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Agricultural Biotechnology

This book presents strategies and techniques highlighting the sustainability and application of

microbial and agricultural biotechnologies to ensure food production and security. This book

includes different aspects of applications of Artificial Intelligence in agricultural systems, genetic

engineering, human health and climate change, recombinant DNA technology, metabolic engineer-

ing and so forth. Post-harvest extension of food commodities, environmental detoxification, pro-

teomics, metabolomics, genomics, bioinformatics and metagenomic analysis are discussed as well.
Features:

* Reviews technological advances in microbial biotechnology for sustainable agriculture
using Artificial Intelligence and molecular biology approach.

* Provides information on the fusion between microbial biotechnology and agriculture.

» Specifies the influence of climate changes on livestock, agriculture and environment.

* Discusses sustainable agriculture for food security and poverty alleviation.

» Explores current biotechnology advances in food and agriculture sectors for sustainable
crop production.

This book is aimed at researchers and graduate students in agriculture, food engineering, metabolic
engineering and bioengineering.
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Preface

The global population has been forecasted to rise drastically to 9 billion in the year 2050. Therefore,
there is a clarion call to us as a scientist to come up with an innovative solution that will help in
resolving diverse global challenges such as food insecurity, malnutrition, polluted environment and
numerous health challenges. The application of Agricultural Biotechnology has been identified as
sustainable Food Security hot spot that could be applied in the management of diverse problems of
food insecurity.

Moreover, it has been observed that agricultural biotechnology has been operated by private
industry for farmers in developed countries and the product developed has not considered the farmers
in the developing countries. The application of biotechnology will a long way in developing a more
quality food and this will also improve export and trade of agricultural products to be more profit-
able. Furthermore, the application of agricultural biotechnology will also boost the gross domestic
product of numerous countries by minimizing hunger and increasing food security in developing
countries and boost the development of several sectors such as fisheries, animal, crop, forestry and
towards more robust and towards more robust food security in developing countries. Therefore, this
book provides several innovative techniques that could help in the achievement of a more secure
food and provision of a more nutritious food. Typical examples of such techniques include Genome
engineering in agriculturally beneficial microorganisms using CRISPR-Cas9 technology, A compu-
tational approach for prediction and modeling of agricultural crop, Crop Monitoring and aquacul-
ture using Artificial Intelligence, and application of Nanosensor Technology for Smart Intelligent
Agriculture. Relevance of microbial biotechnology in the processing of several food products was
also highlighted. The application of Bioinformatics, Genomics and proteomics in the management
of post-harvest diseases and pests in Crops was also highlighted. The relevance of Natural biore-
sources and their application in pharmaceutical, Environmental and Agricultural sector were also
elaborated. The role of beneficial microorganisms in the actualization of food security and their
modes of action was also highlighted.

In conclusion, this book summarizes numerous potentials of Agricultural Biotechnology as a sus-
tainable technological innovation that could assist farmers in resolving numerous agricultural chal-
lenges. Moreover, there are many controversial issues surrounding the acceptability of Agricultural
Biotechnology, but the economic evaluation of their influence has established that both the consum-
ers and the producers most especially from developing countries could benefit substantially. Also,
Agricultural biotechnology could help in linking and meeting the actual needs of the consumers
and farmers in adequate time.

Charles Oluwaseun Adetunji
Deepak Gopalrao Panpatte
Yogeshvari Kishorsinh Jhala

MATLAB® is a registered trademark of The MathWorks, Inc. For product information, please contact:
The MathWorks, Inc.
3 Apple Hill Drive
Natick, MA 01760-2098 USA
Tel: 508-647-7000
Fax: 508-647-7001
E-mail: info@mathworks.com
Web: www.mathworks.com
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1.1 INTRODUCTION

In recent years, the environment has become more complicated due to many factors including our
rising population and their demands for more food, water, and energy, the limited arable land for
expanding food production, and increasing natural resource pressures. Such factors are further
exacerbated by climate change, which as we have learned would result in many changes in the
environment (e.g., Wheeler and von Braun, 2013). Why can science help overcome these complexi-
ties? On the one hand, the quantity of published knowledge and data contributions from every field
of science is continuing to be explosive. On the other hand, the issue of handling all this expertise
and supporting data becomes more complicated, and risks overloading information. The knowledge
explosion leads to a greater understanding of the interconnectedness of what previously may have
been viewed as separate elements and processes. We now know that interactions between com-
ponents can have a major impact on system responses, so the analysis of components in isolation
automatically suffices to draw conclusions regarding an overall structure (Hieronymi, 2013). Those
experiences cross conventional limits of discipline. While a strong focus remains on disciplinary
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science that leads to a greater understanding of components and individual processes, there is also
an increasing focus on system science.

Systems science is the study of real-world “systems” which consists of specialist-defined com-
ponents. To assess overall device behavior, these components communicate with each other and
their environment (Wallach et al., 2018). Such interacting components are exposed to an external
environment that may influence system component behavior, but the environment itself will not be
influenced by changes occurring within the system boundary. While systems are real-world abstrac-
tions established for specific purposes, they are of great use in science and engineering in all fields,
including agriculture. The science of agricultural systems is an interdisciplinary field that studies
the behavior of complex farming systems. Although it is useful to research agricultural systems in
nature using data gathered that describe how a particular system behaves under different condi-
tions, in certain cases, it is difficult or impractical to do so. Scientific analysis of an agroecosystem
includes a component system model and their interactions, taking into account agricultural produc-
tion, natural resources, and human factors. Therefore, for specific purposes, models are required to
understand and predict the overall performance of the agro-ecosystems.

Agricultural system models are playing an increasingly important role in developing sustainable
land management across complex agroecological and socioeconomic environments, as field and
farm experiments require large amounts of capital and do not yet have adequate space and time
knowledge to define acceptable and successful management practices (Vries et al., 1993). Models
can help define management options for optimizing sustainability objectives through space and time
for land managers and policymakers as long as the appropriate soil, management, environment, and
socioeconomic information is available.

1.2 BRIEF HISTORY

The history of agricultural system modeling is characterized by a number of key events and driv-
ers that led scientists from different disciplines to develop and use models for different purposes
(Figure 1.1). Some of the earliest agricultural systems modeling were done by Earl Heady and his
students to optimize decisions at a farm scale and evaluate the effects of policies on the economic
benefits of rural development (Heady, 1957; Heady and Dillon, 1964). This early work during the
1950s through the 1970s inspired additional economic modeling.

Dent and Blackie (1979) included models of farming systems with economic and biological com-
ponents; their book provided an important source for different disciplines to learn about agricul-
tural systems modeling. Soon after agricultural economists started modeling farm systems, the
International Biological Program (IBP) was created. This led to the development of various ecologi-
cal models, including models of grasslands during the late 1960s and early 1970s, which were also
used for studying grazing by livestock. The IBP was inspired by forward-looking ecological sci-
entists to create research tools that would allow them to study the complex behavior of ecosystems
as affected by a range of environmental drivers (Worthington, 2009; Van Dyne and Anway, 1976).

The IBP initiative brought together scientists from different countries, different types of govern-
ment, and different attitudes toward science. Before this program, systems modeling and analysis
were not practiced in scientific efforts to understand complex natural systems. IBP left a legacy of
thinking and conceptual and mathematical modeling that contributed strongly to the evolution of
systems approaches for studying natural systems and their interactions with other components of
more comprehensive, managed systems (Coleman et al., 2004).

