for other taxa. With all these characteristic roles they play
in an ecosystem, a portion of insects turns out to be pests of many crops around the
world. Saving the crop yield from the nuisances, there has been a progression in
controlling these pests from time to time.

Along with the rise of agriculture in the ancient world, the eradication of the
pests came on track back in 3000 BC, when ancient Egyptians employed trained
cats and mongooses for controlling the pests of stored grains such as rodents and
back in 500 AD in Europe when Ferrets were trained as mousers (Sherman, 2007;
Taylor, 2011). Since it was simple to pulverize weeds in the farm fields by either
blazing them or by tilling them out. However, with time and safeguarding crops, the
ancient Sumerians utilized pesticides before 2000 BC (Pflanzenschutz-Nachrichten,
1973). Essential sulphur dusting was a conspicuously known pesticide and a key
component utilized in ancient occasions around 4500 years back before Mesopotamia
(Ranga Rao et al., 2007). Till the fifteenth century, toxic synthetic compounds, such
as arsenic, mercury and lead, were sprinkled on yields for removing the nuisances.
During the seventeenth century, nicotine sulphate from tobacco leaves was removed
and utilized as a bug spray (Miller, 2002). With the disclosure of the insecticidal
properties of DDT by Paul Muller in 1939, synthetic pesticides began to advance in
the market. In 1948, he conceded the Nobel Prize to discover pesticide properties of
DDT (Peshin et al., 2009). Eventually, in the 1960s, problems like the resistance of
pests to chemicals, threat to biodiversity, aquatic and terrestrial ecosystems, climate
and environment began to rise.
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5.4 Erroneous Effects of Chemical Pesticides in Agriculture:
Hazards to Human Health, Insect Biodiversity
and Aquatic Ecosystem

‘For the first time in the history of the world, every human being is now subjected
to contact with dangerous chemicals, from the moment of conception until death’
(Rachel Carson, 1962).

Pesticides are the chemical compounds developed for eliminating pests from
agricultural fields, storage warehouses, homes, etc. Since time immemorial, man
has been utilizing pesticides because their utilization has brought relief to farmers
by expelling the pests from the farmlands. However, the large-scale usage of chemi-
cal pesticides has proven to be incompatible with the environment. Pesticides are
generally used to remove insect pests (insecticides), fungi (fungicides), rodents
(rodenticides), unwanted plants/weeds (herbicides/weedicides), nematodes (nema-
ticides) and bacteria (bactericides) (Fig. 5.3). The impact of chemical pesticides on
various life forms and different ecosystems has been reported across different world
places. The nations engaged in different agricultural and allied sectors are mostly
affected by it. With the rise in global population and food requirements, there has
been a parallel growth in the large-scale cultivation of high-yielding monocrops.
Since crop loss by the pests was controlled by the pesticides, their long-lasting
adverse impact on various life forms and the natural environment is a significant
challenge to be taken care of. On the contrary, the health of farmers has also declined
due to their exposure to the toxicity levels of chemical pesticides. The chemical
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Fig. 5.4 Pesticide sprayed
in an apple orchid. (Photo
Muzafar Riyaz)

pesticides have been most devastative on beneficial insect diversity, including pol-
linators such as honey bees, dipteran pollinators, predators, parasitoids and other
useful insects that deliver several ecosystem services. In an agricultural field, sev-
eral insects can be seen collecting nectar and pollinating the flowers, such as bees,
wasps, hoverflies, moths and butterflies and some species checking the populations
of insect pests such as parasitic wasps, hornets, beetles, lacewings, etc. While spray-
ing the pesticides (Fig. 5.4) on crops infested with pests, 15 to 40% of an estimated
fraction of pesticides are scattered into the atmosphere by either volatilization or
spray drift processes (Socorro et al., 2016). After spraying, the pesticides in the
atmospheric particulate phase remain in the air for about 7 to 12 days and thor-
oughly orbit many geographical locations worldwide. The circling of pesticides in
the atmosphere alters the air quality and adds more events to climate change (Miller
& Spoolman, 1996). The pesticide runoff from the agricultural lands into streams
and lakes significantly impacts aquatic life and water contamination. Though runoff
can transport pesticides into the aquatic ecosystem, the atmospheric dispersal of
pesticides can travel to other places like grazing fields and human settlements,
potentially affecting other living organisms and human wellbeing (Fig. 5.5). The
impact of synthetic agrochemicals on insect diversity has been well documented
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Fig. 5.5 The chart shows
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across the globe, and there has been a massive decline in insect pollinators from the
past few decades due to the large-scale pesticide utilization (; Dudley & Alexander,
2017; Sanchez-Bayo & Wyckhuys, 2019). Some studies have shown that com-
pounds of organophosphates and other pesticides can have poisonous or lethal
effects resulting in the disruptions of cellular metabolism that often lead to embry-
onic changes and mutagenesis (Maurya et al., 2019) on fish species and birds
(Tesfahunegny, 2016). Besides the impact of pesticides on the environment
(Mahmood et al., 2016), soil (Joko et al., 2017) and water (de Souza et al., 2020;
Hallberg, 1987), reports of pesticides influencing wildlife (Moriarty, 1972; Rattner,
2009), amphibians (Islam & Malik, 2018; McCoy & Peralta, 2018), earthworms
(Yasmin & D’Souza, 2010), non-target plants (Mitra & Raghu, 1998; Saladin &
Clément, 2005) and grazing animals (Choudhary et al., 2018) have also been well
documented in the recent past (Fig. 5.6). Many studies worldwide have reported
several health-related issues such as brain cancers, breast cancers, testis and ovarian
cancers, leukaemias and lymphomas affecting people. A detailed list of health
issues and diseases of humans caused by the exposure and poisoning of synthetic
pesticides and their classification is given in Table 5.2.
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Fig. 5.6 The illustration shows the impact of synthetic pesticides on ecosystems, the environment

and life from different taxa

5.5 Botanical Pesticides: A Natural Alternative
for Chemical Pesticides

Synthetic pesticides are utilized as a swift remedy to the threat caused by pests in all
stages of crop production (Ekeh et al., 2018). They include a wide range of chemi-
cals that are non-biodegradable and persistent, polluting water, air and soil, leading
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Table 5.2 Synthetic pesticides/insecticides: types and effects on human health

S. Chemical Antagonistic effects
no. | Name (trade name) formula on human health References
1 | Chlorinated hydrocarbons
2 | Dichlorodiphenyltrichloroethane | C;;HyCls Cancer, nervous Thuy (2015);
(DDT) system disorders, Cohn et al.
respiratory damage, | (2015); Kim
reproductive organs, | et al. (2017);
immune system and | Byard et al.
endocrine (2015)
disruptions,
congenital
disabilities
3 | Methoxychlor C¢H,5C150, Cancer, central Chen (2014)
nervous depression,
diarrhoea, damage
to the liver, kidney
and heart
4 | Dichlorodiphenyl ethanol C,,H»,CL,O0 Digestive tract Igbinosa et al.
infections, asthma, | (2013)
depression and
morbidity,
T-lymphocyte
dysfunction, cancer,
DNA damage
5 | Chlorobenzilate C,6H,4C1,05 Carcinogenic, Lewis et al.
genotoxic, eye (2016)
damage
6 | Benzene hexachloride (BHC) C¢HClg Highly Loomis et al.
(lindane) (gamma-BHC or carcinogenic, (2015)
g-BHC) dermatitis, psoriasis,
burning, rashes
7 | Toxaphene C,oH,Clg Carcinogenic, Wallace (2014)
immune system
failure, reproductive
organ damage, DNA
damage
8 | Chlordane C,0H(Clg Carcinogenic, type 2 | Thakur and
diabetes, lymphoma, | Pathania (2020);
prostrate cancers, Evangelou et al.
obesity, brain and (2016); Lim

breast cancer

et al. (2015);
Tang-Péronard
etal. (2011);
Cook et al.
(2011); Khanjani
et al. (2007)

(continued)
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S.

no.

Name (trade name)

Chemical
formula

Antagonistic effects
on human health

References

9

Heptachlor

C,oHsCl,

Hepatotoxicity,
neurotoxicity and
developmental
toxicity, immune
system damage,
carcinogenic

Reed and
Koshlukova
(2014a), b)

10

Aldrin

C,HsClg

Systemic,
neurological,
reproductive/
developmental,
immunological,
genotoxic and
tumorigenic

US-EPA (2003)

11

Dieldrin

C,H;Clc0

Carcinogenic,
neurological,
reproductive/
developmental,
immunological and
genotoxic.

US-EPA (2003);
Bates et al.
(2008)

12

Endrin

CoH,C1,0

Central nervous
system, headache,
dizziness, nausea,
vomiting,
convulsions, fertility
issues

Honeycutt and
Jones (2014)

13

Chlordecone

Carcinogenic, body
tremors, low sperm
cell counts, recent
memory loss, liver
enlargement,
oculomotor
dysfunctions, ataxia

Multigner et al.
(2016)

14

Endosulfan

CoH,C1,0, S

Cancer, acute and
chronic toxicity,
respiratory failure,
endocrine
disruption,
reproductive failure,
DNA damage

Singh et al.
(2014);
Sebastian and
Raghavan (2016)

11

Organophosphates

15

Tetraethyl pyrophosphate
(TEPP)

CgHzO O7P2

Eye pain, blurred
vision, lacrimation,
rhinorrhoea

O’Neil et al.
(2001)

16

Dichlorvos

C,H,0,CLP,

Cancer, cell damage,
neurotoxic,

headache, sweating,
nausea and vomiting

Koutros et al.
(2008)

(continued)
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Table 5.2 (continued)

S.

no. | Name (trade name)

Chemical
formula

Antagonistic effects
on human health

References

17 | Chlorfenvinphos

C;,H,0,Cl;P

Developmental,
reproductive and
immunologic effects

Koshlukova and
Reed (2014)

18 | Phosphamidon

CoH,0OsNCIP

Neurological
disorders, cell
damage

Naqvi and Hasan
(1992)

19 | Monocrotophos

C;H,,0sNP

Respiratory paresis,
muscular weakness,
cranial nerve palsies

Gupta and
Milatovic (2014)

20 | Dicrotophos

CsH,s0sPN

Blurred vision,
pinpoint pupils,
vomiting, headache,
dizziness,
abdominal pain,
muscle spasms,
diarrhoea,
hypotension,
respiratory paralysis

Pohanish (2015)

21 | Trichlorfon

C,H,CLO,P

Nervous system
disruption, nausea,
respiratory
paralysis, dizziness
and sometimes
death

Timoroglu et al.
(2014)

22 | Methyl parathion

CsN;(NOsPS

Headaches, nausea,
night-waking,
diarrhoea, difficulty
breathing, mental
confusion, nervous
system,
cardiovascular and
reproductive system

Edwards and
Tchounwou
(2005)

23 | Fenthion

CioNi505PS,

Neurotoxic,
headache, sweating,
nausea and
vomiting, diarrhoea,
muscle twitching
and death

Moser (2014)

24 | Diazinon

C,H;N,O5PS

Cancer, reproductive
system, acute and
chronic toxicity,
respiratory failure,
endocrine disruption

Beane Freeman
et al. (2005);
Harchegani et al.
(2018)

25 | Ethion

CoH»,0,4P,S,

Clinical toxicity,
abdominal pain,
diarrhoea, vomiting,
respiratory problems
and undue secretions

Dewan et al.
(2008)

(continued)
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Table 5.2 (continued)
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S.

no. | Name (trade name)

Chemical
formula

Antagonistic effects
on human health

References

26 | Phorate

C;H,,0,PS;

DNA damage,
nausea, dizziness,
confusion,
respiratory paralysis
and death

Saquib et al.
(2019)

27 | Disulfoton

CsH90,PS;

Nervous system
disruption, respiratory
disruptions, vomiting,
diarrhoea, drooling,
tremors, convulsions
and sometimes even
death

Fent (2014)

28 | Dimethoate

CsH;,05PS,N

Cell damage,
vomiting, abdominal
pain, faecal
incontinence,
diarrhoea

Mirajkar (2014)

29 | Malathion

CIOHI9O6PS2

Liver, kidney, testis,
ovaries, lung,
pancreas, blood,
genotoxic and
carcinogenic

Badr (2020)

III | Carbamates

30 | Carbaryl

CIZHI INOZ

Neurological,
reproductive,
immunological
disorders, possible
carcinogen

Koshlukova and
Reed (2014)

31 | Aminocarb

Cl IHIGOZNZ

Cholinesterase
inhibition, effects on
the nervous system,
sometimes death

Rodgers et al.
(1986)

32 | Carbofuran

C;HsNO;

Body weakness,
abdominal pain,
blurred vision,
nausea, sweating,
muscle shuddering,
coordination
dysfunctions,
respiratory and
nervous system
disorders

Gupta (1994)

33 | Aldicarb

C;HuN,O, S

Headache, nausea,
sweating, diarrhoea,
coordination system
disruptions and
sometimes death

Baron and
Merriam (1988)

(continued)
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Table 5.2 (continued)

S. Chemical Antagonistic effects

no. | Name (trade name) formula on human health References
IV | Pyrethroids

34 | Cypermethrin C,,H,CI,NO; | Neurotoxic, Sharma et al.

hepatotoxic, effects | (2018)
on behaviour,

molecular level and
reproductive system

35 | Deltamethrin C,,HyBr,NO; | Paranaesthesia, Doi et al. (2006)
unwanted
sensations, burning
and partial
numbness, ‘pins and
needles’, skin
problems

to unintentional hazards to humans, non-target species and the environment, includ-
ing depletion of the ozone layer (Damalas & Koutroubas, 2015; Lengai et al., 2020;
Wimalawansa & Wimalawansa, 2014). Uncontrolled and continuous use of syn-
thetic pesticides can also induce pesticide resistance among pest populations and
pest resurgence, yet another disastrous factor in pest management (Shabana et al.,
2017). These erroneous human health issues and drastic effects on nature and biodi-
versity invoked the thought for an alternative (Mahmood et al., 2016). Botanical
extracts are biochemical compounds extracted from different plants, biodegradable
with lesser shelf life, making them nature-friendly. Plant extracts were used in vari-
ous fields by human life since time immemorial in many civilizations throughout
the history in China, Egypt, Greece and India (Dougoud et al., 2019). The pesticide
properties of botanical extracts have shown promising results, making them suitable
candidates for integrated pest management (b; Ali et al., 2014; Isman, 2017a; Isman
& Grieneisen, 2014; Mkenda et al., 2015; Stevenson et al., 2017). Due to their spe-
cial attributes like lower toxicity, biodegradability, diverse modes of action, efficacy
and obtainability of source materials, botanical pesticides are of greater importance
from planting to harvesting and storing crops (Neeraj et al., 2017).

5.5.1 Source of Botanical Pesticides

Botanical pesticides are extracted from plant sources that can kill or control pests
(Chengala & Singh, 2017). Every plant in nature has developed certain natural
mechanisms in evolution to adapt to various environmental conditions with their
pesticide property as one among them. A worldwide estimate of more than 2500
species of plants from 235 families has been noted to possess biochemical with
pesticide or deterrent or growth-regulating properties (Das, 2014; Roy et al., 2016).
Major plant families with active biomolecules against pests include Apiaceae,
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Apocynaceae, Asteraceae, Cupressaceae, Caesalpinaceae, Lamiaceae, Lauraceae,
Liliaceae, Myrtaceae, Piperaceae, Poaceae, Rutaceae, Sapotaceae, Solanaceae,
Zingiberaceae, etc. (Ahmad et al., 2017; Wanzala et al., 2016).

A wide range of common and locally available plants have also been reported to
possess some pesticidal biochemical compounds like A. indica (neem), Tanacetum
cinerariifolium (pyrethrum), Allium sativum (garlic), Curcuma longa (turmeric),
Rosmarinus officinalis (rosemary), Zingiber officinale (ginger) and Thymus vul-
garis (thyme) (Castillo-Sanchez, Jiménez-Osornio, Delgado-Herrera, Candelaria-
Martinez, & Sandoval-Gio, Castillo-Sdnchez et al., 2015). Compounds like
azadirachtin from neem and pyrethrin from pyrethrum are common examples of
isolated botanicals that have been commercialized due to their efficient results
(Kumar et al., 2015). Selected examples of botanical pesticides against different
pest groups are shown in Table 5.3.

The plant part used for extraction depends on the bioactive compound of interest
and its concentration in a particular plant part, including root, rhizome, stem, bark,
leaves, flower, fruit, seeds and cloves (Lengai et al., Lengai et al., 2020). The extrac-
tion and production of these botanical pesticides are economical and straightfor-
ward compared to synthetic pesticides, emitting large amounts of toxic pollutants as
by-products or wastes. The process generally involves grinding of dried plant parts
followed by extraction using organic solvents that maximize the extraction of target
compounds (Chougule & Andoji, 2016). The extract is then concentrated, formu-
lated and tested for evaluation in the lab and field trials (Zarubova et al., 2014).

5.5.2 Benefits of Botanical Pesticides over Synthetic Pesticides

The vast availability of source plants, diverse uses, less toxicity to non-specific tar-
gets like pollinators and fish, cheaper costs, effectiveness and reliability are the
attributes responsible for the acceptability of the botanical pesticides in sustainable
crop production (Castillo-Sanchez et al., 2015; Srijita, 2015). Botanical pesticides
have been demonstrated to possess insecticidal properties even in their crude forms
(Alietal., 2014). Target specificity of compounds in plant extracts and essential oils
ensures safeguarding non-target species and, more importantly, beneficial species
like pollinators and natural predators (Nawaz, Mabubu, & Hua, 2016). The pesticide-
pest interaction of botanical pesticides is biochemical, thereby decreasing the prob-
ability of pesticide resistance (Lengai et al., 2020). The efficacy of botanical
pesticides can be influenced by parameters like a source of plant species, the raw
material (fresh or dried) used for extraction, extraction methodology and solvents
utilized for extraction (Arafat et al., 2015; Sarkar & Kshirsagar, 2014). Compared
to synthetic pesticides, botanical pesticides show diverse modes of action like toxic-
ity, repellence, growth regulation and structural modifications on target species,
making them the best fit for integrated pest management (Laxmishree & Nandita,
2017). Botanical extracts, especially metabolites, can interfere with insect behav-
iour, morphology, metabolic pathways, biochemical processes and physiological
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Table 5.3 Plants having pesticide effect on pests of different crops

Host and disease/

Source plant Pest damage References
I Virus
Gossypium Southern rice black Tobacco/tobacco Zhao et al. (2015)
herbaceum streaked dwarf virus mosaic
Tobacco mosaic virus Rice/leaf stripe
Rice stripe virus infection

Thuja orientalis

Watermelon mosaic virus

Watermelon/WMV
infection

Elbeshehy et al. (2015)

Cynanchum Tobacco mosaic virus Tobacco/TMV Todorov et al. (2015)
komarovii infection

Celosia cristata

I Bacteria

Origanum spp. Bacillus spp. Wheat/white stripe | Jnaid et al. (2016);

Serratia marcescens

Cucurbits/yellow
wine disease

Sharoba et al. (2015)

Lantana camara

Klebsiella pneumoniae
Escherichia coli

Allium sativum Pseudomonas syringae Citrus/black pit Mougou and
Boughalleb-M’hamdi
(2018)

I Fungi

Aloe vera Fusarium guttiforme Pineapple/ Sales et al. (2016)

Allium sativum Chalara paradoxa fusariosis

Glycyrrhiza glabra

A. indica Fusarium oxysporum Tomato/wilt Chougule and Andoji

Ocimum sanctum (2016)

Allium sativum
Curcuma longa
Citrus limon

Bemisia tabaci
Caliothrips fasciatus
Uromyces appendiculatus

Snap bean/whitefly
damage
Snap bean/thrips

Muthomi et al. (2017)

Zingiber officinale | Phaeoisariopsis griseola | damage
Colletotrichum Snap bean/rust
lindemuthianum Snap bean/angular
leaf spot
Snap bean/
anthracnose
Hydnocarpus Phytophthora palmivora | Rice/fungal Jantasorn et al. (2016)
anthelminthicus Pyricularia oryzae infection
Rhizoctonia solani
v Nematode
A. indica Meloidogyne incognita Tomato/root knot | Kepenekg¢i and Erdo
Brassica napus (2016)

Lantana camara
Tagetes erecta

Tagetes erecta
Chromolaena
odorata

Meloidogyne incognita
Helicotylenchus spp.
Dolichodorus spp.

Amaranthus
Fluted pumpkin

Ogundele et al. (2016)
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Table 5.3 (continued)

Host and disease/
Source plant Pest damage References
Thymus citriodorus | Meloidogyne incognita Tomato/root knot | Ntalli et al. (2020)
Meloidogyne javanica
\4 Insect
Cinnamomum Megalurothrips sjostedti | Cabbage/flower Abtew et al. (2015)
cassia damage
Cinnamomum
zeylanicum
Piper nigrum
Aglaia odorata Crocidolomia pavonana | Cabbage/foliar Abtew et al. (2015)
Annona squamosa | Plutella xylostella damage
Piper retrofractum
Allium cepa Helicoverpa armigera Tomato/fruit Sumitra et al. (2014)
A. sativum damage
A. indica
Curcuma zedoaria
Calotropis procera
Ocimum canum
Phyllanthus emblica

activities; blocking of glucose in chemosensory receptor cells in the mouth of lepi-
dopterans by terpenes and chemosterilant activity of some essential oils are a few
examples (Lengai et al., 2020).

Utilization of botanical pesticides in pest control guarantees added benefits to
farmers like food security, lowering pest intensities and enhanced superiority of
harvest, drawing greater demands and higher rates in the market (Nefzi et al., 2016).
Organically produced food products are in greater demand in the lucrative market,
where consumers are ready to buy these foods at higher rates creating greater mar-
ket openings for botanical pesticides (Misra, 2014).

5.5.3 Biodegradability of Botanical Pesticides

The botanical pesticides are quickly degraded, with their biological origin prevent-
ing their accumulation in the environment and thereby eliminating the chances of
air, water and soil pollution (Sokovi’ ¢, 2010). Exposure to sunlight, high tempera-
ture and humidity could break down their constituents depending on their nature,
e.g. azadirachtin, isolated from neem (A. indica), has a half-life between 1 day over
crops and 2 days in soil, whereas thymol, a compound extracted from Piper nigrum,
Satureja hortensis, Thymus vulgaris and Zataria multiflora under sunlight, is proved
to survive up to 28 hours to degrade and in soil with a duration of 8 days (Liu et al.,
2017; Yan et al., 2017; Yang et al., 2017). The biodegradation process is accelerated
by detoxification enzymes secreted by microorganisms present in abundance in
natural conditions through oxidative metabolism (Mpumi et al., 2016).
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Carboxylesterase enzyme-mediated hydrolysis of ester bonds is a common pathway
of biodegradation exhibited by microorganisms such as Bacillus cereus and
Aspergillus niger (Cycon & Piotrowska-Seget, 2016). A wide variety of bacterial
species are reported to degrade carbamates, organophosphates, organochlorine pes-
ticides and pyrethroids (Cycon & Piotrowska-Seget, 2016; Porto et al., 2011).

In soil, enzymes produced by microorganisms modify the botanical pesticides
into less toxic groups that are breakable, rendering them biologically unavailable
and making them non-toxic (Ortiz-Herndndez et al., 2013). Microbial degradation
is further influenced by physical factors and interaction with pesticides and environ-
mental conditions (Cycon & Piotrowska-Seget, 2016).

5.5.4 Botanical Pesticides for Integrated Pest Management

Integrated pest management (IPM) aims to achieve sustainable pest management
through environment-friendly strategies for reducing pests and attaining highly
profitable yields (Alam et al., 2016). Botanical pesticides are eco-friendly natural
compounds effective against different pests like viruses, bacteria, fungi, nematodes
and insects with varied modes of action (Feyisa et al., 2015; Todorov et al., 2015).
Alongside crop, security approaches like host plant resistance or tolerance, the
introduction of natural enemies like parasitoids and predators, improved agricul-
tural practices, use of microbial pesticides and reduced use of chemical pesticides,
application of botanical pesticides also serve as a critical component in IPM
(Muthomi et al., 2017; Wegulo et al., 2015). Compounds extracted from plant
sources are effective against a major group of pests like viruses, bacteria, fungi,
nematodes and insects (Elbeshehy et al., 2015; Ingle et al., 2017; Neeraj et al., 2017,
Sales et al., 2016; Salhi et al., 2017). This wide variety of botanical pesticides and
their results using crude form, extractions and formulations opens a wide scope for
complete replacement of synthetic pesticide with these eco-friendly pesticides,
which immensely contributes to integrated pest management and sustainable agri-
culture for a healthy future (Fig. 5.7).

5.6 Prospects of Botanical Pesticides: Discussion
and Conclusion

The large-scale utilization of chemical pesticides has affected the pollinators and
other beneficial insects, but its negative impacts have also been noticed on human
health, aquatic organisms, birds, wildlife, grazing animals, earthworms, soil, air,
water and the environment. The phytochemicals in botanical extracts are proven to
be much effective in preventing these dreadful crises due to a positive response by
non-target organisms and low impact on the environment and human health. Even
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Fig.5.7 Andillustration comparing synthetic and botanical pesticides based on different parameters

with great scope, botanical pesticides are not much represented in the pesticide
market (Kekuda et al., 2016). Plants that are being used for food are less preferred
for pesticide production by farmers due to a greater demand for food security
(Srijita, 2015). Farmers have shown interest in synthetic pesticides over botanicals
due to their unrestricted availability and established production facilities, leading to
cheaper rates in the market, longer shelf life and simpler application methods
(Lengai et al., 2020). Little awareness among farmers, complex regulatory
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procedures for production, chances of biodegradability with physical factors,
reported rare side effects on non-target species, dependency on extraction method-
ology for promising results, etc. diminish the presence of botanical pesticides in
agricultural fields, which needs to be addressed with comprehensive future research
(Ekpo et al., 2017; Okunlola & Akinrinnola, 2014; Sales et al., 2016; Stevenson &
Belmain, 2017).

In light of these facts, the governments by implementing agricultural laws utiliz-
ing natural pesticides in economic ways for farmers could bring around eco-friendly
farming practices. Considering the drastic effects of synthetic pesticides and the
benefits of botanical pesticides, it is an environmental emergency to replace syn-
thetic pesticides with botanicals and other organic pesticides. With technological
advancements and the exploration of more plants with pesticide effects, botanical
pesticides could eventually replace synthetic pesticides for safer, environment-
friendly and sustainable agriculture soon. This could also bring about the use of
these plants and plant products as a source of income for many societies, especially
the rural and tribal, which will direct towards eradicating unemployment and sus-
tainable utilization of available natural resources contributing to the development of
the country and humanity.
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Chapter 6
The Role of Plant-Mediated Biosynthesised

Nanoparticles in Agriculture

Check for
updates

Humeraha Nazneen, Gulzar Ahmed Rather, Aarif Ali,
and Arghya Chakravorty

Abstract Different types of nanomaterials and different strategies could be used in
the betterment of the overstressed agriculture. We have tried to focus on the differ-
ent characterisation techniques involved in nanomaterial synthesis like UV-Vis
spectroscopy, scanning electron microscopy (SEM), X-ray diffraction (XRD),
transmission electron microscopy (TEM), atomic force microscopy (AFM) and
Fourier transform infrared spectroscopy (FTIR). Further, the limitations of physical
and chemical methods have also been discussed. We have talked about the organic
strategies in detail, like microorganisms and plant-intervened biosynthesis of
nanomaterials.

Keywords Nanotechnology - Green synthesis - Nanopesticides - Eco-friendly

6.1 Introduction

Nanotechnology is the link between physical and biological sciences. The plan
and improvement of nanomaterials result from information on material designing
and its exercises, explored by knowing natural science (Majeed et al., 2020). The
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rapidly growing field of nanotechnology is the interdisciplinary research and
developmental field in physics, chemistry and biology. It explores the design, man-
ufacture, assemblage and characterisation of materials that are more modest than
100 nanometres in size, just as the utilisation of scaled-down useful frameworks
got from these materials (Nadaroglu et al., 2017). Nanotechnology has expected a
colossal part in the agriculture industry, named nano-agribusiness, which infers
that this advancement is regularly used to fabricate the yield (Duhan et al., 2017).
Metal nanoparticles pulled in scientists due to their wide application and advances
in various zones (Herlekar et al., 2014; Zhang et al., 2018). The main drawback of
conventional methods is their environmental toxicity; therefore, the requirement
for alternatives is increasing faster (Kaur et al., 2014). The nanoparticles synthe-
sised through plants is a straightforward and eco-friendly approach to reduce tox-
icity, time and cost. There are various assessments subjected to plant-interceded
biosynthesis of nanoparticles (Gupta et al., 2018), e.g. TiO, NPs impel spinach
seed germination and plant improvement (Zheng et al., 2005), and ZnO nanopar-
ticles significantly improve the transport and metabolic processes in plants
(Jayarambabu et al., 2014). Similarly, Ag NPs obtained from neem (A. indica),
dark tulsi (Ocimum tenuiflorum) and banana (Musa balbisiana) applied on mung
bean (Vigna transmit) demonstrate a fundamental augmentation in shoot and root
lengths (Banerjee et al., 2014). In this chapter, the main focus has been on collect-
ing studies focused on plant-mediated nanomaterial synthesis and its essential
function in agriculture.

6.2 Types of Different Nanoparticles (NPs)

The NPs can be categorised into different types:

(i) Inorganic-based nanomaterials.
(i) Organic-based nanomaterials.
(iii) Carbon-based nanomaterials.
(iv) Composite-based nanomaterials.

6.2.1 Inorganic-Based Nanomaterials

The inorganic NMs consist of metal oxide and metal NPs. The metallic nanoparti-
cles include Ag, Zn, Au, etc., while the metal oxide nanomaterials include TiO, and
7Zn0O and semiconductors like ceramics and silicon.
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6.2.2 Organic-Based Nanomaterials

These nanomaterials are made mainly from organic matter. The use of weak interac-
tions (noncovalent) for design and molecular self-assemblage helps in turning
organic NMs into structures such as liposomes, polymer, dendrimers and desired
micelle NPs (Jaison et al., 2018).

6.2.3 Carbon-Based Nanomaterials

These NMs are found in different morphologies like hollow tubes, spheres or ellip-
soids and contain carbon. The carbon-based NMs include MXene, carbon nano-
tubes (CNTs), graphene, fullerenes, carbon nanofibers and carbon black (C60). The
methods for the preparation of carbon-based nanomaterials include laser ablation,
chemical vapour deposition (CVD) and arc discharge (Kumar & Kumbhat, 2016;
Paul et al., 2020; Syamsai & Grace, 2020).

6.2.4 Composite-Based Nanomaterials

Composite-based NMS are materials with at least one of the phases in the nanome-
tre range. They comprise an assemblage of two materials of different types, allow-
ing us to obtain a material of greater quality. Composite-based nanomaterials are a
combination of carbon, organic or metal nanomaterials and some forms of polymer
bulk, metal or ceramic materials (Jaison et al., 2018).

6.3 Techniques for the Readiness of Nanoparticles
Nanomaterials can be blended top-down and bottom-up methodologies, which are
additionally partitioned into various strategies.

6.3.1 Top-Down Approach

This method involves the destruction of bulk materials into smaller molecules,
which are later converted into NMs. Physical vapour deposition, milling or grinding
are a few examples of the top-down approach.
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6.3.2 Bottom-Up Approach

The bottom-up approach is a type of constructive strategy, opposite to that of the
top-down approach. In this approach, NMs are obtained through simpler substances.
Some examples of the bottom-up approach include sol-gel, pyrolysis and biological
synthesis (Yadav et al., 2009).