Models of agricultural production systems were first conceived in the 1960s. One of the pioneers
of agricultural system modeling was a physicist, C. T. de Wit of Wageningen University, who, in the
mid-1960s, believed that agricultural systems could be modeled by combining physical and biologi-
cal principles. Another pioneer was a chemical engineer, W. G. Duncan, who had made a fortune in
the fertilizer industry and returned to graduate school to obtain his PhD degree in Agronomy at age
58. His paper on modeling canopy photosynthesis (Duncan et al., 1967) is an enduring development
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FIGURE 1.1 Summary timeline of selected key events and drivers that influenced the development of agri-
cultural system models.

that has been cited and used by many crop modeling groups since its publication. After his PhD
degree, he began creating some of the first crop-specific simulation models (for corn, cotton, and
peanut, Duncan, 1972). Bouman et al. (1996) intrigued many scientists and engineers who started
developing and using crop models. In 1969, a regional research project was initiated in the USA to
develop and use production system models for improving cotton production, building on the ideas
of de Wit, Duncan, and Herb Stapleton (Stapleton et al., 1973), an agricultural engineer in Arizona.
Thus, some of the first crop models were curiosity-driven with scientists and engineers from differ-
ent disciplines developing new ways of studying agricultural systems that differed from traditional
reductionist approaches, and inspiring others to get involved in a new, risky research approach.
During this early time period, most agricultural scientists were highly skeptical of the value of
quantitative, systems approaches and models. In 1972, the development of crop models received
a major boost after the US government was surprised by large purchases of wheat by the Soviet
Union, causing major price increases and global wheat shortages (Pinter et al., 2003). New research
programs were funded to create crop models that would allow the USA to use them with newly
available remote sensing information to predict the production of major crops that were grown
anywhere in the world and traded internationally. This led to the development of the CERES-Wheat
and CERES-Maize crop models by Joe Ritchie and his colleagues in Texas (Ritchie and Otter, 1984;
Jones and Kiniry, 1986). These two models have continually evolved and are now contained in the
DSSAT suite of crop models (Jones et al., 2003; Hoogenboom et al., 2012).
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During much of the time since the 1960s, only small fractions of agricultural research funding
were used to support agricultural system models, although the Dutch modeling group of C. T. de
Wit was a notable exception (Bouman et al., 1996). Thus, most of those who were modeling crop-
ping systems, for example, struggled to obtain financial support for the experimental and modeling
research needed to develop new models or to evaluate and improve existing ones. Instead, there
were other “crisis” events or realizations of key needs fueling model development, each typically
leading to an infusion of additional financial support over short durations of time for model develop-
ment or use.

The concept of Integrated Pest Management emerged in the 1970s, in particular from the work
of Gordon Conway on the pests and diseases of plantation crops in Malaysia (Conway, 1987). In
1972, the so-called Huffaker Integrated Pest Management (IPM) project was funded in the USA to
address the major problems associated with increasing pesticide use and development of resistance
to pesticides by many of the target insects and diseases (Pimentel and Peshin, 2014). Mathematical
models of insect pests and crop and livestock diseases had been developed starting during the first
half of the 20th century, though the success of synthetic agrichemicals led to a shift in attention to
other control measures in the years after the Second World War. The Huffaker project infused funds
for developing insect and disease models of several crops, combined with experimental efforts
aimed at reducing pesticide use and more effective use of all measures to prevent economic dam-
age to major crops in the USA. This project continued until 1985 (as the Consortium for IPM after
1978). Coincident with this project was a major increase in the sophistication of population dynamic
models in ecology and a growing appreciation of the importance of nonlinearities and the problems
for forecasting they imply (May, 1976).

Lively debate about the appropriate way to model ecological interactions in agricultural settings
characterized these decades (Dempster, 1983; Hassell, 1986; Gutierrez et al., 1994; Murdoch, 1994).

1.3 DEFINITION OF AGRICULTURAL SYSTEM MODEL

System models provide a simplified description of important system components and their interac-
tions. Schoemaker (1982) identifies four purposes for systems models: (i) description, (ii) predic-
tion, (iii) postdiction, and (iv) prescription. Descriptive models are used to characterize the system;
their performance, in turn, allows modelers to evaluate whether they have adequately described
the important aspects. Predictive models forecast future system behavior. Descriptive models may
serve a predictive purpose, but many predictive models are much simpler than descriptive ones,
especially when certain system patterns repeat themselves systematically, obviating the need to
describe the underlying mechanisms. For example, seasonal temperature patterns can be predicted
fairly reliably from historical data, without describing the revolution of the Earth around the sun and
the attendant changes in insolation, ocean currents, and jet stream activity. Postdictive models tend
to be human logical constructions that allow us to explain after-the-fact what system constraints or
special phenomena caused a given outcome. Prescriptive models are normative ones that offer guid-
ance on how a system should be managed to meet some goal. Many agricultural models serve more
than one of these purposes. A secondary, but often very important, reason for modeling agricultural
systems is to improve knowledge of the system. Knowledge of any given agricultural system is often
uneven. Areas where knowledge of the system is sparse or missing tend to become apparent either
(1) in the process of designing the model structure, or (ii) in the process of finding parameters that
can make empirical models operational. For example, one recent exercise in developing a weed
management model revealed that in the past 30 years, North American weed scientists have focused
their research so heavily on herbicide performance, that little is known about weed biology and
ecology; the modeling process helped to instigate a new research effort in this area (Forcella et al.,
1992). Model design experiences often lead to revised priorities for future data collection research,
based on data gaps defined (Dalton, 1982). Hence, systems modeling may provide value not just
through the end-product model developed, but also through the development process itself.
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FIGURE 1.2 The main resources (land, crops, livestock, other capital goods, and people) that go into mak-
ing up a farming system. Arrows and small types indicate possible interactions between these resources and
their environments (natural, social, and economic). Note that besides various kinds of vegetation (“crops”),
land may support other uses such as silos, waterways, buildings, and tracks. (Jones et al. 1997.)

1.4 FARMING SYSTEMS INNOVATION

Farming systems can be defined as arrangements of land, crops, livestock, other capital goods and
labor put together for the primary purpose of producing plant and animal products for consump-
tion (Figure 1.2; Jones et al., 1997). While farming systems are primarily businesses that operate
within an economic environment, they are also communities that operate within a sociopolitical
environment, and ecosystems that operate within a natural environment. The “system” refers to
the particular pattern of arrangement of these interacting resources for the purpose of producing
particular products or outcomes. Farming systems innovation is concerned with improving out-
comes across one or more individual farms of a given “class” (Spedding, 1976). Examples range
from assessing beef intensification options for a particular site (Ogle and Tither, 2000), through a
group of local farmers seeking improved lamb and ewe performance (Webby, 2002), to designing
resource-efficient dairy technologies for application on a national scale (Clark, 2002). A “farming
system” therefore potentially touches many individual farms, farm families, communities, busi-
nesses, and regulatory stakeholders, all of whom may have an interest in improving the multiple
physical, biological, economic, and social outcomes of farming. Farming systems innovation, then,
is the pursuit of technical, managerial, and social means to improve the outcomes of farming sys-
tems for their stakeholders (Spedding 1990; Mueller, 1993; McRae, 1993; Barlow et al., 2002).

A key feature of farming systems is that many of the important outcomes are influenced by
factors beyond immediate managerial control. These external factors include farm location, farm
resource conditions in the past, and farm future environment (Menz and Knioscheer, 1981), as well
as most aspects of the physical, biological, economic, and social processes operating within the
farm and its environment. This means that farming systems are complex dynamic systems whose
products and impacts are difficult to measure, let alone predict or control. Figure 1.3 illustrates
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FIGURE 1.3 The factors that determine the outcomes of a farming system.

schematically how the various controllable and uncontrollable factors interact to produce farming
outcomes. With this understanding, farming systems innovators have developed a range of meth-
ods to assist clients to (i) identify the “problem” (i.e., the relevant class of systems, its stakehold-
ers and their issues), (ii) understand the key interactions between system components, (iii) predict
system-level consequences of proposed management changes, (iv) design management systems to
deliver desired improvements, and (v) promote the implementation of these improved systems. The
process and criteria for deciding which systems research, development, and education methods are
most suitable in a given project have been discussed in detail by Barlow et al. (2002). The key point
is that systems problems require the use of systems methods.

Agriculture can be regarded as a system with inputs that have physical, cultural, economic and
behavioral elements. In areas where farming is less developed, physical factors are usually more
important, but as human inputs increase, these physical controls become less significant. This sys-
tem model can be applied to all types of farming, regardless of scale or location. It is the variations
in the inputs which are responsible for the different types and patterns of agriculture around the
world (Figure 1.4). This leads to classifications of agriculture in which contrasts between the differ-
ent types of farming are clear.