6.4 Methods of Nanoparticle Production

6.4.1 Physical Methods

Physical methods for NM synthesis employ mechanical strain, high-energy radia-
tions, electrical energy or thermal energy that leads materials to evaporation, con-
densation, abrasion or melting to produce nanoparticles. Based on physical
procedures for NM preparation, they are usually divided into the following types:

6.4.1.1 Mechanical Attrition

Mechanical methods employ the technique of mechanical alloying that gained huge
attention over a long time to manufacture various kinds of nanomaterials. Mechanical
alloying is considered one of the novel techniques that can be carried out at room
temperature. The strategy includes completed force plants, diffusive plants and
vibratory industrial facilities (Dhand et al., 2015).

6.4.1.2 Condensation of Inert Gas

It is based on the application of inert gases like helium or argon and sometimes
liquid nitrogen on the substrate to synthesise nanomaterials. The nanomaterials,
after being evaporated, are transported along with the inert gases over the substrate,
which gets condensed with liquid nitrogen. This method was first used by Ward
et al. (2006) for the amalgamation of Mn nanomaterials.

6.4.1.3 Physical Vapour Deposition

The physical vapour deposition process is a group of techniques that are widely
utilised for nanomaterial synthesis. They help in the formation of thin layers of
nanomaterials of a few nanometres. Physical vapour deposition methods are envi-
ronmentally safe and include three basic steps: vaporisation of materials, transport
of vaporised materials and their nucleation to grow them into thin fibres.
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6.4.2 Chemical Methods

These are the methods using certain chemical elements for the synthesis of nanoma-
terials. Different specialist substances like sodium borohydride, hydrazine and
hydrogen are utilised for the synthesis (Egorova & Revina, 2000). In light of nano-
materials’ compound union, they can also be isolated into two principle types: (i)
gas-phase synthesis and (ii) liquid-phase synthesis.

6.4.3 Gas-Phase Synthesis

Gas-phase synthesis is a type of bottom-up approach of nanomaterial synthesis, and
among this type of synthesis, gas pyrolysis and gas condensation are the most com-
mon types. In gas pyrolysis, the aerosol droplets resulting from metal salt are formed
by flame heating. Droplets disperse in the gas, and dehydration decreases their size.
Another method is gas condensation, which involves the evaporation of metal salts
inside the chamber by different heat sources like laser beams, electron or radio fre-
quencies, etc. The vapours are being pushed into the cooler chamber consisting of
inert gases and after that collected from the chamber. The major drawback associ-
ated with this method is the agglomeration and amalgamates of nanomaterials
(Naveed Ul Haq et al., 2017).

6.4.4 Liquid-Phase Synthesis

It is one of the precipitation methods in which inorganic alkalis act as reducing
agents and is reacting with the metal salts to form an insoluble or soluble precipi-
tated product. The product is washed and calcinated at a suitable temperature to
produce a particular nanomaterial with variable morphology. With this method, the
size can be tailored by optimising synthetic conditions. The liquid-phase synthesis
can be divided into different types like sol-gel synthesis and colloidal, hydrothermal
and solvothermal methods (Rai et al., 2013). Figure 6.1 shows the different physical
and substance systems for nanomaterial synthesis.

6.5 Limitations of Chemical and Physical Methods

Though nanomaterials’ physical and chemical syntheses are popular, they are also
associated with a large number of risks. Using physical methods, we may obtain
nanomaterials of high purity, but they typically require refined equipment, chemical
materials, radiations and high energy consumption, leading to high operating costs.
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Physical and Chemical Synthesis of Nanomaterials

PHYSICAL SYNTHESIS CHEMICAL SYNTHESIS

| | |

Fig. 6.1 Physical and chemical synthesis of nanomaterials

Again, the chemical synthesis generates many toxic chemicals that are non-
biodegradable and harmful and can restrict the manufacturing process. In addition,
certain toxic materials may contaminate the surface of nanomaterials and make
them unsuitable for different applications. In this context the researcher’s main
focus is to formulate the alternate route for nanomaterial synthesis to defeat the
restrictions of substances and actual strategies (Khandel et al., 2018).

6.6 Characterisation of Nanomaterials

Nanomaterials are characterised by different methods, including UV-Vis spectros-
copy, X-ray diffraction (XRD), transmission electron microscopy (TEM), atomic
force microscopy (AFM), scanning electron microscopy (SEM) and Fourier trans-
mission infrared spectroscopy (FTIR).
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6.6.1 UV-vis Spectroscopy

This is the most straightforward technique used to check the construction of
nanoparticles. Different nanoparticles show different peaks, which confirm the
structure of NPs in the aqueous medium. The UV-Vis spectroscopy works based on
the intensity of light. It detects, analyses and investigates the nanomaterials’ optical
properties. This method is usually used to check the particles’ distribution size
(Rajasekaran & Raghavan, 2020; Velappan et al., 2020).

6.6.2 Scanning Electron Microscopy (SEM)

The SEM is one of the versatile techniques used to check the texture, morphology
and size of nanoparticles. In this technique, electrons are used instead of light to
scan the specimen surface to generate various signals, which give detailed informa-
tion about the interaction, nature, composition and structure of materials (Raghavan
et al., 2020; Sitaaraman et al., 2020).

6.6.3 X-Ray Diffraction (XRD)

The XRD is another technique for nanomaterial characterisation. It gives detailed
information about the crystalline structure, crystalline size and lattice parameter of
materials. However, this technique only uses the dried powder samples for charac-
terisation. The data obtained from XRD analysis is compared with reference pat-
terns from the Joint Committee on Powder Standards (JCPDS) (Krupa et al., 2019;
Mourdikoudis et al., 2018).

6.6.4 Transmission Electron Microscopy (TEM)

Transmission electron microscopy is another quantitative technique used to charac-
terise the morphology and homogeneity of nanomaterials. TEM gives the actual
size of nanomaterials and accurate images of the nanoparticles. In TEM the uniform
electron beam touches the samples and diffuses through them. The formation of
images by TEM analysis is due to the interaction of samples with an electron,
wherein the imaging device further magnifies the samples. We can get the maxi-
mum resolution through TEM than other characterisation techniques. The informa-
tion about size, structure, shape, morphology and agglomeration is only possible
through this technique (Chakravorty et al., 2020).
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6.6.5 Fourier Transmission Infrared Spectroscopy (FTIR)

It is one of the analytical techniques used to study the different kinds of practical
gatherings present in the biomolecules. During nanomaterials, the functional groups
that act as capping and reducing agents are studied through this technique. It gives
information about the molecular structure, nature of bonds and the functional groups
involved in nanomaterial biosynthesis. It works on an electromagnetic absorption
spectrum and wavelength ranging from 400 to 4000 cm~! (Bus6-Rogero et al., 2016).

6.6.6 Atomic Force Microscopy

Atomic force microscopy is one of the microscopic techniques that can produce
three-dimensional pictures of the sample surfaces. The basic principle of atomic
force microscopy is the interaction of forces involved between samples and fine
probe. AFM gives the detailed size, shape and surface area of nanomaterials.

6.7 Biological Synthesis of Nanomaterials

The biological process of nanomaterial synthesis is the alternative to the physical
and chemical methods (Fig. 6.2). It is a cheap, non-toxic, environmentally friendly
option of nanomaterial synthesis compared to its physical and chemical counter-
parts. Nanomaterials with different sizes and shapes can be prepared through bio-
logical synthesis (Shah et al., 2015). The synthesis of nanomaterial through
biological routes leads to safer, ecologically appropriate and non-toxic nanomate-
rial through the involvement of bacteria, fungi and plants (Nayantara & Kaur, 2018).

6.7.1 Bacteria-Mediated Biosynthesis of Nanomaterials

Research has been heavily based on prokaryotes as the easy and ideal ways to syn-
thesise different nanoparticles. Because of their ability to adjust to extreme condi-
tions and their abundance in the environment, microbes are decent contenders in
nano-research. They can be handily controlled as they are fast-growing and inex-
pensive to cultivate in large quantities. Their growth conditions, including oxygen,
incubation and temperature, can be easily monitored, and controlling such parame-
ters can produce nanoparticles of different sizes (Pantidos & Horsfall, 2014).
Different strains of bacteria like yeast, moulds and microalgae have been utilised to
integrate metallic and non-metallic nanoparticles (Hulkoti & Taranath, 2014).
Different types of nanomaterials like gold, silver and selenium with different
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Biological synthesis of Nanomaterials

BACTERIA

Fig. 6.2 Biological synthesis of nanomaterials

properties and different purposes like imaging, biosensors, in vitro antibacterial,
anticancer, antioxidant and anticoagulant activities have been synthesised from bac-
teria over time (Grasso et al., 2019). Bacillus species have been widely considered
because of their ability to bioaccumulate metals (Pantidos & Horsfall, 2014).
Microbe-intervened amalgamation of nanomaterials can be classified into intracel-
lular or extracellular by the guide of chemicals or proteins present in microorgan-
isms which can go about as lessening specialists and convert metal salts into specific
nanomaterials (Nadaroglu et al., 2017). Different bacteria like Pseudomonas
stutzeri, Pseudomonas aeruginosa, Escherichia coli and Vibrio cholera have been
utilised to combine diverse metallic nanoparticles through intracellular and extra-
cellular strategies (Nayantara & Kaur, 2018; Srinath & Ravishankar Rai, 2015).
Extracellular is the simplest method as it occurs outside the bacterial cells and does
not involve the breakdown of the cell wall. It includes the usage of bacterial bio-
mass, supernatant and cell-free extracts. The extracellular synthesis is preferred
over intracellular synthesis as it does not involve complex downstream processes.
The main challenge in microbe-based nanomaterials is the selection of choosing the
right microbe, depending on its essential properties like replication, growth rate and
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biochemical pathways to be studied. Another aspect of microbe-interceded nanoma-
terials is reducing the temperature, which can control their size and mono dispersion
(Ovais et al., 2018).

6.7.2 Fungal-Mediated Nanomaterials

Fungi have a great potential for the manufacture of different nanomaterials;
around 6400 bioactive substances have been separated from the filamentous
organisms and their connected species. Because of the substantial metal resilience
and ability to disguise and bio-gather metals, organisms go about as significant
balancing out and decreasing specialists. In addition, fungi can be quickly grown
on a large scale and can produce size-controlled nanomaterials with definite mor-
phologies (Guilger-Casagrande & de Lima, 2019). Fungus is a great contender for
nanomaterial synthesis as it goes about as apparatus for a huge amount of proteins
and quick and simple combination of nanomaterials (Alghuthaymi et al., 2015).
The extracellular enzymes produced by several fungi are considered to play an
essential role in nanomaterial biosynthesis. The enzymes include cellobiohydro-
lase D, glucosidase, acetyl xylan esterase and p-glucosidase. The enzyme nitrate
reductase, released by fungi, acts as a reducing agent in nanomaterial production.
Silver and gold nanoparticles have been produced from Fusarium oxysporum
(Ovais et al., 2018).

Similarly, Duggingyonia flagans are used to synthesise silver nanoparticles by
using insect carapaces as a source of substrate for fungi (Costa Silva et al., 2017).
A. alternata can be used to synthesise silver nanoparticles (Ibrahim & Hassan,
2016). The microbial-assisted synthesis of nanomaterials has been found to be very
easily scalable, co-friendly and consistent. Still, the production is more expensive
because of extended time maintenance of cultures, and chances of contamination
are very high. Moreover, microbial-based techniques require high aseptic condi-
tions and maintenance that are not appropriate for nanomaterials’ large-scale pro-
duction, so plant-based nanomaterial production is preferred over microbial-based.
The key advantage of bio-based methods over physical and chemical methods is
that large-scale nanomaterials involve environmentally friendly, simple and one-
step processes rather than chemicals, high temperature and pressure (Khandel
et al., 2018).

6.7.3 Plant-Based Nanomaterials

Plants are the bio-factories for many active compounds like flavonoids, terpenes,
alkaloids, enzymes and proteins, acting as capping and balancing out specialists
for the nanomaterial synthesis (Fig. 6.3). The mechanism of nanoparticle synthesis
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Fig. 6.3 Different parts of plants for nanomaterial biosynthesis

from plants is the same as that of microbial synthesis, but it’s cheap, less costly
and environmentally friendly (Khandel et al., 2018). Different parts of plants like
leaves, roots, stem, bark, shoots, latex, seeds, peels, oils, natural products and so
on can be utilised for the nanomaterial combination, as they can go about as great
wellsprings of phytochemicals (Dauthal & Mukhopadhyay, 2016). Diverse metal
oxide nanoparticles have been set up through a green approach. Zinc oxide
nanoparticles use different plant extracts like Cassia alata, Bauhinia tomentosa
and Catharanthus roseus (Happy et al., 2019; Gupta et al., 2018; Sharmila et al.,
2018). Spherical-shaped nanoparticles were synthesised from various plant parts
like A. calamus roots and A. dentata leaves (Kumar et al., 2014; Nakkala et al.,
2014). Different types of plants like clove buds, cardamom, black pepper and saf-
fron have been used for various types of nanomaterial synthesis (Chakravorty
et al., 2020).

Plant-based selenium nanoparticles (SeNPS) have been carried out using differ-
ent plant extracts like Citrus reticulate, Catharanthus roseus, Leucas lavandulifolia,
Allium sativum, Aloe vera and Asteriscus graveolens (Anu et al., 2017; Deepa &
Ganesan, 2015; Fardsadegh & Jafarizadeh, 2019; Kirupagaran et al., 2016;
Sasidharan et al., 2014; Zeebaree et al., 2020). Euphrasia officinalis leaf extract
mediated biosynthesis of gold nanoparticles (AuNPs) and silver nanoparticles
(AgNPs) (Singh et al., 2018), and Ziziphus leaf extract mediated gold nanoparticles
(Aljabali et al., 2018). Indigofera tinctoria leat extract mediated silver (AgNPs),
and gold nanoparticles (AuNPs) are a major highlight of the plant-based nanomate-
rials (Vijayan et al., 2018).
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6.8 The Role of Nanoparticles in Agriculture

Human beings obtain their food directly or indirectly from the agriculture sector
and keep in view the overgrowing world population. It is imperative to use new
technologies like bio- and nanotechnology in the agricultural industry. In develop-
ing countries, the development of agribusiness is seen as a context for development.
The field of nanotechnology has not just improved current horticultural practices by
making them more secure, specialised and powerless yet, in addition, raised the
nature of farming items by making them exceptionally nutritious and infection safe.
The use of nanotechnology in horticulture has helped create work openings, new
rural items, stockpiling/bundling techniques and the longer timeframe of realistic
usability and, in a manner, has also improved the nature of water. The field of nano-
technology can improve the production and quality of food. A report published by
Wheeler (2005) suggested that modern techniques can meet growing food demands
and boost health, economic and environmental sectors as well. Lately, the signifi-
cance of nanotechnology in the farming area has been acknowledged, although its
examination started some 50 years back (Mukhopadhyay, 2014). In developing
countries, more than 60% of the people earn their livelihood directly or indirectly
from agriculture, thus acting as a backbone of their economy (b; Brock et al., 2011;
Qamar et al., 2014; Rai & Ingle, 2012a). In the rural area, nanotechnology has
arisen as one of the best basic instruments, and soon, it might turn into an antici-
pated thrust. To improve crop productivity, nanotechnology employs different
approaches that involve the use of novel delivery systems and chemical agents pos-
ing a lesser threat to the welfare of living beings. Nanotechnology offers answers
for the current issues in farming regions and gives trust in improving yield effi-
ciency by better administration and protection programmes. Due to the extraordi-
nary physicochemical properties of nanoparticles, nanotechnology offers incredible
breadth to fulfil the food needs of the rising total populace. These nanoparticles
control a broad scope of utilisations, essentially their utilisation in treating human
sicknesses and in the agricultural area. In the rural area, nanoparticles have different
applications as depicted in Fig. 6.4.

However, the most important aim of nanomaterials that is of a greater signifi-
cance is to improve crop productivity and plant protection as discussed below.

6.8.1 Crop Productivity

Nanomaterials have been utilised to improve crop profitability and effectiveness. In
the agricultural sector, a new strategy based on nanoparticle use has been commonly
employed to address crop yield and efficiency problems. For supportable farming,
nanotechnology can expand world food production, improve the nature of foods,
screen plant development, distinguish sicknesses of plants/animals and give insur-
ance to plants and capacity to decrease squanders (Biswal et al., 2012; Ditta, 2012;
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Fig. 6.4 Applications of nanomaterials in agriculture

Frewer et al., 2011; Gruere et al., 2011; Perez-de-Luque & Hermosin, 2013; Prasad
et al., 2014; Sonkaria et al., 2012). The plants hereditarily incited by nanomaterial-
based substances can assume a vital part in expanding agrarian efficiency (Kuzma,
2006; Scott, 2007). In plants and animals at cellular/molecular levels, the induction
of molecules by gene delivery, site-specific drug delivery and nano-array-based
gene modifications have been used (Maysinger, 2007). The factors that determine
nanoparticle efficiency include size, chemical composition, reactivity and surface
area. On plant development and improvement, nanoparticles may display both posi-
tive and negative impacts. A study on tomato seeds (Khodakovskaya et al., 2009)
reported that the inserted carbon nanotubes (CNTs) increased their germination effi-
ciency multiple times because CNTs improved the capacity of water take-up
(Khodakovskaya et al., 2009). The growth of spinach increased with the use of TiO,
nanoparticles, which enhanced the activity of the Rubisco enzyme and improved the
absorbance of light (Hong et al., 2005; Yang et al., 2006). It was found that Tio,
nanoparticles enhanced nitrogen metabolism, which ultimately improved spinach
growth (Yang et al., 2007). A study reported by DeRosa et al. (2010) found that in
corn and ryegrass, seed germination was inhibited by ZnO nanoparticles. The use of
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Table 6.1 Significant nanoparticles for plant development and advancement

Nanoparticles | Plant Effects References

TiO, Spinacia oleracea | Induction of enzyme activity Yang et al. (2006)

Alumina NPs | Lemna minor Increased root length Juhel et al. (2011)

Cerium oxide | Corn, soybean, Increased growth of the stem and | Lépez-Moreno et al.

NPs alfalfa root (2010)

Iron oxide NPs | Glycine max Improved quality and yield Sheykhbaglou et al.

(2010)

Iron oxide NPs | Vigna radiate Biomass enhancement Dhoke et al. (2013)

CuO NPs Triticum aestivum | Increased biomass Dimkpa et al. (2012)

CeO, NPs Arabidopsis Increased biomass Ma et al. (2013)
thaliana

G NPs Arabidopsis Early flowering and increased Kumar et al. (2013)
thaliana root and shoot length

TiO, NPs Triticum aestivum | Increased chlorophyll content Mahmoodzadeh et al.

(2013)

CNTs Lycopersicum Enhanced seed germination and | Morla et al. (2011)
esculentum growth

MWCNTs Lycopersicum Improved height of the plant Khodakovskaya et al.
esculantum along with an increased number | (2013)

of flowers

ZnO NPs Cicer arietinum | Increased dry weight and shoot | Burman, Saini and
L. growth Kumar et al. (2013)

ZnO NPs Arachis hypogea | Increased yield, stem and root Prasad et al. (2012)

growth

AI NPs Radish Improved root growth Lin and Xing (2007)

Au NPs Lettuce, Increased germination index Barrena et al. (2009)
cucumber

ZnO-based nanomaterial left some porous spaces in the roots of these plants, thus
creating a potential route for nutrient delivery systems.

Other nanoparticles that have been discovered to be significant for plant develop-
ment and advancement are listed in Table 6.1.

6.8.2 Plant Protection

In addition to enhancing crop productivity, nanoparticles are also known to protect
plants from various diseases. Several approaches have been used to manage crop
diseases, particularly genetic breeding, sanitation schemes, new pesticides and inte-
grated pest management. New insights have been provided by nanotechnology for
improving and modifying present crop management methods. Techniques such as
spraying and broadcasting are conventionally used for applying plant protection
chemicals and nutrients. However, the minimum required amounts of chemicals/
nutrients do not reach the target site because of leaching, hydrolysis and microbial
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degradation. The conventional methods of crop protection generally involved the
use of large-scale herbicides, insecticides and fungicides. Over 90% of the pesti-
cides used for pest control were either lost in the environment or were unable to
reach the target sites (Nuruzzaman et al., 2016). The utilisation of pesticides
expanded the cost expenses and caused degradation of the general climate. In this
regard, a better initiative that was needed in the agricultural sector to protect plants
from microbial diseases was the development of nanoformulations or encapsulation
of pesticides. These nanoformulations contain a small number of tiny particles with
pesticides as active ingredients. Nanoparticles of carbon, silver, silica and alumina
silicates have been used to control plant diseases caused by various phytopathogens.
The epitomised nanoformulations encourage the controlled arrival of dynamic fix-
ings into the objective zones of plants and hence give better outcomes. The pesti-
cides of conventional origin have various limitations like limited solubility, increased
resistance and nanoformulations; these problems are decreased (Dwivedi et al.,
2016). Therefore, to accomplish higher harvest creation, the criticalness of nano-
technology has expanded dramatically. A study reported by Petosa et al. (2017)
showed that the pesticide nanoformulations boosted crop yield by enhancing the
efficacy of pesticides by regulating their transport potential. Their study combined
polymeric nanocapsules with pyrethroid bifenthrin (Ncap-BIF), which ended up
being a promising conveyance vehicle for plant security. The catalytic activity of
trypsin, known as a viral protease, was reduced by fabricated bioactive AuNPs,
thereby proving effective in controlling insects. This change in catalytic activity was
believed to be due to the interaction of proteins with metallic nanoparticles (Patil
etal., 2016). For instance, to control the growth of Penicillium expansum, Alternaria
alternate, Rhizopus stolonifer, A. flavus, Fusarium graminearum and pathogenic
bacteria, ZnO nanoparticles have proven to be effective (Dwivedi et al., 2016;
Vanathi et al., 2016). Further, Si and TiO, have shown a promise in suppressing crop
diseases through its antimicrobial activity. In sustainable agriculture development,
nanomaterial-encapsulated pesticides, herbicides and fungicides have shown a tre-
mendous scope.

6.9 Conclusions

Nanotechnology has emerged as the most innovative science with widespread appli-
cations. It has solved many agriculture-related issues like nutrient uptake efficiency,
insect pest control and crop production. The synthetic pesticides available in the
markets have negatively impacted the environment due to their toxic and persistent
nature. To avoid the limitations of these synthetic pesticides, pest management
could be done by involving nanotechnology-based nanopesticides. The nanopesti-
cides are non-toxic and safe to use. To beat the impediments of biological or green
synthesis methods, nanoparticles are favoured as eco-friendly, less toxic and healthy
alternatives. In this regard, we will understand the role of green synthesised nanopar-
ticles in agriculture management in this chapter.
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Nanoparticles in Agriculture

Check for
updates

Gulzar Ahmed Rather, Saima Hamid, Muzafar Riyaz, Musheerul Hassan,
Mohmmad Ashaq Sofi, Ifrah Manzoor, and Anima Nanda

Abstract Nanotechnology is the most innovative field of the twenty-first century,
as detailed research is underway to develop nanoproducts worldwide. Because of
their unique properties, nanoparticles have grown considerably. These nanomateri-
als are used in photovoltaic systems, fuel cells and biomedical fields, with zinc
oxide as an actual example. Concerning their synthesis, ZnO-NPs may be synthe-
sised by numerous chemical techniques, including vapour transport, precipitation
and hydrothermal processes. The green synthesis of ZnO-NPs is also popular nowa-
days because it is facile, safe, non-toxic and environmentally friendly. The green
synthesis includes bacteria, fungi, yeast, algae, plants and their parts like seeds,
fruits, leaves, stem and pulp. Among green synthesis, using plant extracts is the
most popular as it is a single-step process. In this paper, we will discuss the role of
plant-mediated synthesis of ZnO-NPs in crop production.
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7.1 Introduction

In modern days, due to their distinct and attractive applications, ZnO-NPs have
received tremendous attention in many fields like physics, chemistry, biology, medi-
cine, electronics, etc. These characteristics can be endowed with their large surface
area, reduced scale and surface-specific binding position, availability and catalytic,
electronic and thermal properties. There are different routes for the biosynthesis of
ZnO-NPs using physical and chemical methods that involve different set-up, high-
temperature and high-pressure conditions (Agarwal et al., 2018). Biosynthesis of
nanoparticles via the green route is natural, environmentally friendly, cost-effective,
safe and biocompatible (Abdul Salam et al., 2014). The green synthesis method
involves the use of bacteria, fungi, algae, yeast, plant extracts, etc. They permit the
mass production of ZnO-NPs without additional impurities (Yuvakkumar et al.,
2014). The utilisation of nanotechnology in agriculture is one of the potential sec-
tors that might enhance sustainable crop management. For example, the use of
nano-based pesticides to release chemicals has been effectively deployed in a regu-
lated and specifically tailored manner that makes for a cleaner and simpler pest
control system. Nanoparticles that are essential for improving agricultural produc-
tion are generally considered to improve productivity and sustainability. Zinc (Zn)
is a significant micronutrient for the proper growth and development of plants and
animals. In this regard, numerous studies have been carried out on the role of zinc
in the growth and metabolism of plants. For crop nutrition, it is crucial since it is
needed in numerous enzyme processes, metabolism and oxidation-reduction pro-
cesses. Zinc is important for the proper functioning of many enzymes such as isom-
erases, dehydrogenases, transphosphorylases, aldolases and DNA and RNA
polymerases used for a wide variety of essential physiological and metabolic pro-
cesses. Zinc also takes part in tryptophan synthesis, cell division, photosynthetic
maintenance and membrane structure. Besides, it also acts as an essential cofactor
in controlling the biosynthesis of proteins (Lacerda et al., 2018). Appropriate Zn
fertilisation, therefore, helps enhance cereal, vegetable and food production. Zinc
deficiency is characterised by reduced leaf size, interveinal necrosis and ribbed leaf
margins.

Under the extreme conditions of zinc shortage, SPAD values, low leaf area val-
ues and total N and NO3 are observed (Castillo et al., 2019). With the deteriorating
deficiency, catalase, superoxide dismutase and glutathione peroxide activities often
increase. Declines in cross-sectional area, yield and kernel percentages are also
found with severe Zn shortage. Increased activity of the enzyme superoxide dis-
mutase, catalase and peroxides is related to reactive oxygen detoxification (Ali
et al., 2020).
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7.2 Zinc Oxide Nanoparticles (ZnO-NPs)

In numerous cutting-edge applications such as communications, environmental bio-
safety, biology, medicine, cosmetics and electronics, ZnO-NPs have been used
within the broad family of metal oxide nanoparticles. In addition, ZnO-NPs have
immense potential in biomedical applications such as gene transfer, bio-labelling,
nanomedicine and biological sensing (Bala et al., 2015). Zinc oxide is an n-type
semiconductor metal oxide that has been extensively used for numerous applica-
tions like the manufacture of rubber and separation of arsenic and sulphur from
water. It has an excellent property of protein adsorption and is also used in dental
applications. It has been registered as GRAS (generally recognised as safe) among
the other metal oxides by the US FDA. From the past years, ZnO-NPs gained tre-
mendous attention in the area of research due to its wide bandgap and large
excitation-binding energy (Anbuvannan et al., 2015; Jamdagni, Khatri, et al., 2018;
Taranath & Patil, 2016; Pulit-Prociak et al., 2016; Sundrarajan et al., 2015). Due to
its wide bandgap and high binding energy ZnoNPS have shown excellent antibacte-
rial, antifungal, wound healing, antioxidant and optical properties. There are differ-
ent methods available to synthesise ZnO-NPs like physical, chemical and biological
or green synthesis. Due to the limitation of the physical and chemical methods,
biological or green synthesis of ZnO-NPs is usually preferred. The physical and
chemical methods are costly, time-consuming, employed on high pressure and tem-
perature and generating large quantities of secondary waste products and toxic
chemicals into the environment. As a result of these limitations, biogenic or green
synthesis is the ideal method for nanoparticle synthesis as it is safer, cheaper and
less toxic (Sharmila et al., 2019).

7.3 Nanoparticles Synthesis

For the development of nanomaterials of definite form and scale, two methods
called top-down and bottom-up approaches (Fig. 7.1) are commonly used. The prin-
ciple of synthesis for both approaches is different, but they produce nanomaterials
with desired characteristics. In top-down approaches, the bulk material is crushed
into small pieces leading to the formation of nanomaterials. The nanomaterial pro-
duced in this manner utilises the photolithographic techniques, sputtering, grinding
and milling. The top-down approach is a relatively feasible nanoparticle production
method that results in a large mass of nanomaterials being generated. The limita-
tions associated with the top-down approach are surface imperfection of nanomate-
rials. Another approach is the bottom-down approach, in which assembly of atoms
by atoms, molecules by molecules and clusters by clusters is done to produce a wide
range of nanomaterials. The techniques employed for the development of nanoma-
terials through the bottom-up method are chemical or electrochemical nanostruc-
tural precipitation, chemical vapour deposition, laser pyrolysis, and bio-assisted
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Fig. 7.1 Top-Down and Bottom-Up Approaches of Nanomaterial Synthesis

synthesis (Dhand et al., 2015; Gwo et al., 2016; Patil & Chandrasekaran, 2020)
(Dhand et al., 2015; Gwo et al., 2016; Patil & Chandrasekaran, 2020).

7.4 Methods of Nonmaterial Synthesis

7.4.1 Physical Synthesis

The techniques like ball milling, sputtering and deposition are included in the physi-
cal synthesis of nanomaterials. The rate of production of nanomaterials through
these techniques is meagre. In ball milling, the yield of nanomaterial synthesis is
only 50%. In the case of laser ablation and plasma techniques, high consumption of
energy is required. For most physical technologies that cannot be adopted for actual
commercial applications, vast size distribution, slow production rate, waste by-
products and significant energy consumption make it exceedingly costly
(Seetharaman et al., 2018). (Seetharaman et al., 2018).

7.4.2 Chemical Synthesis

The chemical synthesis of nanomaterials includes various methods like sol-gel
deposition, hydrothermal deposition, microemulsion and chemical vapour deposi-
tion (Krdl et al., 2017). Based on solid phases, wet chemical synthesis is one of the
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Physical and Chemical methods of Zinc Oxide Nanoparticles
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Fig. 7.2 Physical and chemical methods for nonmaterial synthesis

essential tools for the production of nanomaterials (Krdl et al., 2017; Malfatti et al.,
2015). In industrial wet chemical synthesis, capping agents and stabilising agents
are typically used to control the particles’ size and prevent agglomeration due to
toxicity. Triethylamine (TEA), thioglycerol, oleic acid and polyethylene glycol are
significant capping or stabilising agents, even though they are apoptotic, immuno-
genic and necrotic (Naveed Ul Haq et al., 2017). In the microemulsion method,
stable fluid droplets from immiscible hydrocarbons and waters are formed in a ther-
modynamically stable manner. A method to monitor the size (200 nm), structure
(hexagonal crystal) and shape of ZnO-NPs based on minimum emulsion using TEA
has been documented by Fricke et al. (2015). The chemical vapour deposition has
also been used for the synthesis of ZnO-NPs, efficiently. Figure 7.2 shows the phys-
ical and chemical synthesis of nanomaterials.