1.5 THE USERS OF AGRICULTURAL SYSTEMS MODELS

The users of agricultural systems models can be grouped by the purposes of the models themselves.
Researchers are the main users of descriptive and postdictive models, for these are the two classes
of models whose role is to enhance understanding of the system. A much wider group of individuals
seeking decision support uses the other two types of models. Predictive models are useful to those
whose decisions depend upon good forecasts of future outcomes. Many farm management practices
rely on good predictions of what outcomes are likely to ensue. All farmers have in their heads some
heuristic predictive model of what results to expect from, say, changing a livestock feed ration
or taking a position in the futures market. More sophisticated, numerical predictive models are
designed with the intent of formalizing and improving upon managers’ subjective predictions. At a
broader level, system models may be used by policymakers to predict the social welfare outcomes
of proposed policies. Prescriptive models (most of which include a predictive component) have a
similar audience—one which seeks to make decisions based on model recommendations.

1.6 TYPES OF AGRICULTURAL SYSTEMS

Before examining in greater detail how agricultural systems are modeled, consider first how they
can be classified. One approach is to classify them in space or time. Other ways are by hierarchical
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FIGURE 1.4 The agricultural system.

system level or by subject matter. In space, the hierarchy of agricultural biophysical systems ranges
in scale from micro-level plant and animal components to the individual organism to the field, to
the whole farm, to multiple farm enterprises and multiple farm businesses (sometimes going beyond
production to processing and some form of marketing), to larger scales such as watersheds and envi-
ronmental zones. In parallel with the physical system boundaries are social systems, including rural
communities and links to the larger society and macro-economy (of which the farming sector is just
one part). Some of the more complicated system environments lie at the intersection of different
systems. For example, the character and density of human communities affect the level of concern
with the quality of their biophysical environment and public policies developed to ensure that mini-
mum environmental quality levels are maintained. These policies, in turn, affect the management
practices of farmers and others who manipulate the biophysical environment for their livelihood. In
time, agricultural systems can be viewed statically or dynamically. In some systems, we care about
relationships in an atemporal fashion. The comparative statics models of microeconomic theory are
illustrative.

A supply curve, for example, models the aggregate willingness of producers to change the quan-
tity produced in response to price changes. This model captures a relationship of predictive interest
even when the inherent time lags are not explicit. Of course, time is central to evolutionary pro-
cesses. Examples would include plant and animal growth, pest demographics, and disease epide-
miology, as well as how humans respond to previous events as well as current events. Questions of
system stability and sustainability are often of special interest in dynamic models (Conway, 1987).
Ridder (1997) proposes agro-ecosystem hierarchies that integrate space, time, and organization ele-
ments. He observes that in the same space and time, different (even overlapping) organizations may
coexist. For example, livestock or crop individuals may be organized into crop or animal husbandry
systems, just as individual people are organized into households. Likewise, larger-scale landscape
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areas bound both physiographic natural resource units and human administrative units. Subject
matter may be the most common way for people to think about systems, at least judging from
our language. Contemporary discourse is rife with systems: ecological systems, economic systems,
political systems, social systems, and information systems, to name just a few. Within each of these,
the issues of space, time, hierarchy, and complexity can be explored

1.7 CHALLENGES TO SYSTEMS MODELING FOR
FARMING SYSTEMS INNOVATION

Following an extensive review of the systems modeling literature, especially in agriculture, ecol-
ogy, and business management, four particular challenges to conventional hard systems modeling
approaches were identified, as were several techniques that might be effective in addressing them.

1.7.1 INvOLVING THE RIGHT PEOPLE IN THE RIGHT WAY TO ENSURE
CompATIBILITY WITH USER NEEDS AND PROCESSES

The first challenge relates to the implementation of modeling outcomes into farming policies and
structures. In the late 1970s, Roberts (1977) pointed out the endemic failure of management model
recommendations to be implemented in business practice. Similarly in agriculture, while modeling
competence and computer ownership have increased immensely over the past 30 years, “this has not
generated conspicuous or sustained enthusiasm among farmers or their advisors” for model-based
interventions into farming practice (McCown, 2001). He argued that the lack of adoption has been
a result of the prevailing paradigm of scientific intervention which sees science as a form of vicari-
ous problem solving, where researchers solve disembodied problems on behalf of investors, farm
managers, and other stakeholders while remaining disconnected from the world of practice in which
these intended users and beneficiaries operate (Mueller, 1993; McCown, 2001, 2002a). In response,
Lynch et al. (2000) and McCown (2002b) argued that “development methods such as participatory
or adopter-based approaches will lead to systems that are perceived as more useful,” compatible
with user needs and processes, being “easy-to-use and thus, adopted more readily” (Lynch et al.
2000; Rogers, 2010). Reports from recent case studies where participatory approaches have been
trialed show promise (Hochman et al., 2001; Meinke et al., 2001; Webby, 2002; Hare, et al., 2003).
Such approaches require that social context, communication, and extension planning be addressed
from the very beginning of the project, rather than as an afterthought at the end (Roberts, 1977).

1.7.2  DETERMINING WHAT SYSTEM TO MODEL TO REMAIN
RELEVANT TO STAKEHOLDER CONCERNS

The second challenge relates to problem articulation. Researchers commonly insist that any
research project must begin by defining the research problem (Bunge, 1998). Problem definition in
farming systems research, however, is somewhat subjective. Multiple persons, interests, and issues
surround practice decisions even on an individual farm, and farmers do not have absolute control
over their land—the wider community finds ways to impose its values through mechanisms such as
regulations, taxes, and social pressure (Valentine et al., 1993). In addition, people and communities
are evolving organizations, whose perceptions, values, and interests are a moving target for any
problem-solving project.

Given these challenges to problem definition, Checkland (1985) argued that the methodology
of systems engineering, based on defining goals or objectives, simply does not work when applied
to messy, ill-structured, real world problems. When applied in such situations, models have tended
to be too problem-specific (i.e., they address artificially narrow problems that soon cease to be
relevant), or conversely, not problem-oriented enough (addressing scientific questions which are
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of academic interest only). In other words, the inability to define objectives is usually part of the
problem. The solution to this impasse is to recognize that problems cannot be separated from their
stakeholders (Smith, 1989). Clients need to be intimately and continually involved in the research
process, and models need to encompass as wide a range of their issues as possible.

1.7.3  REPRESENTING IN MODELS WHAT FARM MANAGERS MIGHT Do

The third challenge relates to system boundary selection. In particular, this is the question of
whether (and if so, how) to represent farmers within models, in order to recreate and evaluate what
farmers might actually do in different situations (Sorrenson and Kristensen, 1992; Jones et al., 1997,
Edwards-Jones et al., 1998a). In many simulation models this is achieved through specifying a pre-
determined sequence of management actions (“‘calendar-based management”, Romera 2004), which
is too rigid (Cros et al., 1997), or alternatively by attempting to model the thought processes of farm-
ers (Edwards-Jones et al., 1998b), which is too speculative if improved farm management is the goal.
This suggests a need to simulate farm management policies and practices in aflexible, but idealized,
way that is aligned closely with the concepts and options commonly available to farmers. The use
of flexible decision rules to specify farm management may be a useful approach toward achieving
this (Romera, 2004). In addition, some important issues that influence decision-making by farm-
ers, such as practical skill levels, family goals, cultural constraints, habits, and changing personal
worldviews, values, and interests, are difficult to represent in a computer model. It is unlikely that
these factors could be modeled satisfactorily, indicating again the necessity of working closely with
practitioners when exploring farming systems problems.