7.4.3 Biological Synthesis

As biological methods are environmentally friendly, they provide exciting possibili-
ties than physical and chemical synthesis (Agarwal et al., 2018). The biosynthesis
of ZnO-NPs was systematically examined with microorganisms, proteins, DNA and
plant extracts (Ishwarya et al., 2017; Raja et al., 2018). However, biological synthe-
sis is not fully understood as the mechanical method for producing ZnO-NPs. By
going through enzymatic and biological pathways, ZnO-NPs can be produced. A
synthesis of ZnO-NPs (10-95 nm; rod, cubic, multiform, triangle, acicular) was
performed with bacteria, including Halomonas elongate IBRC-M 10214 (Taran
et al., 2018), Sphingobacterium thalpophilum (Rajabairavi et al., 2017) and
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Staphylococcus aureus (Rauf et al., 2017). Fungal species such as Candida albicans
(Mashrai et al., 2017) and Aspergillus niger (Kalpana et al., 2018) can also be used
to synthesise ZnO-NPs. Fungal-mediated ZnO-NPs with a spherical and quasi-
spherical form of 61 nm and 25 nm were used for steroidal pyrazoline synthesis and
antimicrobial applications. As a yeast system, JA2 (Chauhan et al., 2014) can also
synthesise ZnO-NPs from Pichia kudriavzevii (Moghaddam et al., 2017) and Pichia
fermentans. The algae like Chlamydomonas reinhardtii and Sargassum muticum
(Azizi et al., 2014) are also used to synthesise ZnO-NPs. Gelatin has also been help-
ful for the synthesis of 20 nm ZnO-NPs, which show excellent antibacterial and
anti-angiogenic activity (Divya et al., 2018). By using egg albumin, spherical and
hexagonal ZnO-NPs were synthesised, and the size was found to be 16 nm (XRD),
10-20 nm (TEM) and 8-22 nm (AFM) (Ambika & Sundrarajan, 2015). Plants are
regarded as the bio-factories of nonmaterial synthesis (Table 7.1) due to many sec-
ondary metabolites like alkaloids, flavonoids and phenolics (Chakravorty et al.,
2020). The synthesis of nonmaterial is started by adding the extracts obtained from
the different plant components to the aqueous solution containing metal ions. The
secondary metabolites present in the plant extract functions as reducing and capping
agents to reduce metal ions into nanoparticles (Rather et al., 2020).

Nanoparticles, which have proven to be one of the critical needs for growth and
development in the era of nanotechnology (Keat et al., 2015), can be used for a
broad range of applications. Therefore, the study is going on to increase the effi-
ciency of nanoparticles to make them more application-specific. However, the
methods used to synthesise nanoparticles should be cost-effective and eco-friendly.
This suggests that the method of NP synthesis should avoid the use of toxic
chemicals, and there should be a negligible generation of any harmful by-products.

Table 7.1 Different Parts of Plants Used for Nanoparticle Synthesis

S. Part of UV absorption | Shape of
no. | Name of plant | plant used | peak (nm) nanoparticles References
1. | Musa acuminate | Peel 344 Triangular Abdullah et al.
(2020)
2. | Melia azedarach | Leaf 372 Spherical Dhandapani et al.
(2020)
3. | Cassia alata Leaf 320 Spherical Happy et al. (2019)
4. | Coccinia Tuber 365 Hexagonal Safawo et al. (2018)
abyssinica
5. | Azadirachta Leaf 375 Spherical Singh et al. (2019)
indica
6. | Artemisia annua | Bark 330 Spherical
7. | Ziziphus jujube | Fruit 376 Spherical Golmohammadi et al.
(2020)
8. | Berberis Leaf 343 Needle Chandra et al. (2019)
aristata
9. Codonopsis Root 356 Flower Luetal. (2019)
lanceolata
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The method of green synthesis (biosynthesis) uses basic methods, readily available
raw materials and the atmosphere for the synthesis process, where the precursors
used are healthy, with a small possibility of developing harmful by-products (Dizaj
et al., 2014 (Hossain et al., 2019; Ogunyemi et al., 2019)). Biosynthesised NPs are
observed and characterised using various methods, such as XRD, AFM, FT-IR,
DLS, SEM, TEM, UV-Vis spectroscopy, zeta potential analysis, etc. (Salem &
Fouda, 2021).

Plant sections including leaves, roots, flowers and stem have been utilised to
synthesise zinc oxide nanoparticles (Azizi et al., 2016; Lingaraju et al., 2016; Raj,
2015; Suresh et al., 2018). They contain many phytochemicals that help stabilise
and reduce zinc to zinc nanoparticles (Igbal et al., 2019). The simple method used
for synthesising zinc nanoparticles is that the plant part is collected and washed
under tap water or double-distilled water. Then the plant part is shade dried for few
days and finally ground to powder using mortar and pestle or electric grinder.
Milli-Q water is used for the preparation of plant extract and the synthesis of
nanoparticles. Some volume of plant extract is added to the zinc acetate, zinc oxide
solution. The mixture is boiled at the desired temperature to ensure optimal mixing.
Some optimisation such as pH, temperature and extract concentration in the process
of synthesis may be required. The mixture is centrifuged at 7000-8000 rpm and
oven-dried at 6-80 °C. The oven-dried material is calcined in a muffle furnace at
400450 °C for 2 h to obtain a white powder containing zinc oxide nanoparticles
(Alamdari et al., 2020; Demissie et al., 2020; Selim et al., 2020). Several studies
have reported the synthesis of zinc nanoparticles from plants (Lakshmi, 2017; Selim
et al., 2020).

Happy et al. (2019) reported the plant-mediated synthesis of Zn nanoparticles
from Cassia alata leaf. Aqueous extract of Eucalyptus has also been exploited for
the synthesis of zinc oxide nanoparticles of size ranging between 52 and 70 nm,
confirmed by SEM and TEM analysis (Ahmad et al., 2020). Zinc oxide nanostruc-
tures have also been synthesised using the seed extract of Nigella saliva. Chemingui
et al. (2019) reported the synthesis of zinc oxide nanoparticles using Laurus nobilis
plant extract. Synthesised nanoparticles were of wurtzite hexagonal structure, and
the average size of the nanocrystals was between 20 and 35 nm.

The synthesis of metal nanoparticles using microorganisms has recently been
investigated and now accepted as an effective way to exploit microorganisms as
cost-effective nanofactories. The biological synthesis of nanoparticles using
microbes provides a benefit over plants because microbes are readily replicated.
Nonetheless, several drawbacks like careful monitoring are required, culturing bac-
teria, and the media used for bacterial culture is also quite costly (Ahmed et al.,
2017). The involvement of different enzymes, proteins and other biomolecules from
microbes such as bacteria, fungi and yeasts plays a crucial role in the reduction
process (Ali et al., 2018). These organic products secreted in suspension or growth
medium result in multisite mono- and polydispersed nanoparticles and serve as cap-
ping agents to stabilise nanoparticles (Gahlawat & Choudhury, 2019).
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Lactic acid bacteria have raised interest in the wide-scale manufacturing of metal
oxide nanoparticles because of their non-pathogenic features and the enormous syn-
thesis of enzymes (Yusof et al., 2019). In addition, LAB has been acknowledged to
have beneficial effects on human health. Moog et al. (2020) synthesised monodis-
persed zinc oxide nanoparticles utilising zinc-tolerant probiotic Lactobacillus plan-
tarum strain TA4 with an average particle size of 124.2 nm, as validated by DLS
analysis.

Fungi and yeasts have also been widely used to synthesise nanoparticles because
of their high binding capacity, tolerance and better bioaccumulation ability
(Boroumand Moghaddam et al., 2015a, 2015b; Pati et al., 2014). As study in which
synthesis of ZnOnps was successfully conducted by using culture filtrates of
Aspergillus niger have shown the size of ZnOnps were in the range of 84-91 nm as
confirmed by SEM analysis. Extracellular mycosynthesis of zinc oxide nanoparti-
cles using A. alternata, A. tenuissima (an endophytic fungi) and Pichia kudriavzevii
(a yeast strain) has been reported in the scientific literature (Abdelhakim et al.,
2020; Moghaddam et al., 2017; Sarkar et al., 2014), and the same have been con-
firmed by the SEM and TEM studies. Figure 7.3 shows biological methods of zinc
oxide nanomaterials.

7.5 Limitations of Conventional Methods for ZnO
Nanoparticle Synthesis

The physical methods for the synthesis of ZnO nanoparticles hold their limitations.
The method microemulsion involves impacting the crystallisation process, due to
which it is difficult to achieve a uniform size of nanocrystalline oxides. While in the
sol-gel preparation method, the drawback is to purify the final products from resi-
dues of the solvents and polymers used. Meanwhile, the magnetron sputtering
method holds a disadvantage involving the high cost of equipment relative com-
plexity and technical implementation. The green synthesis, which provides a
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comparatively pollution-free mechanism, optimises reaction conditions to achieve
improved performance, desirable features and instability. The stability of biosynthe-
sised ZnO is unpredictable to calculate and could otherwise cause a significant harm
to the biological systems. Thus, reaction mechanisms and technologies both for
chemical and green syntheses must be properly built and optimised. In addition,
most ZnO synthetic chemicals are classified as harmful chemical compounds, and
the legal exhaust cap in most countries is well established. To assess the threat pre-
sented by ZnO, there is a clear need for environmental risk assessment. In addition,
replication models should be built to parallel the growing usefulness, ZnO syntheti-
sation quantity and contaminants expired during these operations.

7.6 Characterisation of ZnO Nanoparticles

In the past years, nanotechnology has gained immense popularity in science, be it
medicine, electronics, agriculture and engineering. Nanomaterials can be character-
ised through different techniques like XRD, TEM, SEM, EDAX, FT-IR, DLS, AFM
and UV-Vis spectroscopy (Fig. 7.4). Through these techniques, nanomaterial prop-
erties like morphology, composition, structure, form, physical and chemical proper-
ties can be studied. There is no single method that satisfies to analyse the properties
of nonmaterial (Hasan, 2015; Nivetha et al., 2020).

7.6.1 UV-Visible Spectroscopy

UV-visible spectroscopy is one of the basic analytical techniques used to analyse
nanomaterials. In UV-visible spectroscopy, light intensity is measured, and by this
technique, the optical properties of nanomaterials can be studied. The nanomaterials
like Au and Cu show normal UV-visible excitation spectrum due to the presence of
a signal in the range of the visible portion of the spectrum (Hendel et al., 2014).
With the help of UV-visible spectroscopy, the molar concentration of nanomaterials
can be calculated (Paramelle et al., 2014).

Fig. 7.4 Characterisation
techniques of nanomaterial
synthesis

CHARATERIZATION TECHNIQUES OF
NANOMATERIALS

UV-
SPECTROSCOPY
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7.6.2 Transmission Electron Microscopy

Transmission microscopy is one of the advanced methods used to characterise
nanomaterials. By this technique, the actual size and images of the nanoparticles
could be captured. During this technique, a uniform beam of electrons touches the
specimen and spreads out through it. After the interaction between the electron
beam and the specimen, an image is formed that is magnified and focused with the
help of an imaging tool. The contact between the sample and beam depends on the
density, elemental composition of the material, size and morphology. Compared to
any other characterisation technique, TEM has significantly higher image resolution
and can visualise extremely small atoms. TEM is one of the versatile techniques
used to assess nanomaterials’ in vitro absorption, size, shape, morphology and
aggregation. With the help of TEM, it is possible to determine the degree of nanopar-
ticles’ penetration, their position inside the cell and the mechanism of cell death in
cancerous cells. The dispersion of nanoparticles can also be analysed through TEM
(Laborda et al., 2016; Yue et al., 2017).

7.6.3 Scanning Electron Microscopy

Scanning electron microscopy is one of the widely used characterisation method to
measure the morphology of nanomaterials. Due to its high resolution, it is used to
capture high-quality images of nanomaterials. The principle optical microscope and
SEM are the same, but in SEM, the electron dispersion is quantified through electri-
cal potential instead of photons. In this technology, the electrons are employed to
make pictures, which further interacts and scans the surface of samples to create
distinct signals to offer information on the type of interaction, composition and the
arrangement of samples (Arun et al., 2020; Machado et al., 2015; Rajeev et al., 2019).

7.6.4 Dynamic Light Scattering

DLS is the most powerful technique employed to analyse the size of nanomaterials
in colloidal solutions. The nanomaterials are in continuous Brownian motion in the
aqueous form and produce both positive and destructive interfaces. By DLS, the
light scattering amplitude causes the time-dependent oscillations, and hydrody-
namic diameter is measured simultaneously for both nanomaterials and solvent
molecule at the same rate. The average particle size can also be estimated
(Chakravorty et al., 2020).
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7.6.5 Energy-Dispersive X-Ray Spectroscopy

The energy dispersive x-ray spectroscopy (EDX) is used to evaluate nanomaterials’
chemical characterisation and elemental composition. The composition of elemen-
tal analysis is achieved, as every element has its unique structure, and it can produce
distinctive peaks on the x-ray spectrum. EDX is an essential tool for the examina-
tion and the extent of purity in ZnO-NPs. The plant extract acts as a source of reduc-
ing agents and elements like oxygen and carbon on EDX (Taziwa et al., 2017).

7.6.6 X-Ray Diffraction

X-ray diffraction (XRD) is one of the widely used techniques for the characterisa-
tion of nanomaterials. It is an advantageous and non-destructive method for the
characterisation of nanomaterials. XRD gives information about the crystalline
phase, structure, shape and pressures of nanomaterials. In this technique, the pow-
dered samples are used, and by calculating the position and amplitude, the composi-
tion of nanomaterials can be analysed. The peaks are obtained by using the
monochromatic beam of x-rays.

7.6.7 Fourier Transforms Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is another flexible method used to
analyse the composition of nanomaterials, their molecular structure, type of bond-
ing and the existence of related functional groups. The principle of FTIR is based on
the absorption spectrum of electromagnetic wavelength in the range of
4000400 cm~! (Blanco Andujar, 2014). With the help of the FTIR technique, char-
acterisation of ZnO-NPs from plant extracts to determine the number of functional
groups such as -OH, C=0, C=C and C-N present in the ZnO-NPs can be done
(Shao et al., 2018).

7.6.8 Atomic Force Microscopy (AFM)

AFM, a type of microscopy, provides high-resolution 3D images. The main princi-
ple of this approach involves the force of attraction between the specimen and a fine
probe. Because of attraction or repulsive forces, when AFM scans the sample
between the tip and the sample surface, the information collected from the laser gap
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and the final result is decided by combining forces. When characterising the
nanoparticles, the latter is the most common one. By this technique, topological
characterisation of small nanoparticles (<6 nm), such as ion-doped Y,Os, has been
achieved without any special treatment (Krupa & Vimala, 2017).

7.7 The Role of Green Synthesised Zinc Oxide Nanoparticles
(ZnO-NPs) in Agriculture

Agriculture is the primary sector or source of Third World economies. Still, unfor-
tunately, it is facing numerous global challenges like drastic climate changes,
urbanisation, environmental issues like runoff and the accumulation of pesticides
and fertilisers. Metal oxide nanoparticles have shown excellent effects on the agri-
culture sector, including effective growth, increased yield and nutritional quality.
Besides, they are acting as antipathogenic agents in plant protection. Being bio-
logically important, Zn has played an essential role in plant systems, including its
role in metal protein complexes. Zinc is required in very small amounts and serves
a variety of activities in plants, including cell membrane stabilisation, protein syn-
thesis, plant protection, cell elongation, and resistance to environmental stress
(Kolencik et al., 2019; Sabir et al., 2014). The positive effects of ZnO-NPs on the
germination and development of pearl millet are also reported (Nandhini
etal., 2019).

Similarly, the beneficial effects of ZnO-NPs on the quantitative and physiolog-
ical parameters of Zea mays and Triticum aestivum L. have also been described
(Singh et al., 2019). In corn and wheat, the chlorophyll formation is positively
enhanced by ZnO-NPs (Rizwan et al., 2019). In Solanum tuberosum L., the usage
of 100, 350 and 500 mgL-1 of ZnO-NPs has increased the common starch content
(Raigond et al., 2017). The ZnO-NPs at lower concentrations increase seed ger-
mination (Ramesh et al., 2014). The foliar application of ZnO-NPs on coffee
plants (Coffea arabica L.) demonstrated improved growth and physiology com-
pared to Zn (ZnSO4) salt due to its greater leaf penetration (Rossi et al., 2019).
The antioxidant and phenolic compounds in Capsicum annum L. have been
boosted during seed germination by ZnO-NPs (Garcia-Lopez et al., 2018). In
nursery phases with foliar spraying of ZnO-NPs, a significant increase in growth
was observed in karanj, milk wood-pine and meem seedlings (Chaudhuri &
Malodia, 2017). ZnO-NPs also promote embryogenesis, plantlet regeneration
and certain enzymes in MS media that are allowed to survive in biotic tension
(Helaly et al., 2014). The study conducted on Fagopyrum esculentum showed the
presence of ZnO-NPs that had strengthened the antioxidant properties, photosyn-
thetic efficacy and increased proline accumulation, providing plant stabilisation
(Faizan et al., 2018). ZnO-NPs serve as new fertiliser for crop yield and food
quality enhancement with unique physicochemical properties (Yusefi-Tanha
et al., 2020). Studies performed on Nicotiana benthamiana have shown that it
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deactivates TMV (Tomato mosaic virus) and activates its immunity through the
use of ZnO-NPs (Cai et al., 2019). Studies on ZnO-NPs have shown increased
plant resistance to a wide range of microbes, increased crop production and
decreased disease severity (Tripathi et al., 2017). Zinc oxide nanoparticles (ZnO-
NPs) have shown excellent pesticide activity against the Artemia salina larva
(Singh et al., 2018). In the growth of Arachis hypogea plant, the fertility study of
ZnO-NPs was carried out. The results showed an increase in seed germination,
rapid shoot growth, increased seedling vigour, enhanced root growth and rapid
flowering and yield. In Solanum lycopersicum the fertility efficacy of ZnO-NPs
was conducted, and the results showed increased seed germination and high pro-
tein content (Singh et al., 2016).

There was a significant rise in root growth and dry weight in onions after adding
ZnO-NPs (Laware & Raskar, 2014). The photosynthetic pigment levels in millet
were increased by applying ZnO-NPs (Tarafdar et al., 2014). The mechanism and
behaviour of ZnO-NPs in plants are not well defined. Figure 7.5 shows the role of
zinc oxide nanomaterials in agriculture.

Fig. 7.5 The role of green synthesised zinc oxide nanoparticles in agriculture
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7.8 The Role of ZnO-NPs under Abiotic Stress

The application of ZnO-NPs mitigates the damaging effect of ROS on cells. The
ZnO-NPs trigger antioxidant enzymes, free amino acids and nutrients, which play a
major role in providing plant protection from different stresses (Fig. 7.6). It has
shown successfully that the application of ZnO-NPs at reduced doses was very effi-
cient in relieving various abiotic stresses and promoting plant growth and develop-
ment (Venkatachalam et al., 2017; Wang et al., 2018).

The applications of nanoparticles have proven to be promising among the several
other strategies implemented to combat drought-inducing damage to plants
(Table 7.2). The application of ZnO-NPs to the wheat crop has minimised the
adverse effects of drought stress and increased crop yield (Taran et al., 2017).
According to Venkatachalam et al. (2017), the toxicity in Leucaena leucocephala
seedlings by Cd and Pb has been reduced by applying ZnO-NPs. The foliar applica-
tions of ZnO-NPs have reduced salinity’s adverse effects on the growth of sunflower

ZnO-NPs

Gene
Expression

Protective Change in
Compounds Antioxidant state

Stress Tolerance

Fig. 7.6 The role of zinc oxide nanoparticles under abiotic stress
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Table 7.2 Applications of green synthesised ZnO-NPs in the field of agriculture
S. | Type of Source of Size in Application in
no. | nanoparticles | Plant nanoparticles | nm agriculture References
1. |Zinc oxide | Aloe barbadensis | Leaves 35 nm Seedling Singh et al.
nanoparticles (enhancing (2019)
growth)
2. | Zinc oxide Curcuma longa Tuber 20 nm Seedling (root | Jayarambabu
nanoparticles and shoot et al. (2015)
elongation)
3. |Zinc oxide | Nyctanthes Flower 12— Plant Jamdagni,
nanoparticles | arbor-tristis 32 nm (antifungal Khatri and
activity) Rana (2018,
Jamdagni,
Rana, et al.,
(2018)
4. |Zinc oxide | Solanum Leaves 48.5 nm | Plant Ogunyemi
nanoparticles | lycopersicum (antibacterial | et al. (2019)
activity)
5. |Zinc oxide | Eucalyptus Leaves 52— Plant Ahmad et al.
nanoparticles | globules 70 nm (antifungal (2020)
activity)
6. |Zinc oxide | Nigella sativa Leaves 20 nm Plant Alaghemand
nanoparticles (increases et al. (2018)
branching,
growth)
7. | Zinc oxide Citrus limon Fruit extract | 388 nm | Plant root Hossain et al.
nanoparticles (antibacterial | (2019)
effect)
8. |Zinc oxide | Scadoxus Leaves 31 nm Plant Al-Dhabi and
nanoparticles | multiflorus (antilarval) Valan Arasu
(2018)
9. |Zinc oxide | Calotropis Leaf extract | 1.5-8 nm | Seedling (acts | Chaudhuri
nanoparticles | gigantea as and Malodia
nanofertiliser | (2017)
and improves
growth and
development)
10. | Zinc oxide | Aloe barbadensis | Leaf extract |35 nm Enhances Singh et al.
nanoparticles plant growth | (2019)
11. | Zinc oxide Elaeagnusan- Flower 40 nm Enhances Singh, Kim,
nanoparticles | gustifolia extract growth and et al. (2016);
germination | Singh, Singh,
of seedling et al. (2016)

(continued)
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Table 7.2 (continued)
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S. | Type of Source of Size in Application in
no. | nanoparticles | Plant nanoparticles | nm agriculture References
12. | Zinc oxide | Nigella sativa Seed extract | 24 nm Enhances Awan et al.
nanoparticles growth of the | (2020)
shoot and root
and increases
leaf
chlorophyll
content
13. | Zinc oxide | Nyctanthes Flower 76 nm Acts as Jamdagni,
nanoparticles | arbor-tristis extract fungicidal Khatri, &
Rana (2018);
Jamdagni,
Rana, et al.
(2018)
14. | Zinc oxide | Solanum Plant extract | 500 nm | Acts as strong | Abdallah
nanoparticles | lycopersicum antibacterial | et al. (2020)
agent
15. | Zinc oxide | Azadirachta indica | Leaf extract | 27.8 nm | Plant Mankad et al.
nanoparticles (antimicrobial | (2016)
activity)
16. | Zinc oxide | Mentha spicata Leaf extract | 11— Acts as Abdelkhalek
nanoparticles 88 nm antiviral agent | and Al-Askar
against TMV | (2020)
17. | Zinc oxide Psidium guajava | Leaf extract | 12 nm Shows Saha et al.
nanoparticles antibacterial | (2018)
activity and
enhances
fabric
properties

(Torabian et al., 2018). ZnO-NPs have led to the alleviation of soil salinity. About
60 mg/L of ZnO-NPs has shown to reduce the salt stress in Moringa peregrina
plants (Soliman, 2015). Under stressful and stress-free conditions, ZnO-NPs act as
essential materials for plant growth. ZnO-NPs have shown an increase in plant pro-
duction as well as plant growth. Under stressful conditions like lipid peroxidation,
ZnO-NPs have played an essential role in modulating the physiological parameters
in plants. Due to their small size, ZnO-NPs have facilitated their easy penetration
inside the plant cells and controlled the water channels that assisted plant growth
and seed germination in plants (Faizan et al., 2018).
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Abstract The non-sustainability of soil management and agricultural practices that
can damage the environment and enhance the risk of food insecurity are the emerg-
ing concerns globally. Sustainable agriculture endeavours to use a few conservation
practices that can reduce the hostile effects of land-use intensification. Among the
different conservation practices, micronutrient-enriched biochar (BC) is an emerg-
ing soil amendment that has proven as an accessible and critical input for sustain-
able agriculture. It could efficiently sequester a vast amount of carbon in the soil,
thus increasing soil productivity, repairing soil erosion and minimising agriculture-
related greenhouse gas emissions. Besides, it can also act as a reservoir of micro-
and macronutrients. Research has also shown that using biochar can increase the
crop productivity capacity of soil under various stresses and advance world food
security. Over the last decade, many experiments have been carried out on biochar
to see if it can be used to boost sustainable agriculture. This chapter discusses bio-
char’s important properties, its relationship with soil microflora and its ability to
boost crop productivity.
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8.1 Introduction

With the growing danger to environmental protection and global food security
posed by non-sustainable soil conservation and agriculture activities, it has become
important to develop a sustainable solution to viable agricultural practices (Amen
et al., 2020). Sustainable agriculture is a growing field of interest because it entails
long-term sustainable strategies for crop production that are environmentally bene-
ficial, economically viable and socially adaptable. Sustainable agriculture (SA) is a
method in which agro-farming can nourish itself by maintaining and preserving all
its natural resources (Zhang et al., 2016) by generating renewable energy sources
and involving solutions to safe farming practices (Yadav et al., 2020). Nowadays,
biochar has become an emerging approach that has proven as a potentially vital
input for sustainable agriculture to improve the fertility of the soil, increase sustain-
able production of agriculture and reduce the severe effects of abiotic and biotic
stresses. Low nitrogen levels and increased mineralisation of soil organic matter
(Renner, 2007) are the two critical constraints to sustainable agriculture. Applying
organic matter such as compost and manure to the soil may enhance nutrient reten-
tion (Hussain, Bibi, et al., 2021), and biochar (BC) is more efficient than other
forms of organic matter for retaining and replenishing the supply of readily avail-
able nutrients to the plants. Bacteria and fungi living inside the pores of biochar
further provide additional help to plants to absorb more nutrients from the soil (Sohi
et al., 2010).

Therefore, biochar is a more efficient and consistent source of nutrients than
synthetic fertiliser, biowastes and farmyard manure (Jeffery etal., 2011). Application
of BC amendment can increase agricultural soil sustainability in various ways, as it
can serve as macro- and micronutrient retention and serve as a short-term source of
more available plant nutrients and enhance long-term nutrient cycling processes
(DeLuca et al., 2015). Biochar has established itself as a cost-effective, environmen-
tally friendly and long-term sustainable alternative to other commercially available
slow-release plant nutrients, such as nano- and coated fertilisers (Peiris et al., 2019).

Biochar has been studied both in the greenhouse and in the field to see how it
affects crop yields (Khalid et al., 2020). Biochar made from various renewable
wastes enhances soil fertility and increases crop production (Renner, 2007; Sohi
etal., 2010). Crop yields are confirmed to improve dramatically following the appli-
cation of biochar (Lehmann & Joseph, 2015). The various effects on crop yields
seem to depend on different variables such as biochar quality, quantity, soil type and
the crop studied. This chapter covers the essential aspects to use biochar for sustain-
able agriculture and meet UN’s important sustainable development goals (SDGs: 2
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(zero hunger), 12 (reasonable consumption and production) and 13 (climate action))
(Pedersen, 2018). Additionally, it discusses how biochar application can support
two major facets of the soil environment: soil enzymes and nutrient dynamics.

8.2 Formulation, Properties and Biochemistry of Biochar

Produced by pyrolysis or thermal decomposition of biomass in a low-oxygen setting
(Amen et al., 2020; Hu & Gholizadeh, 2019), biochar is a black, highly soluble,
fine-grained, light-coloured substance that has a wide surface area and a high pH
value. Various elements including carbon, hydrogen, sulphur, oxygen, phosphorus
and other components, and minerals in the ash, make up the distinctive biochar. All
these biochar properties and biochemistry provide benefit to soil (Khalid et al.,
2020). Biochar is added to the ground to increase its condition to resolve significant
agricultural soil degradation issues. It is stable biomass applied to the soil for mak-
ing selective improvements to the soil’s properties to enhance plant production and
mitigate environmental contamination. The properties of BC are determined by the
raw materials used (biomass) and the manufacturing parameters (Peiris et al., 2019).

8.2.1 Feedstock for the Production of Biochar

To make BC, a variety of organic materials, including hay, cow dung, wood chips,
wheat straw, rice husk, cassava roots and other agricultural residues (Kambo &
Dutta, 2015; Ronsse et al., 2013), are used as raw material. Both raw materials used
and pyrolysis conditions affect the development of high-nutrient biochar (Chan
et al., 2008; Younas et al., 2021). Agricultural wastes, urban wastes and municipal
wastes are currently used on an industrial scale for biochar production (Xie et al.,
2015). Cellulosic, hemicellulosic and lignin polymers make up most of the biomass
used to produce biochar.

8.2.2 Pyrolysis Methods for Biochar Production

Biochar can be developed on a small scale with low-cost ovens or on a large scale
with high-cost pyrolysis machines. It is generated through pyrolysis from a variety
of biomass feedstocks, with the process producing oil and natural gas as by-products
(Zhu et al., 2018). The method includes splitting the dry waste into tiny parts (no
larger than 3 cm) followed by heating it to 350—700 °C in the absence of oxygen or
less oxygen. At temperatures above 500 °C, rapid pyrolysis happens in seconds and
maximises the bio-oil output. On the other hand, weak pyrolysis requires longer
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time periods from 30 minutes to many hours, to fully pyrolyse the raw materials
(Peiris et al., 2019; Ronsse et al., 2013).

Low-temperature biochar (550 °C) has an amorphous carbon composition and is
less aromatic than high-temperature biochar (Khalid et al., 2020). In both pyrolysis
reactions, the elevated temperature reduces the yield of BC (Joseph et al., 2010).
The pyrolysis method significantly impacts biochar efficiency and its future agricul-
tural use in terms of agronomic production and carbon sequestration. BC yields
from sluggish pyrolysis of biomass are estimated to be between 24% and 77%
(Gangil & Wakudkar, 2013).

8.2.3 Biochar Properties

Biochar is a long-lasting source of carbon that can persist in the soil for thousands
of years (Alhashimi & Aktas, 2017). It aims to apply something to the earth that
sequesters carbon and increases soil quality. Biochar’s physical properties aid in its
use as an environmental protection instrument. It can increase soil pH and water
retention, attract more beneficial fungi and other microorganisms and increase cat-
ion exchange capability when used as a soil improver (Ajema, 2018; Haider et al.,
2020). Biochar also aids in the recycling of eroded soil. It adsorbs cations per car-
bon unit better than other organic soil substances since it has a greater negative
surface charge and charge density (Liang et al., 2006), thus providing the potential
of enhancing yield (Lehmann & Joseph, 2015).

Soil has its physical properties, which are determined by minerals and organic
matter present, their relative content and the mineral-organic matter relationship
(Shaaban et al., 2018). As BC is added to the soil mix, it directly impacts the physi-
cal properties, influencing depth, shape, composition, porosity and consistency by
altering surface region, porosity and particle size distribution, mass and aggregation
(Yu et al., 2019). Since the extent of penetration of the root zone and the accessibil-
ity of air and water are primarily dictated by the physical structure of the soil sub-
strate, the influence of BC on the physical properties of the soil has a direct effect
on plant development (de Jesus Duarte et al., 2019). This influences the soil’s ability
to maintain cations and react to changes in ambient temperature, as well as its abil-
ity to accumulate and function during soil preparation, kinetics and permeability
during swelling and ability to retain cations and adapt to changes in ambient tem-
perature (Sohi et al., 2010; Tomczyk et al., 2020).