1.7.4 MAKING SOUND COMPARISONS BETWEEN ALTERNATIVE FARM MANAGEMENT POLICIES

The fourth challenge relates to model use in policy evaluation. The basic use of a simulation model
involves the comparison of two or more scenarios. Romera (2004) argued that since simulation
models are simplified representations of reality, outputs should be interpreted by comparison with
other model outputs (based on different inputs), rather than in absolute terms. Furthermore, it is
well known that the performance of farm management policies is heavily dependent on the initial
conditions of the farm under study (which are partially known), and on the future weather (which
is almost completely unknown) (Romera 2004). Management decisions must be robust under these
uncertainties. However, the majority of farm systems simulation models simulate only a single
farm, without replication or evaluation of uncertainty, and policy comparisons must consequently
be done outside the model software itself. That is, users must devise their own means of comparing
scenarios and estimating the risks associated with alternative options. It would seem preferable that
models be intentionally designed to provide the ability to compare alternative farm management
policies, in terms of both average performance and risk, and possibly across a number of farms.
These four challenges having been identified, the next phase of the study was to explore in more
detail the approaches that have proved effective (or show promise) in addressing these four con-
cerns. These approaches are grouped under two headings:

» Establishing project aims and stakeholder relationships.
e Model design and development.

1.8 EVOLUTION OF MODELING APPROACHES IN FARMING SYSTEMS

Several authors have provided helpful conceptual models of the farm (Dillon, 1992; Sorrensen and
Kristensen, 1992; Dent, 1994). The relatively simple model of Sorrensen and Kristensen, which dis-
tinguishes a Production System from a Management System, is sufficiently comprehensive to assist
in our review of historical changes in farming systems analysis and intervention (Figure 1.5a). This
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FIGURE 1.5 A ‘cybernetic’ framework for thinking about a farm as a purposeful, managed system.
(a) Highlighting the concepts of monitoring and adjustment linking production and management systems
(b) Highlighting the place for a ‘Systems Analysis and Intervention’ element. (Sorrensen and Kristensen, 1992.)

is a classic data flow diagram from the field of structured systems analysis (Jayaratna, 1986). The
key aspect is the cybernetic relationship by which the production system is monitored and controlled
to achieve management purposes. Intervention is the rationale for analysis, and the focal point for
intervention in Figure 1.5a is ‘adjustment’.

Analysis is deemed warranted when a decision about ‘adjustment’ is problematic and interven-
tion might ‘help farmers make more rational decisions’. In Figure 1.5b, a scientifically rational
Systems Analysis and Intervention element is introduced —a ‘notional system’ in the data flow
diagram conventions of Jayaratna (1986). To date, we recognize six types of systems of analysis and
intervention having been used in farming systems (Table 1.1). Type 1, economic decision analysis,
was underway prior to the advent of farm-competent production simulation models. The strength of
this type lay in the fact of the unit of analysis is the whole farm or enterprise. As shown in Table 1.1,
these models treated production as simple, static, mathematical functions of inputs and outputs. This
assumed away any stochasticity and any sensitivity to timing in operations. In the late 1960s, some
agricultural economists saw the advent of dynamic production models (Type 2), e.g. crop models,
as an opportunity to overcome this deficiency in the way production processes were represented
in farm economic models (Anderson and Dent, 1971; Dent and Anderson, 1971; Anderson, 1974).

Prominent efforts were sustained in bio-economic modeling (Type 3) for most of 20 years (and
optimism for much of this period), by Dent and his students (Blackie and Dent, 1974; Dent, 1975;
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TABLE 1.1
Approaches to Systems Analysis and Intervention that Have Been Applied to Farming
Systems

Type of Systems
Analysis/ Characteristics of Systems Operational Model of Operational Model of
Intervention Analysis and Intervention Production System Management System
1 Economic decision Recommendations based on Static input—output Suite of notional decision
analysis using whole farm, or enterprise, transformations problems
production functions optimization of production Categorized initial conditions
inputs for economic model
2 Dynamic simulation of =~ Recommendations based on Dynamic model of Suite of notional technical
production processes pseudo-optimization of production processes problems
simulations Categorized initial Socio-economic ‘filter’ of
conditions for simulation technical recommendations
3 Economic decision Enhanced recommendations ~ Dynamic model of Suite of notional decision
analysis using dynamic  based on optimization of production processes problem
simulation of production inputs Categorized initial conditions
production processes for economic model
4 Decision support system Decision support system on Dynamic model of Source of notional problem
farmer’s computer production processes User of decision aids
5  Expert system Recommendations Table of action—outcomes ‘If. . ., then. . .” model of
management actions based expert manager
on conditional rules User of decision aids
6  Simulation-aided Localized simulation by Dynamic model of Farmer as rational manager
discussions about intermediary in response to production processes with cognitive limits and
management farmer’s felt problems as continuing learning ‘needs’

input to farmer learning and
decision making

Source: Keating and McCown (2001).

Thornton and Dent, 1984a, 1984b). Of particular interest today, in the light of recent developments
in model use, is the recognition in 1971 by Anderson and Dent, that there existed two major impedi-
ments to applying simulation models to actual farming. These were the costs of customization and
the costs of validation. Achieving reduction in these costs became a major focus of the research of
Dent and his students for the next decade (Blackie and Dent, 1974), considered two approaches to
making simulation in farm management more adorable:

The cost of developing a simulation model for a particular enterprise can be reduced on a ‘per
farm’ basis by constructing the model in such a manner that it can be used by a number of farms.
There are two alternative applications of the approach. The first involves the development of a
‘representative’ farm or enterprise model which can be used to examine the effects of differing
management policies. This type of model is largely confined to examining the implications of major
management changes. The results from such models cannot be applied directly to an individual
farm and therefore are unable to provide specific management guidance. The second approach
relates to the construction of a ‘skeleton’ model which represents the logical structure and includes
only the basic parameters of the real system. Such a model becomes functional only when ‘coupled’
with data from an individual farm and, in its ‘coupled’ state, is unique to that farm. The model
must be capable of reflecting both the sequence and timing of feasible decisions in order to reflect
individual management policies. Systems may appear similar except with regard to their detail; the
model must have the capability to adequately distinguish and mimic all such systems.
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These authors opted for the skeleton model. They saw private consultants as important players in
generating farm data that formed individual farm information systems and farmers acting to update
these systems through low-cost enhancements of their normal monitoring of the production system
and the external environment (Figure 1.5a). Thus, at the interface between the Production system
and the Management system in Figure 1.5.

Continuous comparison of projected targets with the present state of the systems provides a sys-
tematic procedure for management control. The action taken will depend on the estimated outcomes
from the various alternatives (which may be explored using the model).

As regards costs of validation, Blackie and Dent (1974) point out, that there are real advantages
to skeleton models coupled with information systems vis-a'-vis validation of models that simulate
the general or hypothetical, and which can be tested only based on plausibility.

By contrast, validation of skeleton models is a more straightforward procedure. The system
to be modeled is comparatively small and the interactive relationships between the various parts
of the systems can be acceptably defined. The model is intended to mimic existing real systems
under defined management policies. In this circumstance, real system data are available and can be
directly compared with the model predictions.

In 1975, in a review of systems applications that featured skeleton models and coupled informa-
tion systems, Dent stated: ‘The application of skeleton models for management purposes on indi-
vidual farms can be confidently expected in the not too distant future.” But, judging from lack of
mention by Dent in subsequent reviews, it never happened.

Charlton and Street (1975) took a somewhat different tack. Their complex models of both finan-
cial and production aspects of pig and dairy enterprises were burden-some, but ‘very much simpler
ones would have been incapable of being applied to specific farm problems. The complexity of the
models arose not from the introduction of sophisticated relationships but from the need to provide
detail and adequate flexibility’. But the high overheads of their approach led them to conclude:

Models should be constructed to meet limited, well-defined objectives and there has to be a
greater recognition of this need for relative simplicity. There is, in fact, a strong argument for
producing less general programs than the ones which have been described here. By restricting
each package to a single specific enterprise or problem, such as, for example, the expansion of a
pig fattening herd, many of the problems of providing generality with a single program would be
overcome.

This simpler approach was characteristic of the ‘decision support system’ (DSS) that had appeared
in non-agricultural fields by this time (Little, 1970; Keen, 1975) and was to become prominent in
agriculture. But attempts to overcome the conflict between the desirability and the feasibility of
using the relatively comprehensive simulation models to assist farm management were far from
over. Doyle (1990) bemoans ‘the failure of systems concepts and simulation models to have any
practical impact on farming’, and found disturbingly, the reasons remain the same as those outlined
by Dent (1975) some 15 years ago. In the first place, the failure of systems researchers to liaise with
farm decision makers has meant that farmers are rightly suspicious of computer-generated predic-
tions of optimal resource use. In the second place, the preoccupation of systems researchers with
model-building rather than application has greatly limited the practical use of most models. This
echoes the critique of Musgrave (1976) as well.

Another type of response to the failure using comprehensive models to deliver the previously envi-
sioned intervention in important aspects of design and planning in farm management (Figure 1.5)
was the scaling down of aims and expectations to what seemed more achievable.

The very complexity of biological systems and their susceptibility to unplanned variations make
it di cult to design adequate representations of the real world. Nevertheless, the systems approach
to analyzing processes and resource decisions on farms potentially opens up the prospects of using
models as aids to control individual farm processes (Doyle, 1990).

Vaguely echoing the earlier quoted call of Charlton and Street (1975), for a less general,
problem-focused approach, this flagged a class of alternative approaches for using models to
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intervene in farm management, the DSS. Before considering DSS, we present what could be viewed
as an epitaph on Farm Management modeling provided by Malcolm (1990):

But over time emerged an increasingly commonly-held unease, and occasionally conviction, that
these were trails which, if followed, soon led from the complex and di cult whole-farm pastures of
plenty to simpler and easier analyses characterized by incomplete and inappropriate disciplinary
balances and resulting in work which was not really about farm management.

It may be that both farm management and systems research which manages to generate infor-
mation about general principles and theory relating to the management of farms is more about
research in one of the disciplines involved in the management of farms such as agronomy, agricul-
tural economics, animal science, (rural) sociology psychology, engineering, than it is about farm
management. This view has the merit of making explicit the gap which inevitably exists between
the findings of research and the management of farms, and reminding researchers that agricultural
science and agricultural economics are not directly about farming.

The concept for decision support systems (Type 4 in Table 1.1) in the field in which it originated,
Management Science, was articulated by Keen (1987): [The DSS] meshes human judgment and the
power of computer technology in ways that can improve the effectiveness of decision makers, with-
out intruding on their autonomy. Traditional DSS provides a computerized [proxy for a] assistant.
The manager’s judgment selects alternatives and assesses results (Keen, 1987).

In agriculture, an indication of Keen’s ‘autonomy’ was residence of the DSS on the farmer’s
personal computer. The model of the Production System was engineered around a crop model. To
the interventionists, the Management System was notion-ally the source of the developer-construed
farming ‘problem’. It was assumed that the Management System of ‘modern’ farms would naturally
be increasingly equip-ped with such aids to decision making as computer ownership increased.

It has taken some considerable time for it to become clear, but there is now little doubt that
decision support systems, as originally conceived, have not generally found a significant place in
farm management of even ‘progressive’ Management Systems. (Seligman, 1990; Ascough and
Deer-Ascough, 1994; Hoag et al., 1999; Parker, 1999). These authors highlight the fact that farmers
have not used DSSs that have been available. The reasons for this are not well researched or docu-
mented, but Webster (1990) ordered an economist’s view:

The DSS adoption problem was the result of a gross oversupply by enthusiastic, commercially-
unaccountable, publicly-funded research organizations of a technology which had a potential to
benefit only a very small proportion of farms (Webster, 1990).

This economist’s view may be a little harsh and may have been developed with the benefit of
considerable hindsight. One notable exception to the lack of reflection on the usefulness of DSS is
the report of Zadoks (1989) on EPIPRE, a computer based DSS on pest and disease control in wheat
in Europe. This ground-breaking DSS e ort began in 1976, reached peak impact around 1982-1983,
and appears to have fallen away up until 1986 when this report was made. Zadoks (1989) reviews a
number of sources of evidence for the impact of EPIPRE in farming practice. The evidence of finan-
cial benefits was limited, evidence of environmental benefits in terms of reduced chemical usage
stronger, and there was almost universal appreciation of the ‘learning effect’. Interestingly, the stan-
dard recommendations coming from extension appeared to converge with the recommendations
from EPIPRE over a 5-year period. The significant point to note here is while the science behind
a crop— pest—weather DSS like EPIPRE may be complex, the management decision is simple —
basically to spray or not spray. Even in such a well-defined management situation and decision
problem, the benefit of the DSS tool appears to be the learning, not the decision support information
itself. Once the lessons have been captured, the tool itself appears to be less important. So while the
use of EPIPRE may have fallen away, it appears to have still delivered benefit.

In our own emerging analysis, central to the explanation of low adoption is the prevalent view
of scientist-developers that the DSS is a way of ‘packaging’ information or a model that ‘should’ be
useful to managers and that, for development to be justified, this aid must be generally applicable.
But it has become clear that the key to a DSS being used is its localized, or situated, in practice
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(McCown, 2001; Berg, 1997). The latter author found in a study of medical DSSs in the United
States that only a ‘handful’ of the hundreds of products available were actually in use. These few
had common histories of intimate, intensive co-development by ‘tool-makers’ and practitioners in
a workplace. Painful compromises on both sides resulted in a ‘transformed tool in a transformed
practice’, and use did not spread from the practice situation in which it was produced. Our own
experience in using a cropping systems simulator with farmers who own and use computers, even
when the usefulness of the tool is discovered through intensive interaction, farmer preference is
almost always for accessing benefits via a consultant skilled in using the tool rather than farmer use
of the software.

Expert Systems (Type 5 in Table 1.1) have been envisaged as a way of providing the model of the
farm Management System generally missing in DSS (Dent, 1994). We will not discuss these further
because, (i) in the main, they do not use a process model of the Production System and (ii) they user
from problems of ‘lack of fit’ to specific real-world management situations leading to non-use except
for very narrow ‘context-free’ technical problems (Jones, 1989). In spite of a history of minimal
achievement of impact on farming, optimism about the potential for models in farm management
has remained perennial.

The degree of success of agricultural enterprises depends to a large extent on the quality of
tactical decision-making in response to a variable and uncertain environment. Tactical decisions
are aimed at optimizing management practices in such a way that the objectives of the farmer are
achieved as completely as possible. Decision support systems that allow the analysis of alterna-
tive management could be value-able aids in tactical decision making. Such systems, based on
crop growth models, that quantitatively describe the relations between environmental factors and
crop performance are useful tools in this respect. However, the dynamic nature of the environment
(weather, soil conditions), which often appears di cult to predict, limits the applicability of these
models, or at least the margins of uncertainty remain relatively large. Therefore it is, in almost all
cases necessary to combine these models with field observations that allow adjustment of the mod-
els in the course of the growing season. Combination of these models with optimization techniques
should provide the basics for such decision support systems (Van Keulen and Penning de Vries,
1993).

An enlightening history (spanning several centuries) of this ‘typical’ view of the way models are
supposed to aid decision-making has been provided by Ulrich (1983). The limited relevance of such
‘decisionism’ lies in its insistence on treating the social Management System ‘objectively’. The final
category of systems analysis aimed at intervention (Type 6 in Table 1.1) in the next section departs
from this tradition.

1.8.1  SUBSISTENCE AGRICULTURE

» Subsistence agriculture occurs when a plot of land produces only enough food to feed the
family working it or the local community (group, tribe, etc.), pay taxes and sometimes
leaves a little surplus for barter or to sell in better years.

e The main priority is self-sufficiency, which is achieved by growing a wide range of
crops wherever possible.

e Improvements to the system are held back by a lack of capital to provide fertilizers,
pesticides, and other farming technology.

e Animals are kept, although where land is limited it is generally too valuable to allow
grazing or growth of fodder crops.

e Where the climate is too extreme to support permanent settled agriculture, farmers
become pastoral nomads, moving in search of food for their animals.

e Depending on their location, animals provide milk, meat and blood for consumption;
wool and skins for shelter and clothing; dung for fuel; bones for utensils and weapons;
and mounts for transport.
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e Other examples of subsistence farming are shifting cultivation, which is practiced in
parts of the Amazon basin and in southeast Asia, and wet rice agriculture, also in
southeast Asia and the Indian sub-continent.