Due to BC’s ability to retain water, its addition to a drought-affected area will
help mitigate the drought’s impact on crop productivity. It has been demonstrated
that it reduces soil restrictions that hinder plant growth and neutralises acidic soils
(Atkinson et al., 2010). Carbon dioxide and oxygen may be biologically adsorbed
on the surface or space in the pores of the BC (Hammes & Schmidt, 2009). It can
stay in the soil for a longer time than other fertilisers and avoid being absorbed into
water bodies, including rivers and reservoirs. Biochar decreases soil acidity and aids
in storing nutrients and fertilisers in chemical properties (Lehmann et al., 2011;
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Lehmann & Joseph, 2015). Biochar has been shown to improve soil microbe respi-
ration by providing habitat for soil microorganisms (Terekhova et al., 2021;
Tomezyk et al., 2020), resulting in increased soil biodiversity and density. Outside
of the roots, biochar acts as a shelter for fungal hyphae. Biochar is also thought to
have a long residence period on earth, ranging from 1000 to 10,000 years (Semenov
et al., 2018; Sohi et al., 2010), thus helping the soil significantly longer.

8.3 The Role of Biochar in Sustainable Agriculture

8.3.1 Biochar and Nutrients Dynamics

Nutritional dynamics is usually influenced by the biological (such as the composi-
tion of plants, microorganisms and soil animals in the community) and non-
biological (such as temperature, soil type and organic matter (OM)) factors. Biochar
can change nutrient patterns by increasing nutrient bioavailability, altering the phys-
ical and chemical properties of the soil and influencing the soil environment (Khalid
et al., 2020; Parker & Schimel, 2011). Nutrients may be continuously applied to the
soil in synthetic fertilisers or other fertility enhancement technologies (Biederman
& Harpole, 2013). However, since sterile soils have a low nutrient potential, reten-
tion of inorganic fertilisers is decreased. While these techniques are expensive, they
have been used to solve this problem: utilising slow-release nutrient forms, multiple
fertilising and covering plants with intact roots during fallow times (Haider et al.,
2020; Laird et al., 2010; Parker & Schimel, 2011). Because of its solid nutritional
content, which can be used explicitly or indirectly for plants, biochar is already
recognised as a comparatively inexpensive and efficient substitute (Fig. 8.1). The
direct contribution is providing nutrients to plants, whereas the indirect contribution
is in the form of enhancing soil quality, thereby increasing fertiliser production
(Xiao et al., 2018).

8.3.1.1 Direct and Indirect Nutrient Values of Biochar

Biochar has been used to enrich the soils’ nutrient pool by including some essential
macronutrients and micronutrients. It is also used as a slow-release fertiliser (Ding
et al., 2016). Since a certain proportion of the elements in the raw material are
unnecessarily lost by volatilisation due to hight temperature at which BC is pre-
pared. N (VTB 200 °C) and S (VTB 375 °C) have the lowest volatilisation tempera-
tures (VTs), while P and K have medium VTs (B 700-800 °C). At average biochar
processing temperatures (VT 1000 °C), nutrients including calcium, magnesium
and manganese are thermally stable (DeLuca et al., 2015). The volume of carbon
lost increases as the pyrolysis temperature rises and the level of thermally stable
nutrients rises. Sludge has more quantity of phosphorus that are in thermally stable
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Biochar

Schematic Pyrolysis Process

Feedstocks

Fig. 8.1 A schematic diagram of biochar production, pyrolysis and impact on sustainable
agriculture

form and develops a strong coorelation between available phosphorus temperatures
(up to 800 °C) during pyrolysis (Peiris et al., 2019).

It has been documented that fresh BC made from nutrient-rich raw materials has
a higher direct nutrient supply (de Jesus Duarte et al., 2019; DeLuca et al., 2015).
According to various studies, freshly made BC has good bioavailability and a high
potential to release N and P (Cayuela et al., 2014; Mukherjee & Zimmerman, 2013).
Biochar manufactured from animal manure (such as waste sludge, liquid manure
and broiler litter) has been shown to produce more P and N than vegetable BC (Irfan
et al., 2017). Furthermore, the nitrogen content of pig manure biochar is slightly
greater than that of sugarcane biochar at the same pyrolysis temperature (400 °C)
(Ding et al., 2016). While using the same pyrolysis conditions, the same form of raw
material can generate biochar with different nutrient contents. The volume and
nature of stabilisers used during sludge treatment, for example, affect the bioavail-
ability of phosphorus in sludge-based BC (Hossain et al., 2011). It has been stated
that under the same circumstances, the total nitrogen content of two forms of bio-
char made from separate poultry litter differs significantly. However, according to
various reports, the nutritional benefit of BC declines after a year of usage, render-
ing long-term crops challenging to produce, and the loss of nutrients is the primary
downside of their direct use (Backer et al., 2018). Determining the bioavailability
sequence of nutrients has been a difficult challenge in the long run.

Biochar can improve the soil’s intrinsic consistency and wellbeing by indirectly
influencing the physical and chemical properties such as total organic carbon, soil
bulk density, pH and CEC (Liang et al., 2006). The negative surface charge of BC,
generated both by OM and oxidised surface functional groups (O-SFG), is primarily
responsible for CEC (Zhu et al., 2018; Zhu et al., 2017). The increased
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cation-nutrient retention ability of metal ions such as potassium, calcium, sodium
and magnesium in the soil has also been documented due to biochar application.

Based on the built-in pyrolysis conditions, the functional groups present on the
surface of BC change. There are several lactone and carboxyl groups on the surface
of low-temperature BC, which are deprotonated in the soil, resulting in negatively
charged anions that mix electrostatically with the cations (Ok et al., 2015). Novak
et al. (2009) documented that in soils with enhanced BC, multivalent cations (such
as Ca, Mg, Zn and Mn) retain more monovalent cations (such as Na and K). The
retention of ammonium is primarily determined by the soil CEC, while the retention
of nitrate is determined by the anion exchange capability (AEC) and the pore filling
process. When utilising BC, higher retention of ammonium is always found com-
pared to nitrite since the CEC of BC is higher than the AEC (Novak et al., 2009; Ok
et al., 2015).

On the other hand, biochar is said to be more durable than fertilisers because of
its carbon structure. Fidel et al. (2017) found that improving BC quality and overall
organic carbon in the soil was greatly enriched instead of fertiliser application. It is
worth noting that high-temperature biochar (800 °C) is less soluble in the soil than
low-temperature BC, which is usually disordered and difficult to decompose.

Biochar enriches the unstable nutrient reservoir by altering the pH of the soil,
improving nutrient bioavailability and encouraging microbial development to keep
water and nutrients available in the soil. Via the lime effect, biochar can increase
nutrient bioavailability and trap trivalent species after being applied to the soil.
Weathered soils high in iron and aluminium appear to be acidic when hydroxide
ions are emitted through the production of hydroxides. In certain soils, insoluble
iron and aluminium phosphate limit phosphorus bioavailability (Yadav et al., 2020;
Yuan et al., 2015). A lime impact is produced when the calcium oxide in the biochar
combines with the phosphorus in the soil to form calcium phosphate. Because of its
solubility, inorganic phosphorus is bioavailable to plants. Biochar’s exchangeable
sites have a strong preference for trivalent aluminium and iron, limiting their capac-
ity to shape insoluble P complexes. Furthermore, the usage of biochar can reduce
the presence of harmful elements such as Al, Cu and Mn in the soil, which can be
detrimental to plants when the pH is too acidic (Hameed et al., 2021; Rawat
et al., 2019).

8.3.1.2 Biochar as a Soil Amendment

The adoption of new technology or agricultural systems is driven by food stability,
diminishing soil productivity, climate change and viability. Soil remediation aims to
reduce the possibility of contaminants spreading to surrounding water bodies or
recipient species. Organic materials (such as biochar) are a widespread alternative
for this reason since their source is biological and they can be added directly to the
soil without being pre-treated (Atkinson et al., 2010; Beesley et al., 2011). Biochar
modifiers are preferable to other organic materials due to their strong decay toler-
ance, which allows them to remain in the soil for a longer time and offer long-term
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advantages to the soil. Biochar increases soil pH, water preservation, cation
exchange and microbial flora, both of which enhance the soil quality (Mensah &
Frimpong, 2018).

The usage of alkaline cations and elevated phosphorus and total nitrogen concen-
trations have been observed when biochar is added to the soil (Tan et al., 2015).
Biochar’s alkaline pH and mineral content (ash, which contains nitrogen, phospho-
rus, potassium and trace elements) can have important agronomic benefits for a
wide variety of soils, at least in the short to medium term. As biochar is applied at a
higher pH, the soil usually becomes less acidic (Yuan et al., 2015; Yuan et al., 2011).
As applied in soils with a poor pH, acidic biochar can also raise the pH of the soil.
Similar to other properties, the pH of biochar is influenced by the raw material, the
processing temperature and time. Another advantageous feature of biochar is that it
reduces greenhouse gas levels in the soil.

Spokas et al. (2009) found that adding different BC in concentrations fluctuating
from 2% to 60% (w/w) decreased CO, and N,O emission to a degree of more than
20% (w/w) and that all levels of environmental methane became oxidised on unen-
hanced land. Biochar is protective against both airborne pathogens and soil-borne
pathogens (Bonanomi et al., 2015). Despite the lack of publicly available data about
the effect of BC on soil-borne pathogens, Elmer et al. (2010) showed that such
pathogens are controlled.

Biochar application to soil has also been seen to increase the soil’s disease-
fighting ability, as the presence of calcium compounds and the enhancement of the
soil’s physical, chemical and biological properties is believed to be the cause for
disease inhibition. Biochar use in the soil may also have an effect on a variety of
soil-limiting factors, including the high use of aluminium (Van Zwieten et al.,
2010), soil composition and nutrient consumption, bioavailability of organic com-
pounds and inorganic contaminants, cation exchange capacity (CEC) and nutrient
retention (Haider et al., 2020; Luo et al., 2020). Biochar may also uptake toxins,
nutrients and minerals in the soil, blocking these contaminants from migrating to
the surface or groundwater and preventing these waters from rotting due to farming
practices. BC use in the soil has been found to have a beneficial, neutral or even
detrimental effect on crop yield. Therefore, it is very critical to consider the mecha-
nism of action in the soil before its application (Peiris et al., 2019), e.g. an experi-
ment carried out in the USA found that the application rates of peanut shell and pine
BC at 11 and 22 tonnes per hectare, respectively, lowered the maize yield than the
yield on the areas cultivated with regular fertilisers (Fidel et al., 2017; Gaskin
et al., 2010).

8.3.2 Biochar’s Impact on Soil Microbiota and Plant Growth

Numerous experiments have shown that BC can activate soil microorganisms,
resulting in enhanced carbon build-up in the soil. Biochar may serve as a home for
bacteria, actinomycetes and fungi in addition to absorbing organic compounds,



8 Biochar: A Game Changer for Sustainable Agriculture 151

nutrients and gases (Jeffery et al., 2011; Joseph & Lehmann, 2009). Biochar appli-
cation also improves the water retention ability of soil (Busscher et al., 2010), thus
altering the soil’s microbial population. Apart from the fact that the interaction
between BC and soil microorganisms is complex, biochar provides an ideal habitat
for a diverse range of soil microorganisms. Numerous experiments have shown that
combining BC with phosphate-dissolving fungi will significantly increase the
growth and yield of beans and soybeans (Saxena et al., 2017).

It promotes mycorrhizal development in clover bioassay plants by favouring
plant root colonisation (Solaiman et al., 2010). Carrots and legumes grown on steep
slopes or in soils with a pH less than 5.2 grew significantly healthier when treated
with biochar. Biochar has also improved the biological nitrogen fixation of kidney
beans, owing to the increased usage of micronutrients after biochar application
(Renner, 2007; Rondon et al., 2007; Rondon et al., 2004). Biochar prevents leaching
by promoting NH," in the topsoil that plants can absorb (Lehmann & Joseph, 2015).

It is obvious that when biochar and mycorrhizal fungi are used in accordance
with management standards, synergistic effects can improve soil quality. Predators
such as collembola, mites, larger protozoa and nematodes (diameter > 16 m) can
assist fungal hyphae and bacteria settling on biochar particles (or other porous sub-
stances) (Ezawa et al., 2002). Biochar has the ability to increase the value of unhar-
vested agricultural products and to promote plant growth (Major et al., 2005; Gao,
Viry, Maugey, Poulin, & Mano, 2010).

The direct benefit of adding biochar for nutrient supply is attributed to higher
potassium, phosphorus, zinc consumption and lower calcium and copper content.
Few experiments have investigated the possibility of transformed soil biochar influ-
encing pathogen tolerance in plants. Yao et al. (2017) demonstrated that the correc-
tion of charcoal has an inhibitory impact on pathogens when it comes to soil
pathogens. This primarily concerns the effects of AM fungal inoculation on the
susceptibility of asparagus to Fusarium (a soil-borne root rot pathogen). Another
research that backed up these findings found that applying ground hardwood bio-
char to the soil of asparagus fields decreased the amount of Fusarium oxysporum,
Fusarium asparagus and spores relative to uncorrected controls that cause root
injury (Elmer et al., 2010). Biochar eliminates the need for fertilisers and, as a
result, fertiliser-related pollution. By converting agricultural waste to biochar, the
amount of CH, (methane) generated during natural decomposition can also be
decreased.

8.3.3 The Effect of Biochar on Soil Enzymes

To reliably quantify soil fertility, fluctuations in biological properties must be taken
into account (Sherene, 2017). Enzyme activity has an effect on the bioavailability of
nutrients in the rhizosphere, which has an effect on the health and growth of plants
(Abubakar & Attanda, 2013; Ajema, 2018). Soil enzymes have a strong correlation
with the changes in the soil environment, and they respond quickly, thus making
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them a valuable tool for determining soil content. These enzymes are extracted from
microorganisms (MO) found in soil, animal and plant roots and are typically stabi-
lised in the soil matrix through complex formation with organic matter (OM),
humus colloids or clay particles (Sherene, 2017). Soil enzymes catalyse a variety of
biochemical processes, including OM breakdown, mineralisation and nutrient con-
version (Burns et al., 2013). Biochar can alter the physical and chemical properties
of the soil’s structure and the microbial environment, affecting soil fertility. The
growing interest in BC as a practical tool for handling soil biota is shown by the
ongoing expansion of the spectrum of soil improvements dependent on it (Ding
et al., 2016).

8.3.4 The Effects of Biochar on Microorganism Extracted
Soil Enzymes

There have been records of MO populations changing as a result of the implementa-
tion of BC (Anderson et al., 2011; Atkinson et al., 2010). Biochar has the ability to
alter the action of a variety of enzymes (Beheshti et al., 2017). Due to the added
complexity of extracellular enzyme operations, biochar application changes the
physical and chemical properties of the soil, resulting in major enhancements in the
composition and function of MO. Biochar contains micropores, mesopores and
macropores of varying sizes that function as microorganism habitats. Saprophytic
fungi may colonise these pores and cause biochar to degrade. This allows the plants
to grow by making nutrients accessible to them (Thies & Rillig, 2009).

The adverse effects of biochar modification on the function of microbial enzymes
have also been documented in the literature, e.g. Thiobacillus acidophilus’ capacity
to oxidise sulphur is one function that has been reduced because of this activity.
Furthermore, the adsorption of organic and inorganic substrates on biochar may
prevent enzymes from working correctly. Influence on MO activity and its status as
a shelter for MO colonisation: MO colonisation has a subsidiary impact on soil
enzyme kinetics, and the carbon and nutrient-rich properties of char aid MO coloni-
sation (Lehmann & Joseph, 2015; Terekhova et al., 2021).

8.4 Conclusions and Future Outlook

Due to loss in productivity of agricultural land because of the population pressures,
sustainable crop production practices have been increasingly important. Biochar is
suggested for enhancing soil productivity by decreasing acidity and rising nutrient
use. As a consequence, adding biochar to the soil can be one of the most efficient
methods for mitigating biological stress and enhancing crop production. The benefi-
cial influence of biochar on soil, plants and water contributes to improved
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photosynthesis and increased nitrogen and water usage quality. Biochar has been
shown to improve soil properties, microbial abundance, biological nitrogen fixation
and plant growth. Biochar improves plant productivity by supplying nutrients
directly or altering the physical and chemical properties of the soil.

Biochar becomes an essential source of slow-release nutrients when added to the
soil. In the long run, though, it does not add to soil productivity. Biochar may be
used as a safe carbon supply in the soil, raising the CEC and saving several traces
and macronutrients in the process. Biochar increases the overall function of soil
enzymes originating from MO, plants and livestock, resulting in improved OM
decomposition and nutrient cycle. Biochar has ignited scientific attention world-
wide due to its versatility, cost-effectiveness and physical and chemical properties.
To promote global acceptance of this valuable technology, we also advocate rein-
forcing partnerships between researchers and biochar production facilities.
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Chapter 9
Production of Biochar Using Top-Lit
Updraft and Its Application in Horticulture

Chandan Singh, Priya Pathak, Neelam Chaudhary, and Deepak Vyas

Abstract Biochar is a charcoal, rich in carbon, produced by typically burning
organic residues of plants and animals to more than 250 °C in a low-oxygen envi-
ronment. It could be efficiently produced by the various methods, but the top-lit
updraft (TLUD) method is the most affordable at each farm level in agriculture.
Several controlling factors determine the distinctive quality of biochar; however, the
agricultural application of biochar is precisely beneficial if applied appropriately. It
increases the water retention capability of the soil and cation exchange rates and
holds the nutrient-holding capacity and reclamation of acidic soils. Moreover, bio-
char could also endure an efficient way to sequestrate carbon and a valuable agent
for sustainable agriculture.

Keywords Biochar - Horticulture - Sustainable agriculture - Carbon - Charcoal

9.1 Introduction

Biochar is a carbon-charcoal product obtained by combusting biomasses like wood,
manure, leaves, or animal debris in a closed container with little or no available air,
or biochar is the substance obtained by thermoconversion of organic substrates in
the limited presence of oxygen and at a temperature range of 250 °C-700 °C (Nartey
& Zhao, 2014; Pathak et al., 2020). The production of biochar and its application in
agriculture is thought to be a suitable method of mitigating climate change while
fertilizing soil (Nartey & Zhao, 2014). Conversion of biomass to biochar is reported
to be producing sustainable renewable energy and is found to reduce carbon dioxide
content in the atmosphere (Carpenter & Nair, 2012; Kavitha et al., 2018; Lehmann,
2007). Historically, biochar has been traced in the Amazonian River basin (with
highly dark fertile soil) that indicates the uses of biochar in ancient agricultural
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practices (Leverett, 2008). These dark, fertile soils were called terra preta (USBI,
n.d.). The older people used to set a pile of organic material on fire directly and
cover the pile with clays before burning to delimit oxygen but hold the heat to bake
the piled-up organic materials. Charcoal is also formed naturally due to forest fire
and intentionally by humans in burn pits or handmade structures. When this char-
coal is added to the soil as a soil amendment, it is termed “biochar.” Though biochar
production using the traditional methods is beneficial, it has demerit too, because it
is not an environmentally friendly practice as it releases a huge smoke and dust
particulates in the atmosphere (USBI, n.d.). The modern technology of biochar pro-
duction is based on organic materials and the nature of the application (Nartey &
Zhao, 2014). Usage of biochar in the soil as a fertilizing agent is beneficial for plant
health. It improves the physical and chemical properties of the soil by preventing the
leaching of nutrient from the soil (Jien, 2018; Jyoti Rawat & Sanwal, 2019; Sanchez-
Monedero et al., 2019). Production methods, chemical properties, physical proper-
ties, and combined application of biochar in horticulture crops have been discussed
here, with an emphasis on the production of biochar using the TLUD method at the
farm level.

9.2 Methods of Biochar Production

It has already been mentioned that biochar is typically obtained from various bio-
masses by thermal degradation under different operating conditions. The process
like pyrolysis and carbonization converts biomasses into bioenergy. Biochar is pro-
duced economically by three pyrolysis modes, i.e., fast, intermediate, and slow
(Panwar et al., 2019). It is a fact that biochar yield is higher in slow methods than in
other pyrolysis modes (Kung et al., 2015). The biochar production system can be
classified as shown in diagram below (Fig. 9.1).

Depending upon the need for biochar and the costs of biochar production plant
and efficacy, the specialized production process is carefully selected. The efficient
TLUD method of biochar production is cost-effective, portable, and locally avail-
able for any farmer who ideally wants to produce biochar (Fig. 9.2). Though biochar
production yields 10-22% by employing the TLUD method, it is a simplified and
widely used method. Further, TLUD biochar is inevitably varied in its properties for
a considerable variety of reasons (Masis-Meléndez et al., 2020; Panwar et al., 2019).

9.2.1 Properties and Characteristics of Biochar

Properties and distinguishing characteristics of biochar depend on many factors that
affect the nature of biochar. The physiochemical properties of the biochar signifi-
cantly depend on the types of feedstock used for its production and the method
adopted for pyrolysis. The temperature plays a substantial role in biochar physical
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Fig. 9.1 Classification of the biochar production process (Source: Panwar et al., 2019)
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Fig. 9.2 Showing schematic diagram of TLUD workings and construction method using a barrel

and chemical nature, e.g., biochar produced at low temperature has a small pore size
and low hydrophobicity compared to the biochar produced at high temperature
(Jien, 2018; Masis-Meléndez et al., 2020; Suman & Gautam, 2017). The biochar
production parameters depend on what is desired. Higher the processing tempera-
ture, lesser biochar will be produced but will have higher carbon stability (Retrieved
from. https://biochar.international/the-biochar-opportunity/biochar-production-
and-by-products, n.d.). A detailed account of the physical and chemical properties
has been discussed in the subsections below.



162 C. Singh et al.

9.2.1.1 Physical Characters

Every matter has its own physical and chemical properties, so biochar too possesses
physical and chemical properties. The properties like the surface area, charge, den-
sity, structure of pores, and distributions are the essential physical features of bio-
char (Jien, 2018). Lehmann and Joseph (2009) mentioned that the physical properties
of biochar are influenced by operating parameters, like processing heating rate,
highest treatment temperature, pressure, reaction residence time, and the flow rate
of ancillary inputs, irrespective of the type of feedstock. Morphological analysis of
biochar by SEM microscopy reveals that more pores are present in the biochar pro-
duced under high pyrolization temperature than low pyrolization temperature (Jien,
2018). Research shows that increasing pyrolysis temperature increases the BET
(Brunauer-Emmett-Teller) surface area and enhances pore development (Billa et al.,
2019; Jien, 2018; Major, 2010; Suman & Gautam, 2017). The most common physi-
cal properties of fresh and aged biochar are:

I. Bulk density
II. Particle density
III. Porosity (micro and macro)
IV. Water-holding capacity
V. Grindability
VI. Surface area
VII. Hydraulic conductivity
VIII. Playability

9.2.1.2 Chemical Characters

If a user wants to use biochar as a soil amendment, he must be aware of the high
variability of its chemical properties (Evans et al., 2017). The chemical properties
of individual and mixed-feedstock derived biochar possess significant spatio-
temporal variabilities (Nartey & Zhao, 2014). Some of the chemical characteristics
of biochar are:

I. It contains macro- and micronutrients.
II. Soluble in organic solvents.
III. Shows proton activity.
I'V. Has variability in EC.
V. Contribute in liming.
VI. Has cation and anion exchange capacity.
VII. Has high absorptivity.

Chemical properties of the biochar must be recognized to check whether the biochar
to be used as a root substrate is under a suitable range of applications; otherwise,
biochar may negatively impact plants. A study by Evans et al. (2017) compared the
chemical properties of biochar manufactured from poultry litter produced at 400 °C
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for 2 hours in a muffle furnace which has higher macro- and microelements than the
biochar made from mixed hardwood species. The chemical properties of biochar
also vary with the type of biochar produced from their respective feedstocks (Evans
et al., 2017; Nartey & Zhao, 2014; Panwar et al., 2019). Therefore, it is imperative
to know the chemical properties of biochar before its application in the soil for bet-
ter results.

9.3 Biochar as a Soil Amendment

The soil physicochemical property determines the growth of the plants and their
nutrient availability. A balanced ratio of the macro- and micronutrient is essential
for nutrient mobility, and soil microflora plays a substantial role in this regard.
Therefore, before the amendment of soil, the user must grasp the underlying prin-
ciples of soil requirement and the physicochemical properties of the amendment
agents. The application of the amendment agent also executes a leading and crucial
driver in the effectiveness of the amendment agent. When it comes to applying bio-
char to the soil to improve its fertility, the ideal application of biochar is nearer to
the soil surface of the root zone, where the recycling of the nutrients and uptake is
high and actively used by the plants. Besides this, it is equally important to select
the specific cropping systems. The purpose of biochar application determines the
application method; for purposes like carbon dioxide sequestration and moisture
management, biochar must be applied in layers below the root zone. If it is to be
used solely for carbon sequestration, it must be placed deeper in the soil to obtain
good results (Major, 2010). The oxygen-to-carbon ratio of biochar and feedstocks,
along with the condition of biochar production, determines the stability of biochar
(Panwar et al., 2019). Biochar may have more than 100 years half-life time if the
oxygen-to-carbon molar ratio (O:C) is more significant than 0.6, and when the ratio
lies between 0.2 and 0.6, then half-life is between 100 and 1000 years; if it is less
than 0.2, then the half-life is more significant than 1000 years (Spokas, 2010).

9.3.1 Biochar Impact on Soil Physicochemical Properties

Depending upon the nutrient content of the soil, the physiochemical soil properties
change when biochar is added to it. The increasing population has influenced the
agricultural systems, elevating the disintegration of humus and ultimately destroy-
ing soil physical properties (Aslam et al., 2014). Moreover, the non-judicious use of
inorganic fertilizer has polluted the soil and has altered the physiochemical balance
of the soil (Massah & Azadegan, 2016; Bista et al., 2019). Therefore, it is a matter
of concern to improve the soil physicochemical properties and the fertility of the
arable soil by adding substances like carbon-rich biochar (60-80%). It could
enhance soil properties (Fig. 9.3) and affect soil components (Mensah & Frimpong,
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Effect of Biochar on Soil components
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Fig. 9.3 Different components of soil where biochar could interact with each other to execute soil
functions

2018). Recent experimental research has established that biochar could be an excel-
lent soil conditioner if applied to agricultural soils (Adekiya et al., 2020;
Egamberdieva et al., 2019; Egamberdieva et al., 2017). When it comes to the soil
physical properties, the integration of biochar has been reported to elevate its aggre-
gation ability, water-holding capacity, saturated hydraulic capacity, water retention
and porosity (Kavitha et al., 2018; Bista et al., 2019). Generally, coarse-textured soil
is more benefited by the addition of biochar than fine-textured soil. Sandy soils also
show more response than clay-rich soils (Blanco-Canqui, 2017). The particle size of
biochar and the depth of its application highly affect the overall water-holding
capacity (Kavitha et al., 2018). According to Ibrahim et al. (2017), the particle size
of biochar ranging from 0.5 to 1.0 mm increases the water-holding capacity when
added to sandy soils. It also affects the soil water retention capacity (Blanco-Canqui,
2017). In a study carried out by Kameyama et al. (2016), it was observed that the
greater than 3% concentration of biochar applications could increase the water-
holding capacity of clay soil by 60%, therefore playing a pivotal role in the water-
holding capacity and as a soil moderator. When >5% concentration is added to
sandy loam soils, it decreases the size of the pores and affects the hydraulic conduc-
tivity (Kavitha et al., 2018). Amendment of biochar in the soil is found to improve
soil fertility by facilitating the biochemical cycling of nitrogen and phosphorus (Gul
& Whalen, 2016). Due to the high residence time and stability of biochar, it has a
slow rate of decomposition in the soil and resides in the soil for a longer time. In
addition, to the benefits described above, biochar also affects various other physical
properties of a soil, such as swelling/shrinkage, tensile strength, surface area, and
cracking density (Aslam et al., 2014; Blanco-Canqui, 2017; Kavitha et al., 2018). It
imparts a positive response to the activity of soil enzymes; however, the repercus-
sions of biochar on soil enzyme levels are yet to be assessed (Kavitha et al., 2018).
Having absorptive properties, biochar suck up the heavier metal from the contami-
nated and toxic soils (Kameyama et al., 2016). The surface area of biochar acts as
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an interaction site for many of the organic as well as inorganic ions of soil and pre-
vents leaching of the biologically available nutrient while making them available for
plant growth and development (Mensah & Frimpong, 2018). Moreover, biochar
provides a good niche for microbial flora of soil and nutrients to thrive in the soil
which maintains the soil complex system. The impact of biochar on the soil micro-
organisms has been discussed below.

9.3.2 Impact of Biochar on Soil Microorganisms

Since biochar has several pores, it provides a good niche for the microbes of the
soil. However, till today the mechanism of biochar, soil organic matter, and soil
biota interaction has not been thoroughly analyzed. Much literature explains the
mechanism of interaction of soil microorganisms and biochar (Gorovtsov et al.,
2020). Still, the possible biochar-microorganism interaction mechanism includes
the toxicity and volatile organic compounds that act on the soil microorganisms
and the other mechanism. It influences the soil microorganism indirectly by
affecting the soil properties, managing the nutrient availability and modifying the
enzymatic activities (Ameloot, 2013). These interactions do not work separately
but influence each other to some extent. The hydrophobicity and surface chemis-
try of biochar play a significant role in the attachment of the microorganisms. It
has also been reported that microorganisms attach quicker to hydrophobic non-
polar surfaces than hydrophilic ones (Gorovtsov et al., 2020). The composition of
biochar determines the colonization of microbes over the biochar, and the struc-
ture and composition of biochar are greatly influenced by the feedstocks, resi-
dence time, pyrolysis reactor temperature, etc. Other factors such as soil
physiochemical properties, the abundance and composition of the consortia of the
pre-existing microbes in the soil, and the biochar-soil contact time are the pri-
mary factors that affect the microorganism in the soil when biochar is added
(Agegnehu et al., 2016; Hussain et al., 2018; Nartey & Zhao, 2014). It has been
seen that aged biochar favors the abundance of microorganisms; this is because
biochar provides shelter and carbon sources and maintains the favorable condi-
tions for microbes growth (Fig. 9.4). Egamberdieva et al. (2016) observed that
when biochar was incorporated in the soil to check its effects on the development
of soya beans, the microbiome shifted in root-associated beneficial bacteria and
resulted in improvement of plant growth. Similarly, in a study where biochar was
added consecutively for 4 years in the soil, increased microbial biomass carbon
and nitrogen was observed. Despite the positive effects of biochar on microbes, it
has some negative impact due to the toxic chemical components of biochar
(Gorovtsov et al., 2020; Spokas, 2010).
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Fig. 9.4 Role of biochar for the soil microbes

9.3.3 Application of Biochar in Horticulture

“Horticulture is the science and art of development, sustainable production, market-
ing, and use of high-value, intensively cultivated food and ornamental plants”
(Michigan State University, n.d.). Horticultural crops are varied, including annual
and perennial species, fruits and vegetables, and decorative indoor and landscape
plants. We are aware of the physical and chemical parameter of biochar, production
methods, and how it facilitates soil physicochemical properties and its role on soil
microbiome. Knowing all these facts, biochar could be an effective soil conditioner
in the horticultural sector. Its use in horticulture got huge attention in recent times
due to its positive effects on pH and its ability to enhance the cation exchange
capacity (Blok et al., 2016). Mixtures of biochar and other different substrates such
as peat, compost, and other bioagents have been successfully used to cultivate dif-
ferent horticulture crops (Agegnehu et al., 2016; Blok et al., 2017; Oustriere et al.,
2017; Trupiano et al., 2017). Biochar shows a good response in a potting soil mix-
ture agent as it retains water, supplies nutrients, provides a niche to microbial life,
and suppresses diseases (Blok et al., 2017). When biochar was applied with
Bradyrhizobium inoculums to Lupin (L. angustifolius L.), it improved its growth
under drought stress conditions (Egamberdieva et al., 2017). Soya bean nodulation
increases when biochar is used along with Rhizobium bacteria (Ma et al., 2019).
When biochar is used as a soil conditioner, it shows better growth and production in
broad bean (Egamberdieva et al., 2020), improves maize yield and biomass produc-
tion (Zhu et al., 2014), increases endophytic bacteria that suppress diseases
(Egamberdieva et al., 2020), increases avocado yields (Joseph et al., 2020), increases
tomato yields (Priya et al., 2020), and enhances vegetable production (Jia et al.,
2012). Despite the positive effect of biochar on plant health, it also has undesirable
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effects on plant growth. It may be due to high salt content and high pH value and
contain phytotoxic compounds that affect the soil enzymes and microbes and, in
return, adversely affect plant health. Therefore, the use of biochar as a soil amend-
ment depends on the properties of the biochar and the ratio of the biochar with other
composts or substrates. It has been established that biochar must have low salt con-
tent and pH if it is to be used in horticulture. Other important factors like water-
holding capacity, stability, and nutrient content and the absence of phytotoxic
compound must be considered before applying to the soil. Thus, to use biochar as a
soil amendment, its production process must be optimized to make it favorable for
horticulture crops. Biochar has a low oxygen uptake rate; in consequence of this, a
free carbon source is hardly available for microbes; therefore, if anyone wishes to
stimulate microbial activity in the soil, an additional source of carbon must be added
(Blok et al., 2016). There are many ways through which biochar works on soil, and
among them the most probable ones are listed below:

* Improves soil quality by improvising pH

* Increases soil water-holding capacity

e Stimulates activity of beneficial fungi and microbes

* Improves EC and cation exchange capacity

e Retains nutrients

e Sequestrates carbon from the atmosphere-biosphere pool and transfer it to
the soil

9.4 Sustainable Agriculture and Biochar

There has been a paradigm shift in the agriculture of developed countries from tra-
ditional practices to modern practices, with the rising demands of food for the over-
expanding population. It has transfigured the face of agricultural practices, with
farmers relying more on high-level inorganic fertilizers and pesticides (Edwards,
2019). The higher inputs of inorganic fertilizers and pesticides along with special-
ized breed crops have responded well. They have increased yields dramatically, but
in due course of time, the soil’s inherent fertility has been degraded. The heavy use
of chemical fertilizer has created many changes to soil physical and chemical
properties.

Moreover, the applied pesticides absorbed by the crops enter into the food chain
and get accumulated in the higher consumers to get biologically magnified, result-
ing in interference in the ecological cycle, causing harmful effects on the environ-
ment and arable land and consumer health. Therefore, a sustainable approach could
be a practical step to reduce the vulnerability of land to degradation. The concept of
agroecology could define the sustainability of agriculture, and the elements of agro-
ecology could establish a relationship between the (Fig. 9.5) application of biochar
and agricultural sustainability (FAO, 2018).
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Biochar delivers various practical impacts on the environment, and many studies
have mentioned the role of biochar in sustainable agriculture (Lehmann & Joseph,
2009; Jyoti Rawat & Sanwal, 2019).

9.5 Conclusions

Biochar is obtained from various biomasses through the thermochemical process by
numerous techniques and methods, but all the production techniques or methods are
not farmer-friendly. Due to the outrageous cost of setting up a unit for biochar pro-
duction, the most efficient method conceivably is the TLUD method because this
method is user-friendly and portable and has a meagre production cost. Successful
application of biochar is an ancient practice; however, its application in horticultural
is not a very old practice. Long-term application of biochar would help in the recla-
mation of contaminated soil, reduce soil toxicity and sequestration of carbon, reduce
nutrient leaching, provide a niche for microbes, and assist in the effective manage-
ment of agri-waste. However, proper dosages based on soil type and specific require-
ment should be optimized, as an accurate characterization of biochar, and its
probable fate in the soil needs extensive research.
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Abstract Achieving food sufficiency for the increasing population is a global con-
cern in contemporary times. According to the latest world summit on food security,
it is important to increase food production by more than 70% by 2050 to meet the
demands of the growing population. Besides population increase, extreme weather
events like floods, droughts, untimely rains and pest outbreaks due to climate change
negatively affect agricultural productivity. Moreover, expanding human settlements
have led to the shrinkage of available farmland. Under this scenario, newly emerg-
ing technologies in crop breeding like gene editing provide a tremendous potential
for sustainable agriculture and food security. Different gene-editing techniques,
including zinc finger, TALEN and the widely used CRISPR/Cas system, are worthy
to note. These techniques are used both in plant and animal systems to breed for
desirable agronomic traits, leading to increased crop yields, reduced use of chemi-
cal fertilisers and pesticides and increased resistance of crops to climatic stress, with
decreased post-harvest losses.

Furthermore, understanding genetic diversity with the help of genome sequenc-
ing technology has led to identifying agronomically important traits for breeding
purposes. The key catalysts for the current genomic revolution are developing next-
generation DNA sequencing technology that recently crossed a $1000 human
genome barrier. This technology revolutionises crop production as quickly as it
revolutionised medicine. This enables the sequencing of several crop genomes and
facilitates the association of genomic variation and agronomic characteristics, lay-
ing the groundwork for genomic-assisted breeding. Thus, genomics and precision
breeding could act as a game-changer in achieving food security by improving traits
of agriculturally important organisms.
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10.1 Introduction

The increased food requirements for swiftly expanding human populations have led
to severe global food quantity and quality issues. Moreover, extreme weather events
such as drought and heat stress due to climate change have caused substantial yield
losses and reduced crop output. Besides, demographic growth and urbanisation
rates have significantly increased over the recent years, whereas the ratio of food
production to consumption has drastically declined. By 2050, the global population
is projected to hit 10 billion, but there are no good plans in place to feed this large-
scale population (Kc & Lutz, 2017). About 800 million people are chronically
affected by hunger, and 2 billion are micronutrient deficient (FAO, 2019). Under
this climate change scenario and rapid population expansion, developing improved
varieties of plants through precise breeding and genomics can prove instrumental in
ensuring food security for such massive populations. These innovative technologies
could improve crop output, encourage less pesticide and chemical fertilisers,
improve crop resilience to climatic stress, alleviate post-harvest losses and improve
food quality (Bailey-Serres et al., 2019; Eshed & Lippman, 2019; Zaidi et al., 2019).
Precision breeding enables breeders to target particular parts of the genome much
more rapidly and helps achieve breeding goals much promptly. It involves gene-
editing techniques such as DNA insertion, modification, replacement or deletion at
specific loci in an organism’s genome. Usually, targeted genetic scissors are
employed to induce loci-specific double-stranded breaks, which are later repaired
by cell’s repair systems (Metzker, 2010). The most commonly used gene-editing
techniques include zinc finger, TALEN and the recently developed CRISPR/Cas
system in 2012 (Schindele et al., 2020). Gene editing is a highly dynamic field of
research with constantly emerging improved methods (Hickey et al., 2019). The
scope of these editing techniques is confined to plants and used in humans to diag-
nose and repair genetic disorders. Gene-editing techniques may induce genetic
alterations that include complex or straightforward mutations or alien- and species-
specific genes. However, most of the genetically edited crops produced so far don’t
involve incorporating foreign genes but simple point mutations with the desired
traits (Zaidi et al., 2019). Gene editing has opened a new era of precision plant
breeding in agriculture and is expected to drive the second green revolution. This
technology is regarded as the best innovative breeding technique and offers alter-
nate means to escape the route of stringent norms of “genetically modified organ-
isms” or GMOs. Besides precise breeding techniques, recent advances in genomics
offer new methods and tools to plant breeders that may lead to a great breakthrough
in plant breeding like genetic dissection, breeding for complex traits and “super
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domestication” of crops (Pérez-de-Castro et al., 2012). Next-generation sequenc-
ing, including Roche 454 sequencing, Illumina (Solexa) sequencing, solid-state
sequencing and Ion Torrent (NGS), is widely regarded as the cornerstone of genomic
reproduction, as it enables the full-genome sequencing of crop plants. Among these,
Roche 454 and Illumina are the most frequently used for seed genome sequencing.
The whole-genome sequencing of target plants reveals an unparalleled abundance
of knowledge that enables breeders to identify and exploit crop enhancement vari-
ants (Bevan & Uauy, 2013). In addition, it also facilitates the study of the interrela-
tionship between genotypes and phenotypes (Tester & Langridge, 2010). According
to FAO, genomics is crucial to produce efficient cultivars of plants, the key to the
new green revolution required to feed the expanding global populations while con-
serving natural resources. Additionally, genomic tools allow the identification of
QTL and the mining of already existing advantageous alleles with a limited impact,
which are often ignored and hence do not contribute to the gene pool used for breed-
ing purposes (Morgante & Salamini, 2003). Furthermore, functional genomics
enables the discovery of gene networks implicated in the regulation of beneficial
agronomic trait variation in elite breeding populations. Similarly, combining novel
genomic knowledge with traditional breeding methods is critical for improving
response to selection and thus crop improvement (Tuberosa et al., 2011). This chap-
ter provides a summary of various genomic and precision breeding methods, their
application to crop enhancement and the regulatory environment in which they
operate.

10.2 Genomic and Precise Breeding Techniques

The latest developments in genetics and genomics have significantly increased our
knowledge of the structural and functional features of plant genomes. Nonetheless,
they have presented us with many convincing lines of inquiry. The full-genome
sequences of rice, Arabidopsis, poplar and sorghum have been published, as well as
an enormous amount of plant expressed gene tags (ESTs). Over the next few years,
the most big crops’ whole genomes, or at least their gene space, will likely be
sequenced. However, it is improved varieties, not sequence, that add to the farmer’s
economic return. Functional genomics and system biology studies are promoting
the discovery of gene networks involved in regulating genetic variance for economi-
cally important traits in elite breeding populations.

Additionally, integrating modern genomic expertise with traditional breeding
methods is critical for improving selection response and thus crop improvement.
Superior varieties can be generated as a result of the discovery of novel genetic
variation, the development of improved selection techniques and the identification
of genotypes with improved characteristics as a result of superior combinations of
alleles at multiple loci assembled through marker-assisted selection. While it is
clear that genomics research has the potential to revolutionise the discipline of plant
breeding, the high costs associated with genomics research currently prevent the
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widespread use of genomics-assisted crop improvement, especially for inbreeding
and minor crops.

The inception of next-generation sequencing technologies has changed the field
of genomics (Metzker, 2010). These technologies have facilitated de novo and rese-
quencing of several crop species and revolutionised the field of plant breeding.
These technologies are cost-effective and facilitate rapid sequencing of DNA and
RNA fragments than Sanger sequencing. The following is a short overview of these
sequencing technologies:

10.2.1 454 Pyrosequencing

Pyrosequencing was invented in Sweden and was later bought by Qiagen, which
licensed it to 454 Life Sciences. The first and second” generation sequencing tech-
niques focused on the identification of pyrophosphate, a by-product of nucleotide
incorporation that indicates whether a certain base was incorporated into an elon-
gating chain of DNA (Ronaghi et al., 1996). Typically, 400-700 bp DNA fragments
are ligated to adapters and then amplified by PCR in an individual emulsion “bead”
(emPCR) reaction. The beads contain complementary DNA sequences to the adap-
tors, facilitating direct binding of DNA fragments to the beads (usually one frag-
ment binds to each bead). Following DNA synthesis, chemical detection of the
reactions occurs in a picoliter-sized chamber where the amount of pyrophosphate
released is quantified. By constantly filling the chambers with sequencing reagents
containing one of the four nucleotides, pyrophosphate release is quantified using a
light-generating reaction when the right nucleotide is injected into the DNA chain.
Additionally, the light intensity contains details about homopolymer “runs” of
nucleotides in the chain, while issues arise as longer tracts of the same nucleotide
are used.

10.2.2 Ion Torrent

Ion Torrent technology involves direct conversion of nucleotide sequence into digi-
tal information on a semiconductor chip (Rothberg et al., 2011). In this technology,
insertion of correct nucleotide in an elongating DNA chain during DNA synthesis
reaction causes hydrogen ion release, which triggers a pH change of the solution,
recorded as voltage change by an ion sensor, much like a pH metre. However, no
voltage spike happens when no nucleotide is added. Additionally, when two neigh-
bouring nucleotides introduce the same nucleotide, two hydrogen atoms are
released, doubling the voltage. Thus, it is possible to calculate “runs” of a single
nucleotide.
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10.2.3 Illumina Sequencing

Illumina sequencing is the most advanced technology for next-generation sequenc-
ing focused on bridge amplification. DNA fragments of approximately 500 bp with
suitable ligated adapters on both ends are used as substrates in this technology for
repeated amplification synthesis reactions on a solid support (glass slide) containing
oligonucleotide sequences complementary to a ligated adapter. The oligonucle-
otides are arranged on the slide in such a way that the DNA undergoes continuous
rounds of amplification, resulting in the formation of clonal “clusters” of approxi-
mately 1000 copies of each oligonucleotide fragment. During DNA synthesis reac-
tions, modified nucleotides corresponding to each of the four bases are fluorescently
labelled differently. These labels enable their detection during incorporation into the
growing DNA chain.

10.3 Applications of Genomics

The advent of next-generation sequencing technology has changed the pace of the
current genome sequencing projects, and scientists are rapidly adopting this tech-
nology to gain detailed insights into the desired crop genomes. The inception of this
technology has facilitated the sequencing of new genomes and resequencing of
already sequenced genomes at a higher pace, hence unravelling enormous informa-
tion useful for crop improvement. The 430 Mbp genome of Theobroma cacao has
been sequenced by Roche 454 technology (Scheffler et al., 2009). However, Roche
454 and Sanger sequencing have been used in combination to sequence the apple
genome (Velasco, 2009; Velasco et al., 2009). Likewise, the cotton genome has been
characterised by a combination of Roche 454 and Illumina Solexa sequencing
(Wilkins et al., 2009). Miscanthus genome has been surveyed by Roche 454
sequencing technology (Swaminathan et al., 2009). The combination of Illumina
Solexa, Sanger and Roche 454 sequencing was used to investigate the banana
genome (Hribova et al., 2009). Similarly, sequencing of complex BAC from barley
has been performed by Roche 454 technology (Stein, 2009; Wicker et al., 2006).
Furthermore, Ton Torrent technology has been used to detect induced mutations in
Linum usitatissimum (Galindo-Gonzalez et al., 2015).

10.4 Precision Breeding Techniques

The recent breakthroughs in genome-editing technology using CRISPR/Cas, zinc
finger nucleases and TALENSs have opened a new era of plant breeding. Thus, to
produce generations of the crop with the desired traits, these novel techniques are
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being used by plant breeders and researchers throughout the globe (Ahmar et al.,
2020). A brief overview of these techniques is mentioned below:

10.4.1 Zinc Finger Nucleases

Zinc finger nucleases are synthetic type Il restriction enzymes that are used to digest
any sequence in a double-stranded DNA stretch (Carroll, 2011; Osakabe et al.,
2010; Zhang et al., 2010). ZFN monomer is a synthetic nuclease synthesised by
combining a Cys2-His2 zinc finger domain and a non-specific DNA cleavage
domain from the DNA restriction enzyme Flavobacterium okeanokoites 1 (FokI)
(Curtin et al., 2011). To split DNA, the FokI cleavage domain must dimerise
(Bitinaite et al., 1998; Smith et al., 2000). Thus, after the binding of two ZFN mono-
mers to their respective target sequences, target DNA is cleaved. The two ZFN
monomers encircle a 5- to 6-bp-long spacer chain within the target site DNA, facili-
tating FokI dimer digestion within the spacer sequence. The FokI dimer generates
double-stranded breaks in the spacer sequence, which are flanked by an array of two
zinc finger binding sites (Curtin et al., 2012; Puchta & Fauser, 2013). These breaks
are then repaired by the cell’s endogenous DNA repair machinery via error-prone
homologous recombination or non-homologous end joining. When no homologous
sequences are present, the cell moves to a non-homologous end-joining mechanism.
The separated ends are processed and directly joined, resulting in nucleotide dele-
tion or insertion, leading to frameshift mutations and lack of function in the gene
(Qi et al., 2013b). Despite the complexity of their modular structure, ZFNs have
been commonly used to modify desirable genes in a variety of plants, including
Arabidopsis (Qi et al., 2013a), Nicotiana tobacum (Townsend et al., 2009), maize
(Zea mays), soybean (Glycine max) and canola (Brassica napus) (Curtin et al.,
2011; Gupta et al., 2012; Shukla et al., 2009). ZFNs have been used to cause resis-
tance to bialaphos and herbicides in maize and tobacco, respectively (Shukla et al.,
2009; Townsend et al., 2009), as well as an ABA-insensitive phenotype in
Arabidopsis (Osakabe et al., 2010). ZFNs have been shown to significantly enhance
antiviral tolerance in plants by preventing viral replication proteins from interacting
with DNA-binding sites (Sera, 2005; Takenaka et al., 2007). Additionally, by attack-
ing a particular site in the viral DNA, synthetic zinc finger proteins have been used
to confer various resistances against many begomoviruses, including Tobacco curly
shoot virus (TbCSV) and Tomato yellow leaf curl China virus (TYLCCNV) (Chen
etal., 2014).
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10.4.2 TALENs

TALENSs are formed by the fusion of transcriptional activator-like effector (TALE)
repeats and the FokI restriction enzyme (Boch et al., 2009). These type II effector
TALE proteins are secreted by Xanthomonas spp. into plant cells to modulate host
gene expression. These proteins comprise a transcriptional activation domain,
nuclear localisation signal and a central DNA-binding domain (Boch & Bonas,
2010). The most common methods of delivering TALENS into plants include PEG-
mediated transformation, Agrobacterium-mediated transformation and biolistic
methods. The nuclear localisation signal mediates the entry of TALEs into the
nucleus of a plant cell, and the activation domain stimulates gene expression by acti-
vating the transcriptional machinery (Hsu et al., 2013). The DNA-binding central
domain of each TALE comprises variable repeat units, recognising a single nucleo-
tide. The terminal repeat unit is called a “half-repeat” as it is shorter, comprising of
only 20 amino acids, except two variable amino acids at the 12th and 13th position.
These repeat units are highly conserved (Osakabe et al., 2010; Zhang et al., 2010).
The variable residues, called repeat variable di-residues, determine the repeat
region’s DNA-binding specificity (RVDs). TALENs are exceptionally precise in
their binding to DNA sequences due to their unusual RVD variations. TALENS act
as molecular scissors by binding to specific DNA sequences and causing double-
strand breaks (DSBs) in the DNA at a specific location. These breaks are then
repaired by the endogenous repair systems of the cells through homologous recom-
bination (HR) or non-homologous end joining (NHEJ). This method of chromo-
somal end joining can result in deletions, replacements, insertions or larger
chromosomal rearrangements. TALENs are the most exciting and successful
genome-editing methods due to their ease of design and low cost (Zhang et al.,
2016). Thus, TALENS can be conveniently changed to modify preferred DNA
sequences, making them effective next-generation gene-editing methods.

10.4.2.1 Application of TALENSs in Crop Plants

TALEN is an extremely advanced and flexible method for modifying the genome at
various locations, providing an enormous potential for crop enhancement. TALENs
have been extensively used to increase crop yields in a variety of plants and were
initially used to confer resistance on rice against the blight pathogen Xanthomonas
oryzae (Li et al., 2013). Similarly, TALENs were used to cause INDELS in the pro-
moter region of the HvPAPhya phytase gene in barley (Wendt et al., 2013). TALENs
were used to cause site-directed mutagenesis in soybean fatty acid desaturase genes
(FAD2-1A and FAD2-1B), resulting in the conversion of oleic acid to linoleic acid.
After mutation, mutated plants produced fourfold the amount of fatty acid (oleic
acid) produced by parents (Haun et al., 2014).

Moreover, the three homoalleles (TaMLO-A1, TaMLO-B1 and TaMLO-D1) in
hexaploid bread wheat have been altered using TALEN resistance against powdery
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mildew causing fungus. TALENs have additionally been effectively utilised for tar-
geting various genes in different plant species, including maize, Arabidopsis,
tobacco and Brachypodium, for numerous applications (Christian et al., 2013; Liang
et al., 2014; Shan et al., 2013a, b). The altered gene via TALEN technology in dif-
ferent plant species is mentioned in the table below (Table 10.1).

10.4.3 CRISPR/Cas

In comparison to ZFNs and TALENs, CRISPR/Cas is a cost-effective genome-
editing technique with many gene targets (Cong et al., 2013; Mali et al., 2013).

Table 10.1 List of the reported targeted gene(s) via TALEN technology in different plant species

TALEN
assembly
Plant species | Genes method Delivery methods References
Arabidopsis ADHI1, TT4, MAPKKKI1, | Golden Protoplast Christian
thaliana DSK2Ba, DSK2Bb, Gate transformation et al. (2013)
NATA2a, NATA2b Agrobacterium-
mediated floral dip
transformation
Brachypodium | BAABA1, BACKX2, Golden Protoplast and Shan et al.
BdMC6, BASPL, BAHRT, | Gate Agrobacterium- (2013b)
BdSPP, BAHTA1, mediated
BdCOl11 transformation
Tobacco SurA, SurB Golden Protoplast Zhang et al.
Gate transformation (2013)
Rice OsBADH2, Golden Protoplast and Shan et al.
OsDEP1,0sSDI, Gate Agrobacterium- (2013b)
0sCKX2, Os11N3 mediated
transformation
Barley HvPAPhy Golden Agrobacterium- Wendt et al.
Gate mediated (2013)
transformation
Soybean FAD2-1A, FAD2-1B Golden Agrobacterium- Haun et al.
Gate mediated (2014)
transformation
Wheat TaMLO-A1, TaMLO-B1, | Golden Protoplast Wang et al.
TaMLO-D1 Gate transformation and (2014)
biolistic
transformation
Tomato PROCERA Golden Agrobacterium- Lor et al.
Gate mediated (2014)
transformation
Zea mays ZmPDS, ZmIPKI1A, Golden Protoplast and Liang et al.
ZmlIPK, ZmMRP4 Gate Agrobacterium- (2014)

mediated
transformation
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However, some bacterial cells have identified a variety of CRISPR-based defence
mechanisms (Gilles & Averof, 2014; Haft et al., 2005). The Streptococcus pyogenes
type II CRISPR/SpCas9 method is a highly flexible genome-editing platform with
a wide range of applications (Hsu et al., 2014). The Streptococcus pyogenes
CRISPR/SpCas9 system is composed of three genes that encode CRISPR RNA
(crRNA), trans-activating crRNA (tracrRNA) and Cas9 protein. A simplified ver-
sion of the CRISPR/Cas system comprises cas9 protein complex and single-guide
RNA comprising CRISPR tracerRNA and short, mature crRNA. The guide RNA
recognises and binds to target DNA sequences based on complementarity. After
binding, the Cas9 digests the target DNA sequences at the desired locus (Graham &
Root, 2015). After cleavage, the breaks created by the nuclease are repaired by the
endogenous repair system of the cell either by non-homologous end-joining process
or by homologous recombination (Shukla et al., 2009). The CRISPR/Cas system is
widely used to produce null alleles, or gene knockouts, via insertion or deletion of
nucleotides or by insertion of premature stop codons. Owing to its effectiveness and
low cost, it is a widely used editing tool in plant systems (Li et al., 2013; Nekrasov
etal., 2013; Shan et al. 2013a, b). Moreover, it has also proven as an effective solu-
tion to numerous problems about crop breeding (Gao, 2018). CRISPR/Cas has been
used to boost crop yields, induce biotic resistance and enhance the nutritional value
of key crops (Zhang et al., 2018). CRISPR/Cas9-mediated mutation of the Gnla,
DEP1 and GS3 genes in the Zhonghual I rice cultivar boosts grain size and number.
Similarly, CRISPR/Cas9-mediated deletion of the LAZY| gene in rice may increase
crop yield (Miao et al., 2013). CRISPR/Cas9 technology was used to increase the
amount of oleic acid in Camelina sativa while decreasing the amount of polyun-
saturated fatty acids (Jiang et al., 2017). Additionally, the waxy gene Wx1 was
deleted from maize using CRISPR/Cas9 to mask the expression of the granule-
bound starch synthase (GBSS) gene, resulting in (waxy) maize with increased
digestibility. Researchers at the Swedish Agricultural University have targeted the
same gene to produce waxy potatoes (Andersson et al., 2017). Similarly, non-
browning mushrooms were produced by knocking out the polyphenol oxidase
(PPO) gene, responsible for browning (Waltz, 2016a). Besides improving the yield
and nutritional value of important food crops, this technology has also been used to
produce disease-resistant crops. Zhang et al. (2017) utilised CRISPR/Cas9 technol-
ogy to produce powdery mildew-resistant wheat plants by altering three EDRI
homologs. Similarly, resistance to blast and bacterial blight was induced in rice by
mutagenesis of OsERF922 and OsSWEET13 (Wang et al., 2016; Zhou et al., 2015).
Additionally, tomatoes resistant to powdery mildew and bacterial speck were devel-
oped in plants by editing the SIMLOI (Nekrasov et al., 2017) and SIJAZ2 (Ortigosa
et al., 2018) genes, respectively. Similarly, to avoid economic losses caused by cit-
rus canker in grapes, the CsLOBI1 gene’s coding area was disrupted in Duncan
grapefruits to generate canker-resistant plants (Jia et al., 2017). Additionally,
through using CRISPR/Cas9 technology, multiple antiviral resistances was induced
in cucumber against cucumber vein yellowing virus, yellow mosaic virus and poty-
viruses zucchini and papaya ringspot mosaic virus-W (Chandrasekaran et al., 2016).
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10.5 Regulation of Genome-Edited Crops

There is no clear consensus regarding the regulation, production and consumption
of genome-edited plants. Some countries willingly grow and consume them, while
others reject their production and consumption (Garcia Ruiz et al., 2018). In the
USA, genome editing has been declared equivalent to conventional breeding by US
Department of Agriculture (USDA), which doesn’t require any regulatory frame-
work (Waltz, 2016b). The decision was based on the fact that gene editing doesn’t
involve the insertion of foreign DNA (transgene) and the altered genome doesn’t
possess resistance to pesticides or herbicides. However, Canada declared that any
novel product produced due to gene-editing technology should be subjected to strin-
gent regulatory norms to check its toxicity, allergenicity and effects on other organ-
isms (Smyth, 2017). In Argentina, genome-edited plants are approved under a
regulatory framework based on Cartagena Protocol (Whelan & Lema, 2015). A
similar regulatory protocol was established by Chile and Brazil, while as in European
Union (EU) countries, genetically modified crops are politically opposed (Waltz,
2016a). In New Zealand, the Hazardous Substances and New Organisms Act 1996
(HSNO) was amended in 2016, stating that genome-edited plants are subjected to
the same GMOs (Shimatani et al., 2017). As a result of this, no GMO crop is grown
in the country. India has already established a regulatory framework in 1989 for
research and development, including GMOs, their products and novel gene tech-
niques. Thus all the gene-editing techniques are regulated under this regulatory
framework (Friedrichs et al., 2019). The foregoing discussion suggests that regulat-
ing and deregulating genetically edited plants are determined by the already existing
regulatory framework in the country.

10.6 Technological Risks

There may be risks associated with new crop varieties released into the environment
and consumed by humans and animals. These risks include risks due to the breeding
process and risks due to the development of specific traits. As the well-documented
safety record is not available for gene-editing technologies and the point mutations
produced due to editing are no longer genetically distinguishable from induced or
natural mutations (Grohmann et al., 2019). Therefore, it is not possible to expect
new types of risks. However, gene editing may lead to off-target effects with a fre-
quency much less than GMOs and induced mutagenesis (Holme et al., 2019). The
second type of risk associated with the editing technology may be due to the devel-
opment of new trait; however, such types of risk can’t be assessed for gene-edited
crops as every unique trait developed may have different effects.
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10.7 Conclusions and Future Perspectives

In conclusion, genome-editing techniques, especially CRISPR-Cas9, hold a great
potential for agricultural transformation by conferring biotic and abiotic stress resis-
tance to plants and improving their yield and nutritional value. Besides editing tech-
niques, next-generation sequencing technologies have a vital role in mining the
desired genes from different crop plants for breeding purpose. Together, these fea-
tures are essential to meet the food demands of the increasing global population.
Moreover, C; plants such as rice and barley can be engineered by gene-editing tech-
nology to improve yield losses due to inefficient photorespiration. However, to
channelise this technology effectively for crop improvement, the various societal
concerns and biosafety issues need to be addressed by the scientific society. In addi-
tion, the regulatory framework concerning genome-edited crops need to be revised
and general awareness to be generated about their properties.
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Chapter 11 )
Plant Growth-Promoting Rhizobacteria
(PGPR): Strategies to Improve Heavy
Metal Stress Under Sustainable
Agriculture

Check for
updates

Ananya Roy Chowdhury

Abstract Among several soil pollutants, the heavy metal effluents discharged from
different industries directly or indirectly influence the global environmental balance
and eventually decrease agricultural productivity. As a result of these harmful activ-
ities, soil pollution due to heavy metal toxicity is a potentially crucial environmental
issue globally. The conventional methods of removing the huge metals from the
environment are not eco-friendly, and these processes produce huge toxic residues.
So, in this situation, bioremediation is the most preferred way to minimise the
effects of heavy metals on the environment. Under such circumstances, the impact
of plant growth-promoting rhizobacteria (PGPR) in remediation of metal toxicated
areas has gained importance in sustainable agriculture systems. PGPRs increase
plant growth by solubilising phosphate, synthesising IAA, producing enzymes, fix-
ing the nitrogen, etc. So, the inoculation of suitable and specific heavy metal-tolerant
PGPR strains associated with plants can maximise the phytoremediation. In this
work, the impact of PGPR on remediation of the heavy metal contaminated zone is
adequately described.

Keywords PGPR - Heavy metal - Phytoremediation - Sustainable - Agriculture

11.1 Introduction

The continued expansion of industrial activities and, more particularly, the dense
industrial effluents are the main reasons contributing to soil pollution. Among vari-
ous soil pollutants, heavy metals are highly phytotoxic, and their toxicity has a
significant effect not only on plant growth but also on mass crop yield and health. It
is a well-known fact that to enhance crop production, the deliberate application of
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chemical fertilisers, especially nitrogen and phosphorus, has led to extreme deleteri-
ous effects on soil structure and total plant health. In this situation, rhizosphere
researchers have been throwing up surprises regarding the rhizospheric microorgan-
isms. Plant growth-promoting rhizobacteria (PGPR) are bacteria that live in plant
roots. In recent years, substantial attention has been paid to the potential of PGPR
to substitute agrochemicals (fertilisers and pesticides) for plant growth promotion
through a variety of mechanisms including organic matter decomposition, soil
structure formation, organic pollutant degradation, mineral solubilisation and bio-
control of seed-borne pathogens. Heavy metal stress has become a big issue in
whole terrestrial ecosystems worldwide. Damage to soil texture means disturbing
the pH of soil. Heavy metal accumulation is the chief factors responsible for the
reduction of plant growth and development. The huge industrial discharge, particu-
larly wastewater discharge, contains a heavy load of metal effluents. When these
materials get accumulated in agricultural land through irrigation, they produce
severe problems in human bodies and the entire living systems. Under such circum-
stances, PGPR can be the safest option to decrease the notorious impacts of heavy
metals on these environments.