1.8.2 COMMERCIAL AGRICULTURE

Commercial agriculture usually takes place on a large, profit-making scale. It may be carried out by
individual farmers or by companies, with both groups trying to maximize the return on inputs and
seeking maximum yields per unit of land.

e This is often achieved by growing a single crop or by raising one type of animal.

e Commercial agriculture develops in places where there are good communications and
markets are large, often both domestically and on a global scale.

e Europeans have developed large-scale plantations in the tropics to supply the markets
of Europe and North America with crops that include rubber, sugar cane, coffee, tea,
palm oil, bananas, pineapples, and tobacco.

e Other types of commercial agriculture include cattle ranching, commercial grain
farming, and the intensive cultivation of fruits, flowers, and vegetables (sometimes
referred to as market gardening).

e A growing number of farmers throughout the world are now abandoning the growth of
staple food crops in order to produce for the emerging biofuels market.

1.8.3  EXTENSIVE AND INTENSIVE AGRICULTURE

Extensive and intensive refer to the relationship of inputs to each other, particularly labor, capital,
and land. Extensive agriculture is carried out on a large scale, whereas intensive agriculture is usu-
ally relatively small scale.

e Extensive agriculture occurs when: (i) The amounts of capital and labor are small in
relation to the amounts of land being farmed. Shifting cultivation is an example of
farming in which labor and capital are both low but large areas are covered. (ii) Labour
is limited and capital higher. For example, cattle ranching and extensive grain cultiva-
tion in the USA, Canada, and Australia.

e Intensive agriculture occurs when: (i) The amount of labor is high, even if the amount
of capital is low in relation to the area being farmed. An example is intensive wet rice
cultivation. (ii) Labour input can be low but capital input high, allowing high levels of
mechanization and technology input. This occurs in intensive fruit, flower, and veg-
etable production in the Netherlands (Figure 1.6).

It should be remembered that:

e There is no widely accepted consensus on how the major types of farming should be
recognized and classified.

e Boundaries between farming types, as drawn on a map, are usually very arbitrary.

e One type of farming merges gradually with a neighboring type: there are few rigid
boundaries

e Several types of farming may occur within each broad area - as in West Africa, where
sedentary cultivators live alongside nomadic herdsmen.

e A specialized crop may be grown locally - e.g. a plantation crop in an area otherwise
used by subsistence farmers.
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Types of farming alter over a period of time with changes in economics, rainfall, soil
characteristics, behavioral patterns, and politics (Figures 1.7 and 1.8).

1.9 CONCLUSION

The history of modeling of agricultural systems reveals that major contributions were made by
various disciplines, discussing specific production processes from field to farm, landscape, and
beyond. Furthermore, there are excellent examples of integrating component models from vari-
ous disciplines in different ways to create more robust system models that address biophysical,
socioeconomic, and environmental responses. There are several examples where crop, livestock,
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FIGURE 1.8 The highest value agricultural production by commaodity group for each country, as recognized
by the Food and Agriculture Organisation of the United Nations.

and economic models have been combined to research farming systems and evaluate the national
and global impacts of climate change, policies or alternative technologies, as seen in the accom-
panying paper on the state of agricultural system science. This background also demonstrates that
the production of models of agricultural systems continues to evolve through efforts by a growing
number of research organizations worldwide and through numerous global initiatives, showing that
researchers in these institutions are increasingly involved in contributing to scientific communities.
Modularity, and interoperativeness. The research group of agricultural systems needs to provide
standards and guidelines so that they can access and use the same “in the cloud” data sources
from different sources, and run various models, information items, and decision support systems.
Different models and approaches are important, but we need to develop standards and protocols in
order to get the maximum benefits from these innovations. We now know that striving for just one
“good” model doesn’t pay off. Instead, we can strive for component models that are organized as
modules that can be used on their own to resolve specific issues (such as when to apply a chemical
or irrigation) and, more importantly, where those modules can be incorporated into systemic bio-
physical and economic models to solve more comprehensive problems. Modular models are needed
to ensure successful scientific advancement, as well as viability and sustainability of the model.
The user-driven creation of data and models. The history of data and model creation indicates
that for research purposes many existing models were developed and then modified to meet user
needs. Many models remain “user unfriendly,” and although certain models are connected to DSS
software, accessing model outputs or even using models is still difficult for many users. With the
rapid developments in information and communications technology, it is now evident that there is
substantial unrealized potential for more efficient use of data and models across different forms of
“intelligence items,” like computer simulation software and mobile technology.
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2.1 INTRODUCTION

Security is an allusive term that has remained long-contested within the broader scheme of
International Relations. Without dwelling much on the ontological turf of security as a dynamic
concept, this study narrows its searchlight on food security, environmental security, and the nucleus,
-agro-security. It is plausible that countless countries have taken domestic production of food, very
seriously, but, a lot of them are, yet, short of the needed institutional capacity to securitize their envi-
ronment. Thus, this undoing of effective environmental safeguards is indicative of health risks, cli-
matic problems, and other ecosystemic challenges that people are battling (Aduloju and Pratt, 2014;
Aduloju and Okwechime, 2016). For example, the indiscriminate disposal of hazardous chemicals,
storage of obsolete pesticides, and concurrent improvement in food production levels in Ghana- a
prototypical situation in many other nations- are pure counterproductive activities (FAO, 2017).
Despite the multiple enactments and policies pull by the epistemic communities to secure the envi-
ronment from food sufficiency-induced disasters, no remarkable improvement has been reported on
human security (Ratner, 2018). While many have blamed the complexity of food security efforts,
others have tagged the environmental security policies as expensive. Thus, this paper emerges at
this center of indecision, and the northing recommendation appears to be “agro-security”. That is, if
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sustaining humanity is the essence of food security and protecting humanity is the quintessence of
environmental security, both can only be simply and cheaply achieved if the epistemic communities
explore agricultural security.

2.2 THEORETICAL CONTEXTUALIZATION

The theoretical analysis of this study blends both human security theory and security dilemma.
Surprisingly, we are discussing conflicts or wars, but, the extant issues in this paper are silent kill-
ers, with similar ends, that conflicts and crises would attract (Bustic et al., 2015). First, human secu-
rity places more value on individual safety and not on collective states. The multiple variations in
human security dimensions all speak of protection, civil liberties, and freedom. Security dilemma
underscores the suspicion and uncertainties that force states to step up their defense or response
capacities. Similarly, the environmental uncertainties persist in natural disasters and unforeseen
contingencies, for example, governments worldwide have forced their farmers indoors, unproduc-
tive and the farms lay fallow, breeding weeds, as the Covid-19 pandemic thwarted almost every
human agenda (Martin and Romei, 2020).

Before this, however, the well-to-do nations have always been suspicious of migration trends
from struggling countries, which are both food and environmentally insecure. This dilemma, in
part, is responsible for some centrifugal benefits that flow towards the third world nations from the
developed countries. The worst dilemma is that abandoning these poor nations to luck would cre-
ate more quandary for the wealthy ones, whereas, ‘human lives’ is all at risk (Diaz et al., 2006).
Therefore, this security dilemma suggests the combination of human security elements. If environ-
mental promotes environmental safety and food security exalts food accessibility, political security
permits individual liberties as well. Thus, individual experts through epistemic meet-ups are well
placed to balloon agro-security; a simple solution against the security dilemma, that virtually all
nations can equally afford.

2.3 HUMAN SECURITY CONCERNS: THE SIMULTANEOUS EQUATION
BETWEEN FOOD SECURITY AND ENVIRONMENTAL SECURITY

Chronologically, food security predates environmental security, as the latter only became a global
issue, amidst the Cold War, and more obvious, after the war. In corroboration with the apex world-
wide food summit, Aduloju and Adedoyin et al. (2020) comprehends food security as the availabil-
ity and accessibility of food at first, and then, the utility and stability of food production. Besides,
Heidhues et al. (2004) argued that food security would be better off not defined globally, but region-
ally, nationally, and at individual levels. This distraction, perhaps, led to the modification of food
security and hence, defined as a constant situation, whereby, all individuals can sufficiently afford
their food preferences and nutritional value for healthy and active living.