11.2 An Introduction to PGPR

The rhizosphere is a layer of soil that is tightly regulated by the root system of the
plant. This area is nutrient-dense as a result of the accumulation of a variety of nutri-
tious plant exudates, such as sugars and amino acids. It is home to a diverse array of
bacteria that colonise this region. Rhizobacteria are the microorganisms and bacte-
ria that inhabit this area. Numerous rhizobacteria genera have been classified as
PGPR, but Pseudomonas and Bacillus are the most prevalent.

Due to the ever-increasing hunger of the excessively increasing human popula-
tion, the use of PGPR for reducing the application of agrochemicals is a critical
issue. PGPR, the beneficial root-inhabiting bacteria, stimulates plant growth and
protects them from various seed-borne pathogens by establishing a symbiotic
relationship.

11.3 Mechanisms of PGPR’s Action

PGPRs promote plant development in a number of ways, both overt and indirect
with phosphate solubilisation, nitrogen fixation, IAA synthesis and siderophore
synthesis as the examples of direct pathways. Indirect pathways, on the other hand,
involve the suppression of fungal, bacterial, fungal and nematode infections by the
synthesis of various enzymes such as cellulases proteases and chitinases. Additional
indirect pathways include quorum sensing, signal interference, mineral nutrient
solubilisation, biofilm inhibition and systemic acquired tolerance (Fig. 11.1).
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Fig. 11.1 Mechanism of PGPR’s actions

The root-colonising bacteria can improve plant growth by N-fixation (Djordjevic
et al., 1987; Strzelczyk et al., 1994), phosphate solubilisation (Kloepper et al.,
1988), phytohormone (auxin, gibberellins, cytokinin) production and decreasing the
ethylene level in plants (Glick et al., 2007; Glick et al., 1999). Promoting water
absorption and nutrient translocation, promoting rhizo anatomical development
(Okon & Kapulnik, 1986), improving the whole enzyme system and cooperating
with other groups of beneficiary soil microbes to perform better are the other mech-
anisms by which they improve the plant growth.

11.3.1 Direct Mechanism

PGPRs enhance the growth of plants through the following direct (Arora et al.,
2012; Bhardwaj et al., 2014).

11.3.1.1 Nitrogen Fixation

PGPRs are widely applied to fix nitrogen, the most significant nutrient for plant
growth and development (Fig. 11.2). Irrespective of the presence of nitrogen in the
highest concentration in air, the plants are incapable of converting it into ammonia,
thus remaining unavailable to plants. PGPRs convert dinitrogen into ammonia,
utilising nitrogenase enzyme (Gaby & Buckley, 2012). They fix nitrogen either by
building symbiotic association or by non-symbiotic pathway. Among different
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nutrients, nitrogen is one of the most essential, specifically in rice production. Every
year 50-70% loss in rice yield occurs due to the failure of fulfilment of nitrogen
demand of rice plants by chemical fertilisers (Ladha et al., 2005). As new varieties
of rice demand a higher amount of nitrogen, it is getting impossible to provide it
only by chemical fertilisers.

Among the root-colonising bacteria population that fix atmospheric nitrogen and
benefit plant growth are plant growth-promoting rhizobacteria (PGPR). Alternatively,
they are known as bio-enhancers or biofertilisers (Kloepper et al., 1980; Shamsuddin
etal., 2014).

It is stated that PGPRs fix nitrogen in cereals, banana and grasses (Ddbereiner,
1997). They also increase the nutrient absorption rate and resistance to droughts
(Arzanesh et al., 2011). Among several naturally occurring host-microbe interac-
tions, the symbiotic relationship between Rhizobium and leguminous plants is well
established. This symbiosis is best understood and is a well-applied
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nitrogen-providing system to leguminous plants. Nowadays, research is going on to
develop Rhizobium-non-legume interactions as well. This approach involves the
integration of nitrogen-fixing gene into the rice-Rhizobium system. The rhizobial
gene manipulation and modulation have lots of benefits. It develops a high level of
root architecture, increases root hairs and enhances the rate of nutrient absorption
(Yanni et al., 1997).

The co-inoculation of Rhizobium with two PGPR strains, Pseudomonas fluores-
cens P-93 and Azospirillum lipoferum S-21, effectively controlled the total nitrogen
uptake, nutrient uptake and translocation of nutrients in Phaseolus vulgaris L. The
PGPRs first make entry into the plants following the nodule formation where nitro-
gen fixation starts. The rhizo-microbial population showing symbiotic association
includes several symbionts, like Bradyrhizobium, Rhizobium, Mesorhizobium and
Sinorhizobium with legume-forming plants (Zahran, 2001).

Non-symbiotic nitrogen fixation is carried out by free-living diazotrophs, which
concurrently promote the growth and yield of non-leguminous plants. Azotobacter,
Azoarcus, Acetobacter, Burkholderia, Cyanobacteria and Pseudomonas are all
examples of non-symbiotic nitrogen fixers, 2012; Vessey, 2003).

11.3.1.2 Phosphate Solubilisation

Phosphorus is another vital mineral element for a plant’s nutrition. It plays a pivotal
role in photosynthesis, signal transduction, respiration and energy transfer. In soil,
phosphate is present in inorganic and organic form with inadequate amounts, but
plants can’t absorb phosphate because 98% of phosphate is present in insoluble and
precipitated form (Pandey & Maheshwari, 2007). Plants can utilise phosphate only
in two forms, the monobasic form (H,PO,) and the dibasic (HPO,*") form
(Bhattacharyya & Jha, 2012).

It remains in the soil either in mineral salt form or in organic form. Hence, irre-
spective of the abundance of phosphorus in the soil, the plants can’t absorb it
because of its insolubility which becomes a major limiting factor for the proper
development of plants. That’s why it gradually becomes necessary to apply phos-
phorus in soluble form through fertilisers in the agricultural field.

Recent research indicates that inoculating crops with phosphate-solubilising
microbes (PSM) will result in a 50% reduction in phosphate fertiliser application
without affecting crop output (Yazdani et al., 2009). PSB (phosphate-solubilising
bacteria) can also be beneficial in the phytoremediation of soils contaminated with
heavy metals or in the bioleaching of rare earth elements from mined ores.

PGPRs solubilise inorganic phosphates by releasing phosphatase enzyme during
substrate degradation (Sharma et al., 2013). Phosphate-solubilising PGPRs belong
to the genera Arthrobacter, Beijerinckia, Microbacterium, Erwinia, Rhodococcus,
Burkholderia, Flavobacterium, Enterobacter and Serratia (Bhattacharyya & Jha,
2012). It is also reported that the phosphate solubilisation rate gradually increases
by the application of other beneficial soil microbes along with PGPRs (Zaidi
et al., 2009).
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11.3.1.3 Siderophore Production

Iron is a critical micronutrient for all living species and is found in abundance in
soil. Irrespective of its high presence in soil, plants can’t utilise it because of its low
solubility rate. Iron is the fourth in position according to its abundance on earth. It
is readily assimilated neither by the plants nor by any bacteria because of its pres-
ence in the aerobic soils in ferric ion (Fe**) form that is not readily soluble in water
(Ma, 2005). But some microorganisms have developed some unique mechanisms
for iron assimilation, including the formation of low-molecular-weight iron-
chelating products called siderophores (Arora et al., 2012; Schwyn & Neilands,
1987). Through siderophores, it enters within the plant body. The siderophores per-
form an important function like iron’s extracellular solubilisation from minerals.

According to distinct functional groups, siderophores can be divided into three
major categories: carboxylates, hydroxamates and catecholates (Cornelis, 2010),
and bacteria can produce all four types of siderophores. Examples of some active
siderophore-producing bacteria are Salmonella, Enterobacter, Vibrio cholerae,
Escherichia coli, Aeromonas and Yersinia.

Some fungi, for examples, A. versicolor (Holinsworth & Martin, 2009), Ustilago
sphaerogena (Shanmugaiah et al., 2015), Rhizopus (Shenker et al., 1992), etc., are
also reported to produce siderophore. A large number of PGPRs, e.g. Streptomyces
(Dimkpa et al., 2008), Azotobacter (Fekete et al., 1983), Rhizobium (Datta &
Chakrabartty, 2014), Burkholderia (Ong et al., 2016), Aeromonas (Hirst et al.,
1991), Pseudomonas, etc. (Sujatha & Ammani, 2013), also produce siderophores
and improve plant growth.

11.3.1.4 Production of Phytohormone

Phytohormones are usually organic, and their impact on plant occurs in a meagre
amount. They are synthesised in different tissues and are then transported to their
target sites. Hormones are categorised into five groups by plant biologists: auxin,
cytokinins, ethylene, gibberellins and abscisic acid (ABA). Recently, two novel hor-
mones, brassinosteroid and strigolactones, are also reported to be produced by
plants (Zwanenburg et al., 2016). Microorganisms in the rhizosphere generate
growth-stimulating hormones such as indole acetic acid (IAA), cytokinins and gib-
berellins, among others (Arora et al., 2013), which significantly enhance
plant growth.

Indole Acetic Acid (IAA)

The fungi Rhizopus suinus and Absidia ramosa were identified to produce auxin.
About 80% of root-colonising microbial populations isolated from different crops
and vegetables are proven to produce auxin due to secondary metabolism (Vessey,
2003). TAA is the natural auxin, and it has positive effects on the root and shoot
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elongation. The primary precursor of IAA is tryptophan which is found to occur in
root exudates (Miransari & Smith, 2014). Different PGPRs like Pseudomonas,
Agrobacterium, Klebsiella and Enterobacter produce IAA either via the formation
of indole-3-pyruvic acid or via indole-3-acetic-aldehyde (Shilev, 2013).

Several free-living PGPRs like Alckaligenes faecalis, Acetobacter diazotrophi-
cous and Enterobacter cloacae are also related to the low level of IAA production.
TAA increases the rate of cell division, differentiation, lateral and adventitious root
development and pigment production and provides resistance to stress conditions
(Spaepen & Vanderleyden, 2011).

TAA is a secondary metabolite produced through either tryptophan-dependent
pathway or an independent tryptophan pathway in plants and bacteria. In
Azospirillum brasilense IAA is produced through tryptophan-independent pathway.
It is reported that IAA produced in wheat plants by Azospirillum brasilense stimu-
lates a high number and length of lateral roots.

Irrespective of plant growth promotion and root nodulation, IAA also helps in
root proliferation and root branching. The function of IAA, produced by the PGPB
Pseudomonas putida GR12-2, is well established by the experiment done on canola
roots. The TAA-deficient mutant bacterial strain was applied on other canola plant
sets and eventually showed no such root and shoot growth compared to PGPB-
treated set. Inoculation in a seed with Pseudomonas putida GR12-2 showed root
formations that were 35-50% longer than the roots grown from seeds inoculated
with IAA-deficient mutant PGPB strain. In another set where the mung bean plant
was used in experimentation, the same PGPB showed overproduction of TAA in
plants compared to the uninoculated control set. IAA is proven in taking a role in
root and shoot growth and necessary for the formation of nodules.

The production of IAA in plants is a stimulator of the cell wall loosening. It is
secreted in higher amounts as a root exudate, which provides excess nutrients to
root-colonising bacteria.

Gibberellins and Cytokinins

Among different rhizobacteria, Azotobacter sp., Bacillus subtilis, Pseudomonas
fluorescens, Paenibacillus polymyxa and Rhodospirillum rubrum are known to pro-
duce either gibberellins or cytokinins or both, which play an essential role in plant
growth promotion (Kang et al., 2010). PGPRs produce a lower level of cytokinins
as compared to different phytopathogens. According to Barea et al. (2005), 90% of
root-colonising bacteria isolated from other crops exhibit the ability of cytokinin
like compound production, e.g. a free-living soil bacterium, Pseudomonas poly-
myxa, was reported to produce cytokinins (Timmusk et al., 2014).

Gibberellins are involved in seed germination, floral induction, stem and floral
growth and crop and fruit development. Simultaneously, GA processing by PGPRs
encourages the growth and yield of a wide variety of grain plants and vegetables.

It is also reported that Azospirillum brasilense and Arthrobacter giacomelli pro-
duce a dense concentration of cytokinins grown in mixed culture condition (Lippi
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et al., 1991). In 1972, Philips and Torrey experimentally proved the presence of
zeatin like compounds around the Rhizobium nodules.

11.3.2 Indirect Mechanisms

The application of PGPR is a promising approach for sustainable agriculture, as it
upsurges plant growth and soil fertility in an indirect way. Based on their indirect
mechanism, researchers are trying to reduce the application of different agrochemi-
cals. PGPR can improve soil fertility via antibiosis, lytic enzyme production, the
implication of induced systemic resistance, etc. (Lugtenberg & Kamilova, 2009).

11.3.2.1 Antibiotic Production

According to researchers, PGPRs develop some antibiotics that are highly effective
against a variety of soil-borne phytopathogens (Shilev, 2013). Numerous antibiotics
are developed by various Pseudomonas bacteria, including phenazine, oomycin A,
pyrrolnitrin, tensin and cyclic lipopeptides (Loper & Gross, 2007). Streptomyces
and Bacillus contain antibiotics such as kanamycin, oligomycin A and zwittermicin
A (Compant et al., 2005).

Pseudomonas sp. produces 2,4-DAPG in soil, which can be used to monitor
Gaeumannomyces graminis var. tritici in wheat (de Souza et al., 2003). Bacillus
amyloliquefaciens produces lipopeptides and polyketides that are effective against
soil-borne pathogens (Ongena & Jacques, 2008). Certain PGPRs can also synthe-
sise a volatile compound called HCN, which is used as a biocontrol agent against
Thielaviopsis basicola (Sacherer et al., 1994).

11.3.2.2 Lytic Enzyme Production

PGPRs can produce different types of lytic enzymes like chitinases, lipases, prote-
ases, dehydrogenase, phosphatase, etc. (Hayat et al., 2010; Joshi et al., 2012). They
show hyperparasitic function in attacking phytopathogens by their cell wall hydro-
lysis. PGPRs can also tolerate different living and non-living stresses by suppress-
ing several pathogenic fungi, including Fusarium oxysporum, Pythium ultimum,
Rhizoctonia solani, etc. (Nadeem et al., 2013; Upadyay et al., 2012). Azotobacter
chroococcum has been reported to give good performance on Sesamum indicum at
field trial (Maheshwari et al., 2012). Similarly, Trichoderma sp. inoculation in pea-
nut acts as a biocontrol against Aspergillus niger which causes collar rot disease in
the plant (Rabeendran et al., 2000).
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11.3.2.3 Development of Induced Systemic Resistance (ISR)

When the environmental stimuli activate, the innate defence mechanism of the plant
gets power against different challenges, called ISR (Avis et al., 2008). As PGPRs
provide systemic resistance against several pathogens, like bacteria, fungi, insects
and nematodes, they can be applied to host plants (Naznin et al., 2013). ISR stimu-
lates jasmonates and ethylene, which help plants against several types of pathogens
(Glick, 2012).

Induced resistance is a physiological condition that occurs when plant growth-
promoting rhizobacteria induce an increase in defensive capacity (PGPR). The
enzymes which have so far been reported to be involved with ISR include chitinase,
peroxidase, superoxide dismutase, phenylalanine lyase, catalase, polyphenol oxi-
dase and ascorbate peroxidase (Annapurna et al., 2013).

11.4 Impact of PGPR on Plants

PGPR is a distinct group of root-colonising bacteria that facilitate rooting and pro-
mote overall plant growth (Glick et al., 1995). According to Piao et al. (1992), plant
growth-improving bacteria are collectively called YIB (Yield Increasing Bacteria).
Some workers referred to them as plant beneficial bacteria (PBB). Gaind and Gaur
(1991) referred to them as ‘direct PGPR’, and Grayston and Germida (1991) sup-
ported the term ‘direct PGPR’, whereas described them as non-biocontrol PGPRs.

The PGPR can enhance plant growth by nitrogen fixation (Roy Chowdhury
et al., 2017), phosphate solubilisation (; Yazdani et al., 2009), phytohormone pro-
duction (Vejan et al., 2016), potassium solubilisation (Han & Lee, 2005; Parmar &
Sindhu, 2013) and siderophore production (Beneduzi et al., 2012; Pahari &
Mishra, 2017).

11.4.1 As Biofertilisers

The host plant-PGPR relationship is critical for optimising plant growth and pro-
duction on a broad scale. As the PGPRs are efficient for producing different phyto-
hormones, specifically IAA, the phytohormonal network is still understudied.
Among several PGPRs, C138 is proven to supply iron in iron-starved tomato plants.
Similarly, Bacillus amyloliquefaciens is reported as growth and yield improver in
soybean in India.

Burkholderia kururiensis (Estrada-de los Santos et al., 2001) and Burkholderia
vietnamensis (Gillis et al., 1995) are examples of nitrogen fixers. Besides nitrogen
fixation, phosphate solubilisation and siderophore productions are also fulfilled by
the PGPRs. For these reasons, PGPRs are used as biofertilisers.
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11.4.2 As Biocontrol Agent

Few root-colonising bacteria, especially Pseudomonads, inhibit the growth of some
soil-inhabited pathogens. These bacteria not only impart resistance but also help in
the improvement of plant growth and yield. In such circumstances, the term ‘bio-
control plant growth-promoting rhizobacteria’ was proposed by soil microbiolo-
gists (Tilak et al., 1999).

In paddy, P. fluorescens strains exhibited inhibitory action on hyphal growth of
Rhizoctonia solani (Radjacommare et al., 2004). Stenotrophomonas marcescens
strain, another biocontrol PGPR, inhibits different soil-borne pathogens, including
Fusarium oxysporum. Different strains of Bacillus spp. constitute the ability to
indulge ISR in a wide variety of crops. The biocontrol power of Bacillus spp. is one
of the critical agents that can combat rhizo- and soil-borne pathogens in the case of
chickpea (Landa et al., 1997).

They offer biological control to plants either by antibiotic production or by sid-
erophore/phytohormone production. Genetic modification has opened a new way
for developing PGPRs as biocontrol agents.

11.4.3 As Environmental Stress Controller

Due to climate change, rainfall patterns become more erratic, resulting in a tremen-
dous reduction in crop production. As a result, the plants either become exposed to
severe drought condition or floods. In addition to these, the continuous rising of the
pollutant level in the environment, specifically the toxic gases in the atmosphere and
heavy metals in the soil, leads to a drastic reduction of crop yield. The chemical
effluents from several industries are also getting mixed in the river water, which
subsequently passes to the agricultural fields. All these situations are giving birth to
different environmental stresses.

Under stress conditions, plants produce a high concentration of ethylene, utilis-
ing ACC as a precursor. The ethylene retards the root and shoot elongation and sup-
presses leaf expansion. So, it is clear that if the PGPRs can produce ACC deaminase,
they can tolerate the stress to a certain level (Akhgar et al., 2014). The ACC deami-
nase synthesising PGPRs reduces several environmental stresses by producing dif-
ferent exopolysaccharides, which immediately binds with cations (Na**) and
eventually form a sheath on the plant roots. Few rhizobacteria also develop heavy
metal tolerance mechanisms (Maxton et al., 2018) in plants.

ACC deaminase producers can relieve different stresses, such as heavy metals,
drought, polyaromatic hydrocarbons and salts (Glick et al., 2007). Jacobson et al.
(1994) showed that Pseudomonas putida contains ACC deaminase that helps reduce
the adverse stress level in plants. Under water stress conditions, Pseudomonas sp.
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can improve CAT enzyme activity in basil plants. In GPX and APX function and
total chlorophyll content, combinations of three PGPRs (Pseudomonas sp., Bacillus
lentus, Azospirillum brasilense) showed tremendously good result under water
stress condition (Heidari & Golpayegani, 2012).

11.5 Reports on the Effect of PGPRs in the Role
of Biofertilisers

Biofertiliser is becoming a fundamental pillar of eco-friendly organic farming and a
significant component of sustainable agriculture globally. They contain products
that can be inoculated to seeds, soil or epidermal plant portion. They subsequently
colonise the rhizospheric area and ultimately enhance plant growth by providing
nutrients to the host plant. As bio-formulation, biofertilisers contain many microor-
ganisms responsible for enriching the plants’ nutrient uptake status.

Azotobacter is a cytokinin synthesiser, which showed increased yield in cucum-
ber (Alori et al., 2017). It fixes nitrogen in wheat, barley, rice, maize, lime, coconut,
tobacco, etc. (Wani et al., 2013). Azorhizobium is highly efficient for nitrogen fixa-
tion in wheat, and it is applied as biofertiliser in wheat cultivation (Sabry et al.,
1997). Bacillus bacterisation develops more lateral roots in cucumber (Sokolova
et al., 2011) and synthesises gibberellins in pepper (Joo et al., 2005). It can also
solubilise potassium in these crops (Han & Lee, 2005). Some other PGPRs are
reported to act as biofertilisers on different crops and vegetables enlisted in
Table 11.1.

From the above-mentioned examples, it is clear that PGPRs have outstandingly
worked on different plant species as biofertilisers. They provide the safest and the
most eco-friendly approach to sustainable agriculture. The importance of PGPRs in
yield development and their capacity to elicit ISR against several abiotic stresses
has been reported (Avis et al., 2008). The symbiotic association between PGPR and
host plants is the most promising way for developing a new approach for sustainable
agriculture.

11.6 Heavy Metal Stress in the Environment

Heavy metals are a significant cause of soil pollution. Numerous metals contribute
to soil pollution, including Ni, Cd, Zn, Cr, Cu and Pb. Heavy metals exert toxic
impacts on the soil microflora; hence their population size, diversity and total activi-
ties get drastically affected. Different physiological activities of plants like photo-
synthesis, water absorption and cell division get affected tremendously. The toxic
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Table 11.1 Report of different PGPRs on plant growth enhancement

A. Row Chowdhury

SI. Name of the
no. | Name of the PGPR | host pant Findings References
1. | Burkholderia Paddy Siderophore production and | Govindarajan et al.
high nitrogen fixation (2008)
2. | Rhizobium Legume plants | Helped in developing El-Akhal et al.
resistance against several (2013)
stresses
3. | Streptomyces Indian lilac Production of IAA Verma et al. (2011)
4. | Pseudomonas Pigeon pea Chitinase and Kumar et al. (2010)
p-glucanase production
6. | Herbaspirillum Rice Nitrogen fixation Elbeltagy et al.
(2001)
7. | P. putida Maize High percentage of seed Gholami et al.
germination (2009)
8. | Rhizobium Wheat Improves the yield and Afzal and Bano
leguminosarum phosphorus uptake (2008)
9. | Sphingomonas Tomato Gibberellin production Khan et al. (2014)
10. | Beijerinckia Sugarcane Nitrogen fixation
11. | Phyllobacterium Strawberry Phosphate solubilisation Flores-Félix et al.
(2015)
12. | Mycobacterium Maize Induction of resistance Egamberdiyeva
against environmental (2007)
stresses
13. | Bacillus megaterium | Tea Phosphate solubilisation Chakraborty et al.
(2006)
14. | Bacillus pumilus Tobacco Compete against blue mould | Zhang et al. (2003)
15. | Bacillus subtilis Maize Gives resistance against Cavaglieri et al.
CEl Fusarium verticillioides (2005)
16. | Pseudomonas Soybeans Phosphate solubilisation
chlororaphis
17. | Bradyrhizobium Cowpeas Nitrogen fixation Rivas et al. (2009)
Jjaponicum
18. | B. cereus Wheat Gives resistance against R. Ryder et al. (1999)
solani AG 8
19. | Bacillus circulans | Mung bean Phosphate solubilisation Singh and Kapoor
(1999)

symptoms include the appearance of dark green leaves, permanent wilting of plants,
stunted growth, brown short leaves and roots. The plants’ uptake metals from soil
and these metals eventually enter the food chain and result in high health risk for
living animals, including humans. The agricultural runoff containing heavy metal
discharge enters the aquatic environment and leads to toxic effects on aquatic ani-
mals and plants.
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Heavy metals reduce bacterial species richness in the contaminated soils. Among
different heavy metals, cadmium (Cd) is considered the most toxic one to the micro-
bial enzymes, whereas lead (Pb) decreases catalase, urease, alkaline phosphatase
and acid phosphatase. The nature of sensitivity of soil enzymes to different heavy
metals is quite different from each other.

11.6.1 Effects of PGPRs on Plants in Heavy
Metal-Contaminated Soil

Hyperaccumulator plants can accumulate a high level of heavy metals and tolerate
heavy metal stress to an extent. The plants growing in the heavy metal-polluted soils
harbour a wide group of microbes that can tolerate heavy metal concentrations to a
higher limit and provide several nutrients to host plants. Among the rhizospheric
microbes, the plant growth-promoting rhizobacteria (PGPR) attract special atten-
tion because they can enhance the phytoremediation method by releasing chelators,
synthesising different phytohormones, etc. The following table (Table 11.2) sum-
marises the existing reports regarding the effects of PGPR on phytoremediation in
metal-polluted soil.

PGPRs are known to affect the metal mobility and availability to the host plant,
and it may occur through redox changing, acidification, siderophore production,
mobilisation of inorganic phosphate, etc. The sensitivity and sequestration power of
rhizospheric microbes towards heavy metal stress broaden the way of bioremedia-
tion. The PGPRs can also alter the plant metabolism to better withstand the heavy
metal stress in the soil.

11.7 Conclusions

Phytoremediation is a new cost-effective way for sustainable agriculture. The recent
trends of research on remediation of heavy metals in soil by applying PGPRs show
a brilliant prospect for modern agriculture. The application of PGPRs in enhancing
crop growth and development helps in heavy metal mobilisation, which is quite
advantageous to applying chemical fertilisers. The microbial metabolites are less
toxic, biodegradable and eco-friendly. So, to remove the harmful impact of heavy
metals from the agricultural soil, it is the safest option to use the PGPR, which will
open a new gateway to sustainable agriculture.
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Table 11.2 Report of different PGPRs on plant growth enhancement under heavy metal stress

SL. Heavy metal stress and

no. | Name of PGPR treated pant Mechanism References

1. | Bacillus Zn, Pb, Cu (Indian P, K solubilisation Wau et al.
mucilaginosus mustard (B. juncea)) (2006)
HKK-1
Bacillus megaterium
HKP-1

2. | Brevibacillus brevis | Cd, Ni, Pb (white clover IAA production

(Trifolium repens))

3. | Bacillus subtilis, Cd (Chinese violet cress | IAA production Liang et al.
Bacillus cereus, B. (Orychophragmus (2014)
megaterium violaceus))

4. | Pseudomonas sp. Cd (black nightshade Siderophores, organic | Chen et al.
Lk9 (Solanum nigrum L.)) acids (2014)

5. | Burkholderia sp. J62 | Pb and Cd (maize (Zea TAA, siderophores, Jiang et al.

mays) and tomato ACC deaminase, P (2008)
(Lycopersicon esculentum) | solubilisation

6. | Achromobacter Cu (B. juncea) Phytoextraction of Ni, | Ma et al.
xylosoxidans AX10 Cr (2009)

7. | Pseudomonas Cu (B. napus) Root length promotion | He et al.
chlororaphis SZY6 (phytoextraction of (2010)

copper)

8. | Microbacterium Ni (Alyssum murale) Phytoextraction (Ni) | Aboushanab
oxydans AY509223 et al. (2000)

9. | Kluyvera ascorbate | Ni, Pb, Zn (Indian Overall plant growth | Burd et al.
SUD 165 mustard) promotion (2000)
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Abstract Sewage generation in India accounts for 61,754 million liters per day
(MLD) in urban areas, where 22,963 MLD is treated and 38791MLD remains
untreated. Due to the ever-increasing population explosion and urbanization, sew-
age effluent generation has been increasing. Sewage effluent is a kind of wastewater
comprising of 99.9% water content along with TDS (total dissolved solids), TSS
(total suspended solids), heavy metals, nitrogen, phosphorus, and also waterborne
pathogens. Because of its enriched nutrient, supply can be utilized for irrigation,
thereby reducing the water demands for sustainable agriculture. Though many con-
ventional technologies are available for treating sewage, CWT (constructed wetland
technology) with low maintenance and simple construction looks very promising.
In this technique, macrophytes and the filtration medium play a dynamic role in
eradicating the pollutants in sewage. Macrophytes utilized in CWT enhance the pol-
lutant removal mechanism by creating oxygenated environments around the rhizo-
sphere of plants. This chapter explains the role of macrophytes, their remediation
potential, types, and mechanisms involved in constructed wetland technology to
treat the sewage effluent for its effective utilization for sustainable agriculture.
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12.1 Introduction

The population rise and industrialization are causing a significant pressure on land
and water supplies by increasing wastewater that is mainly left untreated. It either
infiltrates into the ground, polluting aquifers, or is disposed of into watercourses.
Disposing of this wastewater is dependent on the region and availability of natural
water in a particular area. Raw sewage water from cities is a combination of
domestic, commercial, and industrial activities. It is rich in organic matter and
essential nutrients, with the scopes of utilizing it for farming after adequate
treatment.

12.2 Composition of Sewage Water

Sewage, also referred to as wastewater, contains water and solid waste suspension
disposed of from households, buildings, and industries and conveyed in large pipes
called sewers (Nowak & Imperowicz, 2016; Palamuleni, 2002). Depending on the
source of water, storage, and treatment, the wastewater composition is very com-
plex. While a vast proportion of these contain essential plant nutrients, they also
have significant quantities of heavy metals and other types of pollutants. The sew-
age water generated in India holds more than 90% of water. The solid portion con-
tains 30-40% inert materials, 40-50% organics, 5-8% miscellaneous substances,
and 10-15% bio-resistant organic substances.

12.3 Characteristics of Sewage Effluent

The chemical content of wastewater differs from one location to another, depending
on the factories that emit their effluents. Any municipal sewer system produces
elevated levels of radioactive metallurgy as factory effluents are dumped into sew-
age systems. Many researchers have found differences in electrical conductivity,
pH, organic carbon, suspended solids, carbonates, bicarbonates, calcium, magne-
sium, and other toxic elements in the wastewater from Indian cities. The pH of the
sewage in various cities varies between 7.2 and 8.3, but the soil pH does not alter
substantially due to its high buffering potential for these waters. The electrical
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conductivity of wastewater collected from different municipalities varies from 1.1
to 3.8 dS m~!. Their constant usage in the agricultural fields causes increased soil
salinity and ultimately restricted growth of plants. The wastewater organic C con-
tent in various towns of Bhatinda ranges between 59 and 480 mg L~!. The waste
streams contain large N, P, and K concentrations, with their levels ranging from 8§ to
106, from 4.2 to 53 and from 19 to 2500 mg L.=!, respectively. In several towns, large
concentrations of micro-nutrients and harmful metals are also found to be present in
wastewater (Adhikari et al., 1997; Gupta et al., 1986; Gupta & Mitra, 2002; Narwal
et al., 1993; Singh & Kansal, 1985). The wastewater also contains Cd, Cu, Fe, Mn,
Ni, Pb, and Zn (Arora et al., 1985; Tiwana et al., 1987).

12.4 Types of Aquatic Plants

Aquatic plants are classified into three types, namely, free-floating, submerged, and
emergent.

12.4.1 Free-Floating Hydrophytes

The aquatic plants with floating branches and underwater roots are known as free-
floating hydrophytes. Some of these free-floating hydrophytes, e.g., duckweeds
(Lemna minor, Spirodela intermedia), water lettuce (Pistia stratotes), water hya-
cinth (Eichhornia crassipes), and water ferns (Salvinia minima) are well known for
their ability to remove metals from the contaminated waters. Heavy metals are
actively transported in free-floating aquatic plants from the roots, where they are
transferred to other areas of the plant. Passive transport occurs as the plant body
comes into close contact with the polluted medium. Heavy metals collect mainly in
the plant bodies upper parts during the passive transport.