However, to Ratner (2018), environmental security is an element that affects human security.
Westing (1989) cited America’s environmental warfare as tactics that adversely affected our nor-
mal natural environment. For example, the intentional salinization of freshwater reservoirs, arable
lands, use of concussion bombs, chemical bombs, herbicides, forest fires, and dams breaking cre-
ated extensive toxic contamination that affected the surroundings. But, then, to ignite more attention
and seriousness about this security imbroglio, argued for environmental security to be seen as a
national agenda, that each country must closely monitor. Consequently, developed countries, such
as the United States (US), for example, have installed several environmental agendas for national
security. The US paraphrased this environmental security exercise as ‘greening of its defense’ and
spends over five billion dollars for pollution prevention, at home and America’s cleanup missions
abroad (K#konen, 1994).

At their best, most third-world nations could only afford to setting up ‘Environmental Protection
Agencies’ created to identify and control developmental triggers that can alter environmental
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security, leaving out core issues such as environmental scarcity, social circulation of resources
and environmental degradation that have more penchant for environmental conflicts and human
security(Kahl, 2006). For example, self-acclaimed developing China is facing huge environmental
problems, while multiple challenges abound in several other third-world countries.

Previously, despite acknowledging the huge impact of technology on food sufficiency, disad-
vantaged countries have clamored for a slowdown in technology-induced environmental threats.
But, categorically, technological advancements have licensed the possibility of pursuing both sides
of development while mitigating the challenges created by technology and innovation. In other
words, the challenges of technology, captured in climate change conversations can be defeated
without compromising human security, a joint end of both environmental security and food security
(Schwartz and Randall, 2003).

Therefore, this section holds the premise that environmental security and food security are twin
issues, with the complementary influence of one on the other. From a global perspective, food
security enables environmental security (Falvey, 2005). But, beyond food security as a mere pre-
cursor, this section equates food security with environmental security. Although, developed few
places more value on both, but, the developing more, prioritize the race towards food security to the
detriment of environmental security. Realizing this tact that, shortage or lack of food in the poor
zones encourages migration to the developed spaces, and this asserts more pressure and threats on
both environments; the developed ones have resorted to the provision of palliatives for developing
countries to boost their food production efforts. Also, the conception of food accessibility as one
of the key universal rights has lubricated the entry of food exports (though, with rising prices) into
developing countries (FAO, 2008)

However, with the global population expected to clinch 11 billion by 2050, technology is expected
to elevate food security efforts and relegate environmental manipulation outcomes arising from
increasing food production and human developmental activities. The major challenge, nevertheless,
is that such a shift in agenda is politically imperative, and with visionary leadership eluding many
third world governments, the outcomes of this paper will remain untapped. While the developed
countries could boast of envisioned leaders, the corona virus outbreak in early 2020 has dipped
all countries of the world into a wrecking ship of an economic quagmire (Evans et al., 2020). As
infected people towers in millions, nations have embarked on lockdown policies that have prevented
virtually all productive activities, including food production and farming. While the poor nations
have almost emptied their little food reserves, it does not make any economic sense to export food
from the global north to the south, as the international focus currently tilts towards ending corona
virus.

Having synchronized the prevalent circumstances of countries in both global developmental
halves (North and South), this section in essence, inaugurates the links between food security and
environmental security. The worldwide measurement of accessible lands equals almost 14 billion
hectares. Woodlands and pastures occupy 8.3 billion hectares or 61% while agricultural usage occu-
pies 1.7 billion hectares. Also, irrigated cultivation is considered suitable within 2.1 billion hect-
ares; covered by vegetation, woodland and swampland that absorbs carbon dioxide and preserves
ecosystem biodiversity. The implication is that population projections in the coming years will
attract a 90% increase in food production. To match the requirements of the world food agencies,
arable lands of about 121 million hectares must be available in the developing world, more so, in
Latin America and Sub-Saharan Africa. As 95% of the arable zones in Asia are presently in use,
their cultivable landmass cannot add more. Thus, food production will be competing with rapid
industrialization and so on, including biofuels markets, and even more, as oil prices have fallen
significantly. For example, Brazil is the second biggest global producer and consumer of biofuels.
Despite its teeming population’s food needs, over 2.6 million hectares or 4.5% of Brazil’s arable
land have been dedicated to food crops such as sugar cane, palm oil, and corn (Carneiro and Hector,
2014). But, then, all of those food crops investments are tailored toward non-food purposes such as
biofuels and gasoline production.
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Although, the positives include employment spin-offs from Brazil’s biofuel sector, where
about a million unemployed people have been engaged and over 300,000 job outlets provided
in Brazil’s manufacturing industry. But, conversely, the attendant challenges also include land
conversion for non-food production usage and inflated prices on limited available food products
(FAO, 2008). Beyond food insecurity problems, global warming continues to blossom, resultant
of nitrogen-protoxide emissions and other biofuel cycles. Although, the entry of lingo-cellulosic
feedstock, a recent invention is expected to thrash off the biofuels emission, yet, lingo-cellulosic
biomass is not commercially available.

Additionally, further threats to environmental security include land degradation, salinization,
erosion, pollution, desertification, and other man-made factors within our ecosystem. The degen-
erative outcome of all of these is the impoverishment of land fertility, with direct repercussions for
human security (Nkonya et al., 2016). For example, about 20,000-30,000 km? of available landmass
becomes unusable for food production annually. Compared with Europe and North America, Latin
America, Africa, and Asia, suffer that soil infertility six times more. Painfully, one-fifth of world
population or 1.7 billion people (rural population) depend on agricultural dividends to sustain their
lives (Zavatta, 2014). Just a reminder; food security exists when there is an unceasing availability
and accessibility of food and water resources, at first, and also, the efficient utility and stability
of nutritious food production and water. If the above points on food and environmental security
are extrapolated and analyzed vis-a-vis the implications for human security, we can realistically
conclude that food security equates to environmental security. In this equation, however, the coef-
ficient of both variables remains human security while the constant variable is the environment- the
platform for all human undertakings.

2.4 DEAR “EPISTEMIC COMMUNITY”, SHOULD
WE CONSIDER AGRO-SECURITY?

The previous section has brought to fore, human security, as the mid-point between food security
and environmental security. The revelations from that section also show most countries (the poor
and developing) may not afford food security agenda, given the default nation-building challenges
facing them (such as endemic poverty, population explosion, visionless leadership, and the likes). As
noted, the advanced or fairly-developed few countries that can relatively afford food security agenda
may not be able to effectively control environmental insecurities (such as global warming), ema-
nating from technology improvements, innovation advancements, industrialization, modernization
and other human-made and unannounced disasters. More recently, the corona virus outbreak has
not only deteriorated the situations of many developing nations but has also placed overwhelming
pressure on the food security of the developed ones. For once, let us moderate the intimidations and
assume the epistemic communities are immune against the looming dangers facing food security,
environmental security and humanity, now, we hail and write thee, ‘dear epistemic communities’,
should we consider agricultural security?

Notwithstanding the sovereign standing of countries worldwide, epistemic communities are
esteemed as supranational gang of experts with substantive influence on policy makers regarding
specific global issues of transnational concerns (Toke, 1999; Dunlop, 2017). Technically speak-
ing, the reliant outcomes from epistemic platforms are topnotch compared with resolutions of
national influencers that decide from a restricted information base, or regional agencies that may
not be entirely objective in their perceptions. Aduloju and Adedoyin (2020) sanctioned epistemic
platforms as international experts with evidence-based findings, standpoints, and innovations that
appropriately tackle transnational problems and professionally submit their feedback for global
utility, subsequently. The indispensable principles of such epistemic communities subsume selec-
tion of specific issues, innovation of workable solutions, and circulation of recommendations for
nation-states. The final principle, perhaps, the most pivotal is the inclusion of academia and experts
for validating their hypotheses.
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2.5 THE WAY FORWARD: THE DYNAMICS OF LEVERAGING
AGRO-SECURITY AS AN ALTERNATIVE

Truly, the coordinated efforts on global food security, by the epistemic communities, the FAO and
other bodies have yielded immense improvements, not only in the third world, but, across board.
For example, the universal ‘freedom from hunger’ campaigns transformed into model initiatives
in several countries; for instance, Mexico adopted it as a Crusade-against-Hunger, while Grenada
modified it as Zero-Hunger challenge. Also, Chile formed the Choose-Healthy-Living program,
Brazil adopted it as Zero-Hunger agenda, while the broader ‘Community of Latin American
and Caribbean States’ (CELAC) adopted the epistemic spin-off recommendations as ‘Nutrition
and Hunger Eradication’ in the whole sub-region. These instances are repetitive of situations in
Africa and elsewhere. In fact, some global existing global initiatives such as the MDGs/SDGs, or
the South-South cooperation modified their policy framework to integrate the epistemic recom-
mendations. But, then, the implementation in poor countries appears as a hard job. Yet, there was
no significant scale of impact in many, but, in few of them. For instance, data of hungry people
declined in the Caribbean and Latin America shows a fall from the 1990s 14.7% to about 5.7%
by 2014.