12.4.2 Underwater (Submerged) Hydrophytes

Leaves are a critical component of metal absorption in submerged hydrophytes. The
passive movement of the cuticles helps in heavy metal absorption. Due to the ele-
vated inner charged mass, the passage of positive metal ions takes place. They
extract heavy metals from sediments and water, e.g., American pondweed
(Potamogeton pectinatus), coontail or hornwort (Ceratophyllum demersum), pond-
weed (Potamogeton crispus), and Parrot feather (Myriophyllum spicatum).
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12.4.3 [Emergent Hydrophytes

They are typically located on surfaces, with a water table of 0.5 m below the ground.
Heavy metal deposition in emergent hydrophytes differs from plant to plant, as they
are capable of bio-centering most metals in the field. Some of these plants often
spread the metal pressure in air sections also. The examples of emergent hydro-
phytes include Polygonum hydropiperoides (smartweed), Phragmites australis
(common reed), Spartina alterniflora (smooth cordgrass), Scirpus sp. (bulrush), and
Typha latifolia (cattail).

12.5 Constructed Wetlands

Constructed wetlands are a planned and built-up system that uses natural compo-
nents and procedures including soils, vegetation, and the allied microbial compo-
nents for the treatment of wastewater. According to wetland hydrology, constructed
wetlands are typically divided into two types, namely, FWS (free water surface)
constructed wetlands and SSF (subsurface flow) constructed wetlands (Saeed &
Sun, 2012). Based on the direction of flow, the SSF wetlands could further be clas-
sified into HF (horizontal flow) constructed wetlands and VF (vertical flow) con-
structed wetlands (Fig. 12.1).

Hybrid constructed wetlands, a blend of numerous wetland systems, were also
introduced for the wastewater treatment. In these wetlands, the arrangement usually
consists of two stages of parallel CWs connected in sequence, such as HF-VF CWs,
VF-HF CWs, FWS-HF CWs, and HF-FWS CWs (Shelef et al., 2013).

12.5.1 Surface Flow Constructed Wetlands

A shallow basin soil or other media to protect plant roots, a flood management sys-
tem that retains a shallow depth of water, and an elevated water level are all charac-
teristics of a surface flow constructed wetland. They are similar to natural wetlands
and can act as a wildlife habitat with aesthetic advantages and water treatment ben-
efits. In surface flow wetlands, the near-surface layer is aerobic, while the deeper
waters and substrates are usually anaerobic. These wetlands are often used to handle
mine drainage, agricultural runoff, and stormwater. Additionally, they are referred
to as free water surface wetlands and, if used for mine runoff, aerobic wetlands.



12 Exploring the Phytoremediation Potential of Macrophytes for Treating Sewage... 213

Constructed
wetlands
A 4 A 4
Free floating Floating Emergent Submerged
plants leaved plants plants plants
Surface flow Sub-surface
(Free water surface) flow

Vertical flow

I Horizontal flow I

Hybrid systems

Fig. 12.1 Classification of constructed wetlands. (Source: Vymazal, 2007)

12.5.2 Subsurface Flow Constructed Wetlands

Subsurface flow system (SSF) wetlands also known as vegetated/reed filters sub-
merged bed system or a root-zone system is a type of treatment system, where
wastewater flows vertically or horizontally through the porous media. The common
features of an SSF-CW are its bed media, vegetation type, the inlet-outlet arrange-
ment, and the waterproof lining that prevents the groundwater contamination.

12.5.2.1 Horizontal Subsurface Flow System

Wastewater fed in the inlet of this system moves through the bed media under the
bed’s surface till it reaches the outlet zone in the horizontal subsurface flow system.
In these types of CWs, a system of high-impact anaerobic and anoxic regions is
provided where the wastewater comes into contact (Brix & Arias, 2005). The
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oxygen is broken into the substrate by high-impact zones surrounding the rhizomes
and the roots of the wetland plants.

12.5.2.2 Vertical Subsurface Flow System

Wastewater is fed intermittently in the vertical subsurface flow systems, and it flows
through the channel funnels vertically; the base has the seepage system, which gath-
ers wastewater (Nguyen et al., 2018).

12.5.2.3 Hybrid System

Hybrid CWs treat domestic, industrial, and landfill leachate wastewater and other
types of wastewater such as runoff, agricultural, and hospital wastewater. Optimum
design for treating greenhouse wastewater in South Korea was reached by the pilot-
scale hybrid CWs (Lee et al., 2009). Six parallel lines with different CW configura-
tions were built in a pilot-scale hybrid CW. The highest removal efficiency was
attained by the HSSF-VSSF-HSSF hybrid CW than other configurations. VSSF has
greater pollutant removal efficiency than HSSF in the HSSF-VSSF-HSSF system
(Fig. 12.2).

12.6 The Role of Aquatic Plants in Constructed Wetlands

In the last few decades, wastewater remediation by developed wetlands has been
practiced magnificently worldwide as an adequate wastewater management alterna-
tive. The constructed wetlands (CWs) were designed to handle different wastewater
types in the managed environment. In constructed wetlands, a wide variety of
wastewaters such as commercial, agriculture, residential, and garbage leachates,
stormwater, and industrial wastewater can be remedied. The developed wetland
offers a relatively easy and affordable way to manage water pollution without dam-
aging natural wetland supplies. Water plants are an integral component of CWs for
wastewater remediation. Aquatic plants perform two critical indirect roles in CWs:
(1) the leaves and stems of aquatic macrophytes increase the surface area available
for microbial community attachment, and (2) aquatic plants transport gases such as
oxygen to the root zone, allowing their roots to survive in anaerobic conditions. The
rhizosphere supports an abundance of microbial species that are responsible for the
required transformation of metallic ions, various chemicals, and nutrients. The use
of aquatic macrophytes in CWs thus helps treat wastewater that has been polluted
by multiple pollutants and serves as a contaminant drain. Heavy metal removal in
CWs depends on nature, ionic form, season, substratum state, and plant type of
metallic elements. Dense aquatic plant population in CWs has dramatically
improved the performance of wastewater treatment of heavy metals.
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FFP

Fig. 12.2 Constructed wetlands for wastewater treatment. (Source: Vymazal, 2007). FFP CW
with free-floating plants, FWS CW with free water surface with emergent plants, HSSF CW with
horizontal subsurface flow, horizontal flow, VSSF CW with vertical subsurface flow, vertical flow

Aquatic plants contribute significantly and vigorously to the biochemistry of
wetlands by the active and passive circulation of basic ingredients. In wetland
aquatic macrophytes, heavy metal concentrations normally decreased in the follow-
ing order: root > leaves > stems. Nonetheless, the abundance of heavy metals does
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not offer a sufficient measure of heavy metal absorption by aquatic plants. Heavy
metal absorption in wetlands is primarily determined by the biomass of the aquatic
plant (Bhattacharya et al., 2006). Recently, Rai (2019) stated that Eichhornia
crassipes (water hyacinth) is one of the most suitable wetland plants for remediating
heavy metals from wastewater. This is one of the best choices to use Eichhornia
crassipes (water hyacinth) worldwide efficiently. Sukumaran (2013) described the
potential of constructed wetland technology and the effectiveness of E. crassipes in
remediating Pb, Cd, Ar, and Cu from industrial discharge. During a 15-day experi-
ment, compared to Pistia stratiotes and Spirodela polyrhiza, the aquatic plant
E. crassipes exhibited superior remediation potential for Ni, Cu, Cd, Fe, and Zn.
Ladislas et al. (2015) indicated Cd, Ni, and Zn accumulation in floating hydrophytes
Juncus effusus and C. riparia grown in wetlands having stormwater. The HM ratio
at the roots was considerably higher than the roots. Dan et al. (2017) studied the
heavy metal buildup by Phragmites australis and Juncus effuses and indicated that
the quality of removal for the intended metals like Cd, Cr, Fe, Ni, Pb, and Zn was
much greater for both aquatic plants in a laboratory-scale constructed wetland
(Leung et al., 2017).

12.7 Rhizofiltration

Under the influence of plant roots, the rhizosphere is a region of elevated microbial
activity and biomass. This rise in microbial growth and activity in the rhizosphere
may explain why some xenobiotic compounds degrade at a faster rate in the rhizo-
sphere. Rhizofiltration requires the use of the plant to remove/absorb these toxins,
thus restricting their movement in underground water. Heavy metal accumulation
on the surface of roots is facilitated by influences such as rhizosphere pH transfer
and root exudates. Rhizofiltration systems should be capable of creating an exten-
sive root system that accumulates high quantities of heavy metals. The rhizofiltra-
tion is ideal for both marine and terrestrial plants with long fibrous root systems.
Productively, rhizofiltration is used to control and treat the factory discharge and
contaminant radioactive metals in agricultural fields. Heavy metals typically taken
within the soil, such as Cd, Cr, Cu, Ni, Pb, and Zn, can be sufficiently remedied
through rhizofiltration.

12.8 Plant-Microbe Interactions

The rhizosphere’s relationship between plants and microbial species is nuanced and
has developed to support both. Plants support vast microbial communities in the
rhizosphere by secreting carbohydrates and amino acids by root cells and sloughing
root epidermal cells. Rhizodeposition by plants can be very extensive. Root cap
cells, which shield the root from abrasion, can degrade at a rate of 10,000 cells per
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plant per day. Additionally, root cells secrete mucigel, a gelatinous material that acts
as a lubricant, allowing roots to penetrate the soil throughout development. Along
with other cell secretions, this mucigel forms root exudates. Root cap cells and exu-
dates are critical sources of nutrients for rhizosphere microorganisms (Anderson
et al., 1993). Although the alteration of the soil in the rhizosphere by plant root
exudates has a significant effect on microbial populations, it is the actual composi-
tion of the plant root that provides microorganisms with a favorable surface area for
colonization. For example, the grass fibrous roots have a greater surface area for
colonization than taproot structures.

12.9 Root Exudates

Along with amassing biologically active molecules, plant roots actively synthesize
and secrete compounds into the rhizosphere. Exudation of ions, free oxygen and
water, hormones, mucilage, and a variety of primary and secondary metabolites
containing carbon occurs at the root. Exudation of roots can be divided into two
active cycles. The first, root excretion, involves the gradient-dependent output of
unknown waste products, while the second, secretion, involves the exudation of
compounds with known functions such as lubrication and protection. Root exudates
are transported to the surrounding rhizosphere via the membrane of the cells. Plant
products are also released from root-bound cells and root-boundary cells which,
when thrive, differentiate from roots. The richness of root exudates resides primar-
ily in low molecular compounds like carbohydrates, organic and amino acids, phe-
nols, and other secondary metabolites. At the same time, high molecular exudates
like proteins and mucilages are less diversified and comprise a more significant
portion of the root exudates (Bais et al., 2006). The extent of photosynthates secreted
as root exudates varies with the physiological state of the plants, nutrient availabil-
ity, age of plants, and type of soil. Although not determining the root functions of
any of the exudates, a variety of root exudates are essential compounds in biological
processes (Walker et al., 2003).

12.9.1 Role of Root Exudates in CWs

The root exudates of CW plants and their impact on the CW’s microenvironment
have been a focus of many studies (Ryan et al., 2001). According to research, the
rhizospheres of various wetland plants contained a diversity of microbial taxa and
densities, which were related to root exudates (Brisson & Chazarenc, 2009). Organic
root exudates in CWs have been shown to influence the richness and structural
diversity of rhizosphere bacteria, as well as the pollutant and nutrient removal rates
indirectly. This may be one of the pathways influencing the loss of nutrients from
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constructed wetlands (Chen et al., 2016). Many researchers have also researched
microbial denitrification as a solution to root exudates.

Root exudates are key drivers of microbial activity and diversity in the rhizo-
spheric zones, especially in the low-molecular-weight carbon (LMWC) substrates.
These substrates promote nitrogen removal in the constructed wetlands. Soluble
sugars and organic acids increase nitrogen removal, while amino acids decrease it
(Wu et al., 2017).

12.10 The Role of Enzymes in CWs

Enzymes may function intracellularly, in the presence of or inside their originating
cells or, extracellularly, in any case (Gianfreda & Rao, 2004). Enzymes are proteins
that can be a valuable way to tackle most microorganism drawbacks (Gianfreda &
Rao, 2004). They are the primary contributors to all biota transformations. They are
the catalysts of both broad and narrow specificities; thus, they are used in mixtures
with a wide variety of various compounds. They can result in comprehensive struc-
tural and toxicological transformations and even complete changes of pollutants
into harmless inorganic end products. They can carry out processes that have not
conceived effective chemical changes. In addition to the conventional technologies
like microbial remediation, enzymes can present advantages since enzymes are
more portable than microbes due to their smaller dimensions and function against a
given substrate (Gianfreda & Bollag, 2002). Hydrolases, dehalogenases, transfer-
ases, and oxidation reductases are the most representative groups of enzymes in
remediating toxic habitats. Many of the enzymes were examined primarily under
laboratory conditions for the transformation of various xenobiotic compounds. Key
groups are oxidoreductases such as mono- or dioxygenase (reductases), dehaloge-
nase (reductases), phenoloxidases (manganese peroxidases and lignin), and cyto-
chrome P450 monoxygenases (laccases). Proteases, amidases, and esterases can
contribute to products with low or no toxicity through the breeding of esteric, amid,
and peptidal associations (Coppella et al., 1990; Mulbry & Eaton, 1991; Sutherland
et al., 2002).

Oxidative enzyme constitutes a vital group of enzymes (Durdn & Esposito, 2000;
Gianfreda et al., 2006; Rodriguez Couto & Toca Herrera, 2006; Torres et al., 2003)
that play a significant role in the climate, including detoxifying contaminated sur-
roundings. They are also engaged in the development and exchanges of humus by
degradation and synthetic processes in soil between plants and soil. Additionally,
they can participate in and from binding residues in reactions between humus con-
stituents and xenobiotic molecules in water systems and humus materials in soils.

Sixteen small-scale surface flow-built wetlands measuring 2.0 m (L), 1.0 m (W),
and 0.7 m (D) in length were aligned in two parallel lines and planted with four
wetland plant species: Cyperus flabelliformis, Hymenocallis littoralis, Phragmites
australis, and Vetiveria zizanioides were used to handle student dormitory’s sewer
wastewater. The sewage was routed into a septic tank and settling tank before being
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drained to the experimental wetlands. Urease and protease processes were found to
be closely correlated with NH, removal in built wetlands, while phosphatase activ-
ity was found to be correlated with TP (total phosphorus) and SRP (soluble reactive
phosphorus) elimination. The results suggested that urease, protease, and phospha-
tase may all play critical roles in the removal of NH, and phosphorus in built wet-
lands. The close association between root activity and enzyme activity showed that
root activity can influence enzyme activity and that plant roots play a critical role in
contaminant removal (Kong et al., 2009).

12.11 CWs for Municipal and Sewage Wastewater Treatment

Municipal wastewater is a significant source of heavy metal contamination, causing
a substantial risk to the aquatic ecosystem. Cu, Zn, Pb, Ni, and Hg are possibly more
harmful metals, thereby leading to phytotoxicity, bioaccumulation, and acute/
chronic health implications. Aquatic plant removal of heavy metals from urban
drainage, sewage water, spillage zones, and other contaminated sites has been a
well-established method and experimental procedure. Aquatic plants can be used as
bioaccumulators to increase the amount of heavy metals in their biomass (Bonanno
et al., 2017; Bravo et al., 2017). Typha domingensis root and shoot tissues accumu-
lated the maximum Cd, Fe, Ni, and Zn within the first 48 hours of the sample while
planted in pots filled with urban wastewater (Mojiri, 2012). L. gibba has been
researched as an alternate form of removal for industrial wastewater to accumulate
arsenic, boron, and uranium (Pedescoll et al., 2015). Something that also demon-
strated excellent in extracting heavy metals from urban wastewater was shown by
Typha latifolia and Phragmites australis (Morari et al., 2015). Suganya and
Sebastian (2017) reported that they treated sewage effluent using a lab-scale hybrid
reed bed system using Canna indica and found that the system removed 68% of
biological oxygen demand (BOD), 61.8% of chemical oxygen demand (COD),
71.7% of total dissolved solids (TDS), and 73.3% of total suspended solids (TSS).
The root portion of the plant absorbed more heavy metals (Cr, Pb, and Ni) than the
stem and leaf portion. HCWS (Hybrid constructed wetland system) planted with
Brachiaria humidicola and Typha angustifolia proved to be beneficial in reducing
the levels of BOD and COD of the sewage water (Suganya, 2017).

A laboratory-scale experiment was conducted at Tamil Nadu Agricultural
University, Coimbatore, to evaluate the sewage treatment effluent performance of
macrophytes, including Indian shot (Canna indica), giant reed (Arundo donax),
arrowleaf elephant ear (Xanthosoma sagittifolium), cat tail (Typha angustifolia),
and slender cyperus (Cyperus distans) collected from, in, and around the lakes
Muthanangulam, Nagarajapuram, and Telungupalayam. Seven different retention
times of 1-7 days were set to screen out the suitable macrophytes for treating the
sewage effluent under CWT. Based on the experiment, it was found that pH, electri-
cal conductivity, total dissolved solids, total suspended solids, biological oxygen
demand, chemical oxygen demand, total nitrogen, and total phosphorus of the
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sewage effluent were expressively abridged by these plants throughout the retention
time from Day 1 to Day 7. Among all the five macrophytes, three aquatic plants,
namely, Canna indica, Typha angustifolia, and Xanthosoma sagittifolium, per-
formed better in removing pollutants (Joneboina Easwar Kumar et al., 2019).

The three efficient aquatic plants, namely, Canna indica, Xanthosoma sagittifo-
lium, and Typha angustifolia, screened out was evaluated to optimize the hydraulic
loading rate (HLR) for pollutant removal efficiency by using a lab-scale model con-
structed wetland designed with a horizontal flow system. The experiment was con-
ducted with three screened aquatic plants Canna indica, Xanthosoma sagittifolium,
and Typha angustifolia, at seven different retention times of the 1st to 7th day after
the beginning of experiment with two average flow of 5 ml/min and 10 ml/min. The
results of the experiment state that pollutants and salt load, including heavy metals,
were significantly reduced on the 7th day of retention time. Canna indica and
Xanthosoma sagittifolium performed better in a model constructed wetland for
treating sewage effluent with the flow rate of 5 ml/min (HLR = 0.00516 cm/day) at
the retention time of the 7th day compared to the flow rate of 10 ml/min
(HLR = 0.01033 cm/day). The total BOD, COD, TDS, and TSS were also removed
to the tune of 44.8, 44.0, 71.3, and 94.5% in Canna indica; 41.3, 37.6, 62.8, and
91.0% in Xanthosoma sagittifolium; and 37.9, 36.7, 58.5, and 88% in Typha angus-
tifolia. The plant’s total growth (shoot length, root length, height, and weight) also
showed a positive effect at HLR of 0.01033 cm/day with Canna indica and
Xanthosoma sagittifolium. Anti-oxidant and stress enzymes, viz., peroxidase and
catalase, released from these plants during the experimental period seem to be posi-
tive, thereby confirming the efficiency of aquatic plants in reducing the pollutant
load. This indicates that the two plants can be used to treat the sewage effluent
through CWT with high retention time and low hydraulic loading rate (HLR) for
sustainable agriculture.

12.12 Conclusions

Managing and handling wastewater for its effective recycling and reusing for agri-
culture and other allied purposes pose a great challenge for the scientific communi-
ties. Constructed wetlands with different aquatic plants (macrophytes) seem to be
the most promising techniques for recycling/treating sewage effluent that sets forth
as a possible solution for wastewater treatment. Different components of the CWs,
i.e., such as aquatic plants, the medium used, and microbial communities, create a
suitable environment for the degradation of inorganic and organic pollutants through
the secretion of enzymes and root exudates. However, the metabolism and uptake of
pollutants captured by these aquatic plants need to be studied intensively. As a
result, further research is needed to provide more comprehensive and compelling
evidence in larger laboratory-scale, pilot-scale, or full-scale constructed wetlands.
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Chapter 13
Satellite-Based Soil Erosion Mapping

Kishor Kumar Sahu, Satyajeet Kar, and Sandeep Rout

Abstract Soil erosion has long been recognised as a significant process of soil
destruction, affecting millions of hectares of land worldwide, resulting in loss of
fertility and biodiversity, decreased stability of marine and terrestrial ecosystems
and enhanced exposure to climate change. In semi-arid zones, the highest rate of
deforestation occurred in wooded grassland, bushland and shrubland systems, while
the lowest rate occurred in woodland. Satellite remote sensing technology for track-
ing and modelling soil erosion has exploded in popularity worldwide over the last
decade. More precisely, renewed emphasis has been placed on recent advances in
remote sensing technologies and the availability of these data at various resolutions,
as well as on the critical need for up-to-date knowledge on soil loss levels, soil ero-
sion monitoring and modelling, in particular, to ensure that viable agricultural fields
are available to ensure food security. GIS research delivers adequate results when
developing erosion surveys and risk maps using GIS data layers such as DEM,
slope, aspect and land use. The Revised Universal Soil Loss Equation (RUSLE), the
Water Erosion Prediction Project (WEPP) and Environmental Information
Coordination are the most widely used scientific erosion prediction models that are
combined with remote sensing and GIS (CORINE). Remote sensing techniques and
the universal soil loss equation were established as the primary tools for mapping
and tracking soil erosion in this chapter. It consists of four components: baseline
sheet and rill erosion mapping, real-time rill and gully erosion monitoring, future
sheet and rill erosion change forecast and long-term pattern determination.

Keywords Satellite imagery - Remote sensing - Geographic information system -
Soil erosion - Erosion mapping
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13.1 Introduction

Soil is a vital natural resource because it performs critical economic, social and
environmental roles. The global economy is primarily dependent on the soil as a
natural resource for the supply of goods and services (Blum, 2005). However, due
to the high demand for soil-generated products, commodities and services, there has
been a considerable strain, especially from developing countries heavily reliant on
primary sectors such as agriculture and forestry (Wessels et al., 2004).

Soil depletion by runoff is a primary ecological concern that covers 56% of the
world’s land. The depletion of soil is exacerbated by soil degradation triggered by
human activities (Bai et al., 2008). Rill and inter-rill erosions are the recurrent forms
of water erosion, including separation, transport and accumulation of soil particles
into a new deposition area, deteriorating soil quality and decreasing land productiv-
ity (Fernandez et al., 2003). Soil erosion-related problems include loss of produc-
tive crop topsoil, sedimentation, infrastructure destruction and biodiversity loss
contributing to global change (Morgan, 2005; Nearing et al., 2004; Onyando
et al., 2005).

Although geomorphological processes can cause soil erosion, accelerated soil
erosion is mainly encouraged by human activities. Accelerated soil erosion has
resulted from rapid population growth, deforestation, unsuitable land production
and unregulated grazing (Reusing et al., 2000; Tamene et al., 2006; Zemenu &
Minale, 2014). Soil loss is often caused by an amalgamation of slope length steep-
ness, climate change, patterns of land cover and soil’s intrinsic properties, making
the soil particles more vulnerable to erosion.

Owing to the lack of ability to withstand it and also to substitute the nutrients, the
economic impact of soil depletion in some countries is more severe (Tamene et al.,
2006). These countries have been marked by high population growth, leading to the
excessive use of already harassed resources and the expansion of development on
marginal and vulnerable lands. Such a mechanism exacerbates deforestation and
loss of productivity, resulting in a cycle of population-poverty-land degradation.

Soil erosion is primarily influenced by topographic features, vegetation cover,
soil characteristics and climatic factors. Human movements and large-scale schemes
change the vegetation cover, thus affecting the rate of soil erosion. Drill and inter-
rill erosions are primarily influenced by topographic features such as field slope,
slope length and shape. The two critical climatic factors are the amount of precipita-
tion and the intensity of precipitation, which is referred to as rainfall erosivity.
Additionally, the temperature is a significant climatic aspect since it influences the
vegetative materials used in mulching to manage erosion. Aggregate stability, tex-
ture, depth, organic matter and stoniness are primarily affected by soil erodibility.

Assessing the rate of soil erosion is critical for developing effective erosion pre-
vention techniques for sustainable land and water resource management. Geographic
Information System (GIS) technologies, through their advanced data storage, analy-
sis, management and display functionality, are valuable resources in creating
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environmental models. Remote sensing (RS) technology, using digital image pro-
cessing techniques, has provided land use/cover information. Many types of research
on modelling soil erosion using RS and GIS technologies have been performed.

These capabilities of such technologies are enhanced further when paired with
empirical erosion prediction models. While soil erosion models estimate soil loss
and offer geographic erosion distributions, integrated erosion prediction models
using RS and GIS estimate soil loss and offer spatial erosion distributions. As a
result, it is critical to create accurate erosion risk maps in GIS to identify areas at
high risk of erosion and implement appropriate erosion prevention techniques.
Sazbo et al. (1998) successfully used RS and GIS technology to chart land loss and
deterioration. Another study conducted by Bojie et al. (1995) showed that when GIS
data layers such as DEM, aspect, slope and land use create erosion surveys and risk
charts, GIS analysis produces adequate results.

The Revised Universal Soil Loss Equation (RUSLE), the Water Erosion
Prediction Project (WEPP) and the Coordination of Information on the Environmental
(CORINE) are the most frequently used empirical erosion prediction models com-
bined with RS and GIS for mapping erosion threats. The RUSLE was established
based on erosion factors like soil erodibility, topography, rainfall and vegetation
cover to estimate the annual soil loss per unit area. Based on a particular erosion
variable, sediment yield and erosion rates can be calculated over multiple periods in
the WEPP model.

13.2 Assessing Land Degradation

1. Expert opinion: Subjective appraisal based on semi-quantitative definitions (e.g.
GLASOD survey).

2. Remote sensing is the ground-based radiometry wherein satellite images and
aerial photographs correlate with field measurements.

3. Field observations: This includes stratified soil sampling and analysis and long-
term field studies of plants and habitats in particular locations.

4. Productivity changes: Keeping an eye on improvements in crop yields and opin-
ions of landowners.

5. Level field criteria: Studies at the farm level are deemed necessary to ascertain
the severity of deterioration and its causes and possible remedial steps.

6. Modelling: Modelling is used to estimate the danger of deterioration based on
data collected from other approaches (GIS-based models), thus expanding the
spectrum of applicability of observed degradation effects.

7. None of these is a singular methodology, and their synergistic applications are
widespread.
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13.2.1 Land Degradation Mapping and Modelling

Satellite imagery and aerial photography are highly recommended for the following
purposes:

13.2.2 Assessing the spatio-temporal distribution of features
associated with land degradation

13.2.3 Collecting input data for process simulation models that
create maps of ground cover, plant cover and bare soil.

13.2.4 Spatio-Temporal Distribution Assessment

Surveying: To determine the land’s present condition in terms of continuing erosion
processes.
Identifying the spatial diversity and status of the:

e Vegetation in its natural state (structure and coverage)

* Crops used in agriculture (crop performance)

* Floor of the soil (crusting or sealing)

» Existence of soil erosion surface characteristics (rills and gullies)

Monitoring changes over time:

e Crop canopy development throughout a growing season (an indicator of erosion)
* An area’s long-term growth of rill and gully formation

13.2.5 Detection and Quantification of Indicators

Numerous methods can be used to identify indicators, including:

* Field measurements

* Laboratory research

e Data gathered by remote sensing
* A combination of the above
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13.2.6 Modelling Input Data

Variables that influence the process include the following:

 Interception of rainfall.

e Storage of water canopy.

e Agricultural land use changes during the growing season are deduced from air-
borne or satellite-borne photographs and used in process simulation models.

13.3 Soil Erosion Modelling Techniques

13.3.1 Estimation of Soil Loss

Erosion management is essential for preserving soil fertility and enhancing or sus-
taining the quality of water downstream. Reducing soil erosion to tolerable limits
requires sufficiently designed cropping practices and soil conservation initiatives.
To calculate soil loss from various land units, many methods exist, including mea-
suring every landform and land use from drainage plots of different sizes, small unit
source watersheds and sizeable mixed land use watersheds. Nevertheless, analytical
and process-dependent models (equations) are used to predict soil erosion. The
Universal Soil Loss Equation (USLE) is empirical. As a feature of most of the sig-
nificant factors influencing sheet and rill erosion, it estimates the average annual
mass of soil loss per unit area. It is considerably more challenging to evaluate soil
loss than to assess runoff since several natural factors, such as soil and precipitation
and human-made factors, embrace management practices. The loss of soil dramati-
cally depends on the form of erosion.

Significant and valuable sediment yield estimates can be obtained from models
for specific purposes. The best example is the Universal Soil Loss Equation (USLE)
calculation of long-term average annual soil loss from a catchment.

13.3.2 Erosivity and Erodibility

Degradation of the soil is demonstrated by a drop in fertility status, a decline in the
number of nutrients or physical depletion of the topsoil. The latter state is more
prevalent in areas prone to soil erosion. During periods of heavy runoff, a large
amount of mud, rock waste and organic matter are transferred downslope to rivers
and eventually to the oceans. Soil erosion management can be accomplished by
considering the susceptibility of soils and other factors. In general, the amount of
erosion yield is dependent on the rain’s ability to remove soil particles (rainfall ero-
sivity) and, concurrently, on the soil’s resistance to rainfall (soil erosivity). Thus,
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both erosivity and erodibility are essential features of soil erosion that occur when
rainfall erosivity exceeds soil erodibility.

13.3.3 Erosivity of Rainfall

The word ‘rainfall erosivity’ refers to the soil’s proclivity to be washed away from
disturbed and de-vegetated regions into surface waters during storms. It is deter-
mined by the physical characteristics of precipitation, which include the size of
raindrops, their propagation, their kinetic energy and their terminal velocity, among
others. For a specific soil condition, the tendency of two storms to induce soil ero-
sion may be quantitatively compared. The capacity of overland runoff flow to erode
soil is determined in part by rainfall and in part by the soil’s surface. The increased
erosivity of the overland water flow in the presence of rain indicates a more remark-
able erosive ability. Soil erosion occurs when the intensity and length of a downpour
exceed the ability of the soil to absorb the rainwater. Erosion is influenced by vari-
ous conditions, including the state of the soil, the slope and the amount of energy or
precipitation force expected during the duration of surface disturbance.

13.4 Factors Affecting the Erosivity of Rainfall

The following variables influence the erosivity of rainstorms:

13.4.1 Intensity of Rainfall

Rainfall strength is a term that refers to the amount at which rain falls on the ground
surface. It is a significant factor in the erosive aspect of rainfall. Rainfall strength is
described as the force exerted by a single water droplet as it reaches the soil surface.
Wischmeier and Smith (1958) suggested the following equation to equate kinetic
energy to rainfall intensity:

KE =210.3+89log,, I

Where:
KE = Kinetic energy of the rainfall
I = Intensity of the rainfall
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13.4.2 Distribution of Drop Sizes

The drop size distribution within a rainstorm has a combined effect on the rain’s
energy, velocity and erosivity. Increases in the median drop size result in a rise in the
rainfall level. The following equation illustrates the relationship between the rainfall
strength and the median drop size (D50) (Laws & Parsons, 1943):

D,, =2.231"'"

Where:
D5, = Median drop size in inches
I = Intensity of the rainfall (inch/h)

13.4.3 Terminal Velocity

The effect of falling raindrops’ terminal velocity (a function of the drop size) is
quantified in terms of their kinetic energy upon contact with the soil surface. A rain-
storm with a high proportion of larger raindrops would have a higher terminal
velocity and vice versa. The relationship between the kinetic energy and terminal
velocity of a rainstorm is as follows:

v?
E, 3

Where:

E\ = Energy of rainfall

I = Intensity of the rainfall

V = Terminal velocity of the rainfall before impact

Ellison (1947a) developed the following empirical connection between terminal
velocity, drop diameter and rainfall intensity in order to determine the volume of
soil removed by rainfall:

E= KV4.33d1.0710.65

Where:
E = Relative amount of soil detached
K = A constant (depends upon the characteristics of the soil)
V = Velocity of the raindrops
d = Diameter of the raindrops
I = Intensity of the rainfall
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13.4.4 Wind Speed

Wind speed impacts the ability of runoff to detach soil by affecting the kinetic
energy of a rainstorm. As tropical areas are often subjected to windy storms, they
are more potent at dislodging aggregates than predicted.

13.4.5 Slope Direction

The slope of the soil also has a significant impact on the erosivity of rainfall.
Gradients in the path of the rainstorm have the effect of altering the raindrop’s natu-
ral kinetic energy. It increases the raindrop’s impact force as the velocity factor in
the slope direction increases.

13.5 Erosivity Estimation Using Rainfall Data

The erosivity of rainfall is proportional to its kinetic energy, and the following two
techniques are commonly used to determine the erosivity of rains:

1. El;, Index method
2. KE > 25 Index method

13.5.1 EI;,Index Method

Wischmeier and Smith (1965) developed this technique because the result of the
storm’s kinetic energy and the maximum rainfall intensity of 30 minutes give the
best estimate of soil loss. The highest average intensity encountered in any 30 min-
utes during the storm is determined by finding the maximum amount of rain that
falls in the 30 minutes and later translating the same to intensity in mm/hour from
tracking rain gauge maps. This erosivity measure is the El;, index and can be mea-
sured for individual storms and weekly, monthly or annual erosivity values.
The value of the precipitation erosivity factor El;, is determined as follows:

ElL, =KEx1,,

Where:
KE = Kinetic energy of the rainfall
L3y = Maximum intensity of the rainfall for 30 minutes
Kinetic energy for the storm is computed from equation
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KE =210.3+89log,, I

Limitation
The EI;, index system was developed in the United States and has been considered
unsuitable for estimating erosivity in tropical and subtropical areas.

13.5.2 KE > 25 Index Method

This is a new approach proposed by Hudson for calculating the erosivity of tropical
storms’ rainfall. This approach is based on the premise that erosion happens only
when the rainfall level reaches a specific threshold value. Studies determined that
rainfall intensities less than 25 mm/h cannot result in substantial soil erosion. As a
result, this approach only considers rainfall intensities more significant than
25 mm/h. That is why the process is referred to as the KE > 25 index method. It is
used in the same way as the El;, index and has a related measurement technique.

13.6 Procedure for Calculation

Both techniques use the same calculation practice. However, the KE > 25 approach
is more beneficial since it eliminates several data points with a value less than
25 mm/h, resulting in fewer rainfall data. Both methods include data on rainfall
volume and severity.

The method entails multiplying rainfall quantities by the measured kinetic energy
values for each strength class. Then, all of these values are taken together to obtain
the storm’s overall kinetic energy. The resulting KE value is then multiplied by the
actual 30-minute rainfall rate to derive the rainfall erosivity value.

13.6.1 Erodibility of the Soil

Soil erodibility is a measure of a soil’s resistance to erosion depending on its physi-
cal characteristics. By and large, soils with increased penetration rates, higher
organic matter levels and improved soil composition withstand erosion better.
Sandy loam and soils with a loam texture are less erodible than fine sand, silt and
certain clay-textured soils. A soil’s erodibility can be quantitatively compared to
that of other soils under a given rainfall environment. Bouyoucos (1935) proposed
that soil erodibility is proportional to the mechanical composition of the soil, which
includes silt, clay and sand:
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_ Yosand + %silt
Y%clay

Where:
E = Erodibility of soil
The range of particle diameter of silt, clay and sand is

Clay = < 0.002 mm
Silt = 0.002-0.006 mm
Sand = 0.06-2.0 mm

Tillage and cropping activities that deplete soil organic matter contribute to low
soil composition, soil compactness and erodibility. Compacted subsurface soil lay-
ers can have the effect of reducing penetration and increasing runoff. Additionally,
forming a soil crust that appears to ‘seal’ the surface may result in a decrease in
infiltration. A soil crust may reduce soil loss in specific locations due to sheet or rain
splash erosion, but a rise in runoff water may exacerbate rill erosion problems.

There may be three different soil types with varying degrees of disturbance
severity, for example:

e Low
e Moderate
e High

Stocking rates or the responses of three different soils, for example, are as
follows:

* Aclay
e Aloam
e Asand

13.6.2 Determination of Erodibility

The term ‘erodibility’ refers to the soil’s resistance to detachment and transport. It
varies according to the aggregate stability, infiltration capability, soil texture, shear
strength, infiltration performance and organic and chemical content. The soil erod-
ibility element ‘K’ is used to describe the soil’s erodibility. There are numerous
methods for determining K, and three of the most common are discussed below.
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13.6.2.1 1In Situ Erosion Plots

Erosion plots allow for the determination of ‘K’ under field conditions. They use a
normal state of bare soil with no maintenance practices and a 7° slope along the
length of the plots, which is 22.13 metres. This is an expensive and time-consuming
process.

13.6.2.2 Measuring K Under a Simulated Rainstorm

This technique is less time-consuming but reasonably expensive. The primary
downside is that all the properties of natural rain cannot be recreated by any of the
rainfall simulators designed to date. Nevertheless, in erosion research, this approach
is more commonly used.

13.6.2.3 Predicting K

K can be predicted by using regression equations that describe the relationship
between K and the physico-chemical properties of the soil. Wischmeier et al. (1971)
developed a nomograph to express the relationship between K and soil properties. It
is based on the following equation:

100K =2.1x10* x(2—OM )xm""* +3.25x(St —2)+2.5x( Pt -3)

Where:

OM = Organic matter content

m = Silt plus fine sand

St = Soil structure code (1 for very fine granular, 2 for fine granular, 3 for coarse
granular, 4 for massive, blocky or platy)

Pt = Permeability class (1 for rapid, 2 for moderate to rapid, 3 for moderate, 4
for slow to moderate, 5 for slow, 6 for very slow).

K is predicted using the monograph devised by Wischmeier et al. (1971).

13.7 Correlation of Soil Erosion and Rainfall Energy

It is widely established that the volume of soil removed by a particular depth of
rainfall is related to the pace at which it occurs. Numerous tests and various mea-
surements of raindrop fall velocity (Ellison, 1947b) demonstrate that soil splash rate
is a function of rainfall intensity:

SOOV4.3 'DL07 '10,65
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Where:

S = Quantity of soil splashed in 30-minute duration

V = Velocity of a raindrop

D = Diameter of the raindrops

[ = Intensity of rainfall

Raindrop diameters can be found in storms with different intensities within each
area, resulting in regressions such as the energy of a storm being equal to the energy
of each segment of rain falling at a given intensity compounded by the number of
millimetres falling at this Intensity (Bisal, 1960).

The expression is given by

G=K.DV"

Where:

G = Weight of the soil splashed

D = Diameter of the raindrops

V = Impact velocity

K = A constant depending on the soil type

Mihara (1959) claimed that splash erosion is directly proportional to the kinetic
energy of raindrops based on their mass and velocity. He established the following
relationship between two distinct soil types:

For sandy soil, splash erosion co K.E.0.9

For clay soil, splash erosion co K.E.1.46

13.8 The Universal Soil Loss Equation (USLE)

In 1940, the United States began developing equations for estimating soil erosion.
Zingg (1940) proposed that soil loss and slope length had a power-raised relation-
ship. Later in 1947, a committee headed by Musgrave proposed a soil loss equation
that bore some resemblance to the current USLE. Wischmeier and Smith (1965)
developed the universal soil loss equation using data from runoff plots; the equation
was later modified using more recent data from runoff plots, rainfall simulators and
field observations. Controlling erosion is the most often used method for measuring
soil depletion from rural watersheds. The USLE is an erosion prediction model that
allows for the measurement of long-term soil erosion averages from sheet and rill
erosion on a given land surface under specified conditions (Wischmeier &
Smith, 1978).

It estimates the long-term average annual loss of soil from arable land segments
under different cropping conditions. This estimate aims to encourage farmers and
soil conservation advisors to choose combinations of land use, cropping and soil
conservation practices to keep soil loss to an appropriate level. The equation (USLE)
is as follows:
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A=RxKxLxSxCxP

Where:
A = Soil erosion per unit area per unit time
R = Rainfall erosivity index
K = Soil erodibility index
L = Slope length
S = Slope steepness
C = Cover management factor
P=Supporting practice factor

13.9 Parameters of Universal Soil Loss Equation

13.9.1 The Factor of Rainfall (R)

To account for the erosive force of rainfall, the volume and strength of rain over a
year (erosivity index unit) are associated with the erosivity component. The word
‘erosivity of runoff’ refers to the ability of storms to wash the soil from disturbed
and de-vegetated areas onto surface waters. Erosion is influenced by various condi-
tions, including the state of the soil, the slope and the amount of energy or precipita-
tion force expected during the duration of surface disturbance.

13.9.2  Factor of Soil Erodibility (K)

Soil erodibility factor is a unit of erosion index defined as the soil loss from a plot
22.1 m in length on a 9% slope under a continuous bare cultivated fallow. It varies
by less than 0.1 for the least erodible soils and almost 1.0 for the most erodible soils.

13.9.3 The Factor of Topography (LS)

LS denotes the slope length-gradient factor. The topographic factor is used to calcu-
late the slope’s length and steepness. The longer the slope, the larger the amount of
surface runoff; the steeper the slope, the greater the velocity of surface runoff.
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13.9.4 The Factor of Crop Management (C)

C is the crop/vegetation management part and is the ratio of soil loss caused by a
specific crop management strategy to the equal loss caused by continuous fallow
and tilled soil. It is used to determine the relative effectiveness of soil and crop con-
trol schemes in preventing soil degradation. The C factor can be determined by
choosing the crop type and tillage method.

13.9.5 The Factor of Support Practices (P)

P denotes the help practice aspect, representing the results of various activities that
minimise the volume and rate of runoff, thus reducing erosion. The P factor quanti-
fies the soil depletion caused by a support practice compared to straight row farming
up and down the hill. Cross slope planting, contour forestry and strip cropping are
the most often used supportive cropland activities. P should be zero in an environ-
ment with absolute support practices, suggesting no sediment loss. P should be
1.0 in an area with no support practices, indicating the highest potential sedi-
ment loss.

13.10 USLE Parameter Estimation

13.10.1 Rainfall Erosivity Factor (R)

It references the rainfall erosion index, which quantifies rainfall’s tendency to erode
soil particles in an exposed area. The amount of soil loss from a barren field has
been determined to be directly proportional to the product of two rainfall character-
istics: the storm’s kinetic energy and its 30-minute maximum intensity. The out-
come of these two characteristics is termed EI or EI;, or rainfall erosivity. It is equal
to the amount of rainfall erosion index units (El5,) that fell on the study site during
a given time. A storm’s rainfall erosion index unit (Els) is calculated as follows:

KExI
ELo =100 -

Where:
KE = Kinetic energy of the rainfall
I = Intensity of the rainfall

KE =210.3+89log,, /
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The duration of the research maybe a week, a month, a season or an entire year.
Annual El;, values are typically computed using data from various meteorological
stations, and lines linking equivalent El;, values (referred to as iso-erodent lines) are
drawn for the area covered by the data stations to facilitate their use in USLE.

13.10.2 Soil Erodibility Factor (K)

The element of soil erodibility (K) in the USLE refers to the rate at which various
soils erode. Due to inherent soil characteristics, some soils can erode more quickly
than others under conditions of an equal slope, precipitation, vegetative cover and
soil management practices. On unit runoff plots, the direct calculation of ‘K’ reflects
the cumulative effects of all variables that substantially affect the ease with which
soil is eroded or the primary slope other than 9% slope. Soil permeability, infiltra-
tion rate, soil texture, size and stability of the soil structure, organic content and soil
depth are soil properties that primarily affect soil loss. These are typically calculated
by unique experimental runoff plots or by using empirical erodibility equations
related to factor ‘K’ with several soil properties. The soil erodibility factor (K) is
expressed as tonnes of soil loss per hectare per unit of rainfall erosivity index, with
a slope of 9% and a field length of 22 m (in some instances, 22.13 m). The soil erod-
ibility factor (K) is calculated by taking into account, without the effect of crop
cover or management, the soil loss from continuous cultivated fallow lands.
The formula used for estimating K is as follows:

AO
K= Sx(zE

Where:
K = Soil erodibility factor
AO = Observed soil loss
S = Slope factor
2EI = Total rainfall erosivity index

13.10.3 Topographic Factor (LS)

The slope length factor (L) is the ratio of soil loss under identical conditions from
the field slope length under consideration to 22.13 m length plots. The size of the
slope has a direct relationship with the loss of the soil, i.e. it is roughly equal to the
square root of the length of the slope for soils on which the size of the slope does
not affect the runoff rate (Zingg, 1940).

The gradient of the land slope factor is defined as the soil loss ratio from the field
slope gradient to that from the 9% slope under otherwise identical conditions (S).
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Since runoff velocity increases as field slope increases, causing more soil to be
detached and carried along with the surface flow, increased slope steepness results
in increased soil erosion.

Typically, the two variables L and S are merged into a single topographic com-
ponent called LS. This factor is defined as the ratio of soil loss from a field with a
specified steepness and slope length (i.e. 9% slope and 22.13 m length) to soil loss
from the continuous fallow property. The value of LS can be determined using the
formula given by Wischmeier and Smith (1962):

JL

LS = —(0.76 +0.535 + 0.076S2)
100

Where:

L = Length of field slope

S = Percent slope of the land

Wischmeier and Smith (1978) again derived the following equation for LS factor
in MKS system, based on the observations from cropped land on slopes ranging
from 3 to 18% and length from 10 to 100 m. The derived updated equation is

Ls=| > [65.41 sin® 0 +4.56sin 0 + 0.065]
22.13

Where:
A = Length of field slope
0 = Angle of slope
M = Exponent varying from 0.2 to 0.5

13.10.4 Crop Management Factor (C)

Factor C, crop management, can be described as the estimated soil loss ratio from
cultivated versus fallow land. The surface form, slope and precipitation regimes are
all the same. According to crops and cropping practices, soil erosion is influenced
in many ways, such as the type of crop, cover quality, root growth, water use by
plants, etc. The difference in rainfall distribution during the year also affects crop
management, which involves the loss of soil. Given all these variables, the effective-
ness of each crop and cropping practice in erosion control is assessed based on five
suggested crop stages implemented by Wischmeier (1960):

e Period F (rough fallow): This period encompasses summer ploughing and seed-
bed planning.

e Phase 1 (seed bed): This corresponds to the period beginning with seeding and
ending 1 month later.

e Period 2 (establishment): This phase lasts between | and 2 months after seeding.
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Fig. 13.1 Values of crop management factors for different stations in India. (Source: Modified
from K Subramanya, 2008)

e Phase 3 (growth period): It begins with period two and ends with crop harvesting.
e Stage 4 (residue or stubble): This period encompasses everything from grain
processing to summer ploughing or seedbed preparation.

The soil loss data for the above stages are collected from the runoff plot for deter-
mining the crop management factor. C is computed as the ratio of soil loss from
cropped plot to the corresponding soil loss from a continuous fallow land for each
of the above five crop stages separately, for a particular crop, considering various
combinations of crop sequence and their productivity levels. This factor reflects the
combined effect of different crop management practices. Values of factor C for
some selected stations of India are shown in Fig. 13.1.

13.10.5 Support Practice Factor (P)

This element is the ratio of soil erosion caused by a support practice and straight
row farming up and down the hill. Contouring, terracing and strip cropping are the
primary management practices. The amount of soil lost varies according to the tech-
niques used. The table shows the factor P for various types of support activities in
different parts of India (Fig. 13.2).
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Fig. 13.2 Different values of support practice factor (P) for some Indian locations. (Source:
Modified from K. Subramanya, 2008)

13.11 Applications of Universal Soil Loss Equation

USLE is an erosion prediction model, and its effectiveness is contingent upon its
ability to forecast its multiple variables accurately. It is focused on a sizable experi-
mental database relating to a variety of factors affecting USLE. The universal soil
depletion equation has three critical applications:

It forecasts land loss.
It aids in the detection and selection of agricultural practices.
e It makes crop management recommendations.

13.12 Limitations of Universal Soil Loss Equation

The equation involves the procedure for assigning the values of different associated
factors based on the practical concept. Therefore, there is a possibility to introduce
some errors in selecting the appropriate values, particularly those based on the crop
concept. Typically R and K factors are constant for most of the sites/regions in the
catchment, whereas C and LS vary substantially with the erosion-controlled mea-
sures used.
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The following are some of the limitations of the USLE:
1. Empirical

The USLE is an abstract equation that does not mathematically reflect the actual
mechanism of soil erosion. By using observational coefficients, the probability of
including predictive errors in the equation is eliminated.

2. Prediction of Annual Soil Loss on an Average Basis

Since this equation was constructed primarily using average annual soil loss
data, its applicability is restricted to estimating the average annual soil loss for a
given region. This equation produces less than the calculated value, mainly when
the rainfall is intense. For each heavy flood, the storage basin whose sediment area
was computed using USLE should be examined to ensure that the sedimentation
amount in the storage basin remains within acceptable limits.

3. Gully Erosion Is Not Calculated

This equation is used to determine the extent of sheet and rill erosion but cannot
forecast gully erosion. The calculation does not account for gully erosion caused by
concentrated water flow, although it increases soil erosion.

4. Non-computation of Sediment Deposition

Only soil depletion, but not soil deposition, is calculated in the equation.
Sediment accumulation at the bottom of the river is smaller than the overall loss of
soil from the watershed as a whole. Nevertheless, the USLE can quantify the amount
of sediment storage needed for sediment retention structures. The USLE equation
can also be used as a conservative measure of potential storage needs for sediment,
mainly where sediment basins usually range from 2 to 40 ha and runoff has not
travelled further. The basin is intended to serve as the settlement area. Again, if the
drainage is poorly managed on any site and gully erosion is in extensive form, this
equation underestimates the retention structure’s sediment storage requirement.

13.13 Revised Universal Soil Loss Equation (RUSLE)

Over the last few decades, a cooperative effort between scientists and users to
update the USLE has resulted in the development of RUSLE. The modifications
incorporated in USLE to result in the RUSLE are mentioned as under (Kenneth
etal., 1991):

* Automating the equations to aid in the computations.

* A new definition for rainfall-runoff erosivity (R) in the Western United States,
based on the data from over 1200 gauge locations.

* Specific revisions and additions have been made for the Eastern United States,
including adjustments for regions with elevated R factors and flat slopes to
account for splash erosion caused by raindrops landing on ponded water.
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* The establishment of a seasonally variable definition for soil erodibility (K).

* A novel method for measuring the cover management term (C) using sub-factors
for accounting for previous land usage, crop canopy, soil cover and surface
roughness.

* New slope length and steepness (LS) algorithms that take into account the ratio
of rill to inter-rill erosion.

e Capacity for calculating LS products for slopes with a variety of shapes.

» Rangeland restoration techniques, strip crop rotations, contour factor values and
subsurface irrigation are all new conservation practices (P).

13.14 Modified Universal Soil Loss Equation (MUSLE)

Williams updated the USLE in 1975 to create the MUSLE by substituting a ‘runoff
factor’ for the rainfall energy factor (R). The MUSLE is denoted by

Y =11.8(0xq,)” K(LS)CP

Where:

Y = Yield of sediment from an individual storm

Q = Volume of storm runoff

q, = Peak rate of runoff

K,L,S,C,P = Different factors of universal soil loss equation

Appropriate runoff models can be used to determine Q and g, values. Q is taken
to reflect the detachment phase in this model, while g, represents sediment trans-
port. A sediment yield model does not require calculating the sediment delivery
ratio separately, and it applies to individual storms. Additionally, it improves the
precision of sediment yield estimation. From a modelling perspective, it benefits
from the simulation of a watershed’s constant, weekly and annual sediment yields
by integrating suitable hydrological models with MUSLE.

13.15 Spatial Erosion Assessment

Three distinct methods exist for assessing the spatial extent of soil erosion:

» The first step is to determine soil erosion rates at different locations using mea-
surement instruments or erosion plots (Hudson, 1993; Loughran, 1989).
However, accurate measurements are typically expensive and time-consuming,
essential equipment is scarce (Stroosnijder, 2005) and measuring results can be
highly unpredictable even under comparable circumstances (Nearing et al.,
1999). Field measurements are often used to determine the role of a specific ero-
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sion element, the development of models and their validity, but not for erosion
spatial assessment.

* The second solution is to conduct erosion field surveys through which erosion-
related characteristics such as pedestals or rills are identified (Herweg, 1996).
Although quantitative data can be collected by continuously calculating the
dimensions of a feature, most surveys are conducted qualitatively, with the vol-
ume of erosion classified according to the characteristics encountered. Due to
management practices such as ploughing, survey timing is critical, as some fea-
tures can be undetectable during the year. Surveys can map spatial erosion in
small catchments of around 2 km? (Vigiak et al., 2005), but this becomes more
complex in more expansive areas. However, systematic visual recognition of
specific characteristics from aerial photos is another form of erosion survey that
could be conducted for wider regions up to 50 km? (Bergsma, 1974).

* Integrating spatial data on erosion causes is the third and the most often used
method for assessing spatial erosion. While the Universal Soil Loss Equation
(Wischmeier & Smith, 1978) is frequently used, numerous other erosion models
exist that allow spatial mapping of erosion (Merritt et al., 2003).

However, erosion models are designed for a specific area and size, and moving
them to other scales or regions is not straightforward and may result in suboptimal
or incorrect results (Brazier et al., 2000; Jetten et al., 2003; Kirkby et al., 1996;
Schoorl et al., 2000). Additionally, specific erosion models include extensive data
on a wide range of rainfall, soil, vegetation and slope parameters. These statistics
are often unavailable or only accessible at very coarse scales in data-scarce areas
such as developed countries. Qualitative data integration techniques that allow flex-
ible selection and a combination of erosion factors can be an excellent complement
to erosion models. The choice of erosion variables will be region-specific, based on
the existing processes and the main parameters that account for the region’s hetero-
geneity in these processes. Local or specialist expertise can contribute significantly
to developing such qualitative approaches (De la Rosa et al., 1999; Sonneveld,
2003). The outcomes of these approaches are typically a numerical assessment of
erosion risk, which is the relative likelihood of erosion occurring at a particular
location compared to other sites in the mapped area.

13.16 Mapping Erosion From Space

Satellite remote sensing can provide essential input to erosion assessments at differ-
ent spatial scales through various space-borne sensors currently orbiting the earth.
Satellite data can aid in the rapid mapping of erosion over large areas, especially for
data-poor regions. At the same time, otherwise, this could only be achieved through
costly and time-consuming survey methods.

Several types of satellite images and image-derived items are available to the
general public obtained from earth-observing space missions. While certain kinds
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of images are still costly, much data is inexpensive or free of charge, making it
easier for a broader audience to use it. Therefore, satellite imagery is increasingly
being used for studies of regional erosion. This can be achieved by identifying ero-
sion characteristics and eroded areas or measuring erosion factors such as the cover
or slope of vegetation.

In some instances, degraded areas, larger than 1 ha, can be distinguished from
their habitat due to reduced plant cover (Pickup & Nelson, 1984), altered soil prop-
erties (Hill et al., 1995) or natural changes in the earth’s surface (Lee & Liu, 2001).
However, successful use of satellite remote sensing to detect degraded areas is typi-
cally limited to (semi-)arid natural and rangeland landscapes, as well as areas of
extensive gully erosion (badlands). In more tropical environments, vegetation cover
often obscures the visibility of the earth, and farming practices may have a direct
effect on vegetation cover, soil resources and surface roughness. As a result, these
variables cannot be directly linked to soil degradation in wet and agricultural fields.
Along with eroded areas, satellite imaging may reveal individual erosion features
such as gullies and large rills. This is partly due to distinct characteristics such as
proximity to the subsoil and reduced vegetation cover but even more fundamentally
due to the rills and gullies’ basic spatial structure. The spatial resolution of the
imagery, on the other hand, should correspond to the scale of the elements. Visual
interpretation has been a widely used technique for distinguishing individual gullies
from aerial photos (Martinez-Casasnovas, 2003; Nachtergaele & Poesen, 1999) and
satellite imagery (Bocco & Valenzuela, 1993). Although some scholars questioned
the viability of this exercise due to the spectral heterogeneity of gullies and their
atmosphere, automatic gully retrieval from satellite images provides fast insight
into the magnitude of gully erosion and the resulting lack of productive land for vast
areas (King et al., 2005; Zinck et al., 2001).

Satellite imagery may obtain information on a range of erosion factors. Significant
climate parameters for erosion studies are the volume and intensity of rainfall, mea-
sured on coarse scales, e.g. Tropical Rainfall Measuring Mission (TRMM) space-
borne data. Digital elevation models (DEMs) that can be obtained from stereo
images (Toutin, 2001) or specialised techniques such as radar interferometry (Toutin
& Gray, 2000) typically determine terrain attributes such as slope. Satellite data can
be used to determine the spatial distribution of different soil properties, but this is
mainly limited to arid or semi-arid regions due to the alarming effect of vegetation
(Huete, 2004). Satellite data for the classification of land use or the extraction of
continuous measurements of vegetation abundance and structure can be applied to
determine vegetation cover (Hall et al., 1995). Erosion factors are not static, but
over time they shift. Rainfall and vegetation are the most complex variables, while
soil properties can also be altered due to, for example, tillage or crusting on short
time scales. One way or another, the temporal variability of erosion variables needs
to be accounted for satellite-based erosion evaluations. One alternative is to mea-
sure the variables using multi-temporal satellite imagery at various moments of the
year (e.g. De Jong et al., 1999). A second choice is to decide that a mono-temporal
satellite image reflects the conditions of the factor being analysed when the most
significant risk of erosion is analysed. Image timing may be essential to obtain
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precise spatial erosion patterns, although rationales for image selection are often not
established in erosion studies.

13.17 Satellites and Sensors Applied in Erosion Research

Numerous earth observation satellites orbit our earth, providing periodic images of the
surface. Many of them can provide valuable information for measuring erosion, but
they have been used for this purpose less often. Sensors are classified into those that
measure sunlight reflections in the visible and infrared portions of the electromagnetic
spectrum, thermal infrared radiance (optical systems) and those that continuously
relay microwave signals and monitor the received signal (microwave systems).

In most cases, optical satellite systems have been used in erosion studies. These
sensors operate in the visible and near-infrared (VNIR) range of 0.4—-1.3 Am, the
shortwave infrared (SWIR) range of 1.3-3.0 Am and the thermal infrared (TIR)
range of 3.0-15.0 Am.

13.18 Detection of Erosion

Satellite data may be used to track erosion either directly or indirectly by the detec-
tion of erosion effects. Direct detection has been accomplished by identifying sig-
nificant erosion features, the discrimination of eroded zones and the estimation of
erosion rate using observational relationships. Detectable consequences include
disruption caused by important erosion events and reservoir sedimentation.

13.19 Geographic Information Systems (GIS)
and Simulation of Soil Erosion

Ultimately, the effectiveness of every soil erosion model is contingent upon its inte-
gration with GIS. SOMs have been implemented at the field scale as a cost-effective
method for organising and managing soil protection. However, their implementa-
tion at the watershed scale has been constrained until recently by the difficulties of
handling and controlling a vast amount of data and model parameters at such a
spatial scale. The implementation of robust spatial hydrological tools within GIS, as
well as the integration of various lumped parameter models (LPMs) and distributed
parameter models (DPMs) with GIS, has allowed modellers to resolve these con-
straints and expand model capabilities to the watershed scale (Tim & Jolly, 1994).
The ability to produce topographic parameters from digital elevation models
(DEMs) enables the modelling of three-dimensional erosion in areas with complex
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topography (Desmet & Govers, 1995). Coupling GIS and soil erosion models has
the added advantage of standardising modelling procedures in user-defined model
parameters, cost and time savings associated with modelling processes and visualis-
ing modelling performance (Greene & Cruise, 1995). As a result, many existing
models, such as RUSLE, WEP, EUROSEM and ANSWERS, have been success-
fully connected to GIS, while new models, such as LISEM and SWAT, have been
built based on GIS.

13.20 Satellite Remote Sensing

Environmental factors must be observed to determine the state of the earth’s wealth
and monitor its dynamics. At the moment, space technology, especially satellite
remote sensing, is making a significant contribution to the comprehensive and
timely evaluation of large-area natural resources (Colwell, 1983). Remote sensing
is primarily used to gather, store and analyse data collected by sensing systems
mounted on aircraft or satellites. Currently, satellite remote sensing is a critical
source of information for environmental research, including the atmosphere, seas
and land surfaces. Simultaneously, military goals have fuelled its expansion. There
are hundreds of artificial satellites orbiting our planet, each equipped with various
sensors to capture and relay valuable data about our environment.

However, information must be gleaned from the recorded image evidence.
Onboard satellites and sensors monitor electromagnetic radiation, which is sent to
the ground and stored electronically. Radiation can be analysed at various wave-
lengths depending on the sensor’s properties (e.g. visible light, infrared, thermal).
The sun is the most common source of radiation. Nonetheless, in some instances,
such as radar imaging, the satellite structure generates radiation by sending energy
beams to the earth’s surface. Thus, satellite photographs merely depict spatial dif-
ferences in how electromagnetic radiation interacts with the atmosphere and the
earth’s crust at a given point in time. Physical models or computational methods
may be used to extract information about environmental factors from the recorded
imagery. In a particular study, the vector of interest dictates the image form to be
used (sensor or satellite).

Along with the wavelength(s) recorded, additional sensor characteristics such as
spatial and temporal resolution may be necessary. Temporal resolution refers to the
frequency at which an image with the same features may be recorded and is usually
inversely proportional to spatial resolution. The spatial resolution is determined by
the sensor and the height of the satellite’s orbit.

As a result, removing environmental variables from satellite data varies accord-
ing to the image type used. Independent in situ measurements of the variable of
interest are needed to create and evaluate these methods (Jensen, 2004). The vari-
ables extracted from satellite data will then be paired with additional spatial data to
develop new or more accurate data (He et al., 1998; Lubczynski & Gurwin, 2005;
Saha et al., 2002).



13 Satellite-Based Soil Erosion Mapping 249
13.21 Conclusions

Soil erosion adversely affects millions of land areas, resulting in production losses,
increased food insecurity, reduced ecosystem resilience and increased climate
change vulnerability. In general, its spatial reach is not well known, and erosion
mitigation interventions have had limited success due to the lack of adequately
focused interventions, hampering progress towards preventing further property deg-
radation. Therefore, more comprehensive and extensive work is required to evaluate
the spatial variability and extent of soil erosion within given regions. Furthermore,
for sustainable and efficient soil erosion control, remedial and preventive strategies
are to be established, and the discrimination of soil erosion over different land man-
agement practices is needed. Although the temporal soil degradation paths and land-
scape innovations were examined on various aspects of soil erosion, little attention
was received. An overview of the progress of remote sensing applications in map-
ping soil erosion over time and space is given in this chapter.
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