On environmental security, the reflexive contributions from epistemic communities and govern-
ments have sustained the greenspace considerably and subdued several proposed dangerous envi-
ronmental policies, that are void of fact-based investigations or research. Japan’s Fukuoka City of
1.7 million people enjoyed enormous contributions from epistemic communities’ techno-scientific
findings. In collaboration with Japanese local actors, the evidence-based recommendations shaped
Japan’s urban environmental management, and hitherto- unforeseen threats, like pollution, flood-
ing, and its multiple implications, were tactically avoided (Hanakata, 2017). The key argument
here is the varying capacities of the countries worldwide to implement these environmental secu-
rity agendas and that of food security, in terms of simplicity, technical strength, affordability, and
sustainability (Barnett and Parnell, 2016). But, then, agricultural security (agro-security) resonates
with simplicity, local ownership, and affordability.

Bearing the ends of human security at heart, agro-security is an all-inclusive chain of many play-
ers with an entitlement mentality that enables them to function effectively to sustain food production
and preserve their green environment from turning grey. Shortly after the famous September 2001
attacks, America’s Health Secretary stated as follows, “I, for the life of me, cannot understand why
the terrorists have not attacked our food supply, because it is so easy to do” (Swerdloff, 2016). Thus,
if any action that truncates fiber and food production is equivalent of war, their call-to-war (security)
implies preventing any disruptions that will affect America’s chain of food supply.

Simply put, agro-security is the combination of resources and programs to safeguard agriculture,
natural resources, food sustainability and centrally, humanity. Such resources and programs include
an assemblage of experts for intensive preparations, prevention, threats detection, diagnosis of dan-
gers, response, and lastly, recovery.

Accordingly, agro-security is compatible with the political structures, socio-economic templates
and multilateral interventionist frameworks in nearly all countries. Specifically, in financial terms,
conventional market mechanisms have not allowed food security agenda thrive, while protection-
ists guidelines on environmental ownership allow governments to divert land use, unchecked (Diaz
et al., 2000).

Interestingly, securitizing agriculture captures 75% of the poor or dwellers in rural areas. Quite
revealing, the lack of epistemic-community influence on general agricultural policies for some
decades have dwindled interests from private investors and public stakeholders. When investors
are not clear about productivity losses or gains, they often resort to green technology, whereas the
green revolution should be an appendage of agro-security. Meanwhile, the green revolution implies
the widespread usage of technological innovation and scientific techniques in agriculture. But, then,
the gap here is that human security is the opportunity cost of such overhauling scientific adaptations
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in agriculture; not only in terms of increasing food prices and dangerous emissions from machines,
but the replacement of human capital with pure machinery is also self-inflicting.

In fact, warlike situations like the corona virus palaver have further exposed the insufficiency of
reliance on technology alone. For example, as international attention swings toward inventing vac-
cines that cure corona virus, most farms are emptied for safety reasons. Yet, the approaching short-
age of available groceries in food silos has the potency of inviting another hunger-induced virus
of all kinds. So, dear epistemic communities, agricultural security presents simple, locally owned,
affordable and sustainable solutions for human security, the ends, that food and environmental
security are designed to provide. The nucleus of agro-security interventions is encrypted as follows;

Firstly, agro-security strengthens global governance strategies in the agricultural sector. Unlike
food security’s unparalleled implementation in all nations or environmental security’s expensive out-
look, agro-security is reduced to the community level. The implementation model is self-regulatory
and unilateral protectionist measures are maximally reduced. Agro-security creates a shared space
for discussions and dialogue on the restoration of food’s nutritional value, availability and sustain-
ability, as the common goals. The epistemic community as a global player in agro-security permits
effective response to socio-economic commotions and political irritations that have a transversal
impact on food production and environmental sustainability.

Additionally, agro-security lubricates agricultural productivity and motivates economic devel-
opment. Agro-security tends to facilitate the spreading of credible solutions, applicable tools and
outfits to all countries, more importantly, the developing ones. Meeting the expected global food
consumption in the coming decades requires a compound system of solutions. As population figures
rise, pressures on increasing food baskets, as, climatic change impacts also persist. As producing
more food requires continuous innovations, agro-security’s local entitlement-mentality guarantees
reduced environmental impacts, without compromising the food standards. Consequently, this
attention on biotechnology and bio-sustainability diffuses best global agricultural practices to the
grassroots and gaps would be bridged accordingly. Agro-security is designed to change the, hith-
erto, reliance on world agro-food exports that comes with a tax surge on the poor and developing
countries. However, its success relies on an epistemic community or independent authority acting as
surveillance and placing “position limits” on importation undertakings and exportation of resources
(human and materials).

Lastly, agro-security appears suitable for managing dietary habits. Mechanisms have been
installed for forecasting climatic change dynamics, while objectivity uncertainties have evolved
with data on food security prospects and challenges. But, agro-security agenda enables differentia-
tion in dietary choices and consumption patterns. For example, Asian diet differs from Western diet,
African diet or that of the Mediterranean (Robotti, 2020). Thus, the varying environmental ingre-
dients reflect on their dietary value and consumption habits- quality and quantity, respectively. The
ability to forecast food consumption patterns in emerging populations assist policy-makers in mak-
ing enormous economic decisions. In developing nations, with weak health systems, agro-security
agenda also helps reduce health emergencies such as cardiovascular diseases, metabolic disorders
and tumors derived from inadequate consumption or poor dietary habits.

This study does not seek to appear as a perfectionist research. Thus, there are some fundamental
criticisms. Foremost, agro-security looks prepared for emergency situations, whereby, responses are
readymade when any nation may require sudden intervention. However, agro-security seems too
weak for disaster situations, whereby the damage and hardship are already affected and probably,
and lives are also lost (Chapman, 2009).

Also, the promotion of agro-security agenda by the epistemic communities is open to three basic
threats; natural threats, accidental threats, and intentional threats. Agro-security is affected, generally,
by natural threats like hurricanes, ice storms, wild fire, floods, earthquake, dust storms, and droughts.
When natural threats occur, plural productive activities suffer, ranging from wild life to livestock and
agronomics crops. Likewise, agro-security is affected by accidental threats, consequent of non-natural
occurrences like pesticide or chemical spills, irrigation system contamination or facility failure. When
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accidental threats occur, epistemic communities are largely incapacitated from effective response to
save neither the animals nor crops, as the damage would have been inflicted, beyond repair.

The last category is an intentional threat, also branded as agro-terrorism. Intentional threat entails
deliberate disruption of economic welfare, livestock, animals, crops and food production within a
country or regional setting. Terrorists may exploit the importance of agricultural sectors or programs
to strengthen their bargaining posture. Such eco-terrorists can also explore the media to spread mis-
information on national husbandry practices, processing or marketing facilities, all, to harm the agri-
cultural sector. For example, some foreign-based terrorists disclosed their plans to attack America’s
farms and agricultural sector in 2007. When the terrorists, disguising as Mexicans were accosted by
America’s Homeland Security agents, vials of highly-infectious and contaminated blood were seized
from terrorists. When interrogated, the terrorists confessed their aim to disrupt meat supply in south-
western America through the exposure of a poisonous disease-causing agent (FBI, 2008).

2.6 CONCLUSION

In conclusion, the best time to prepare for war is in peace time. Agro-security is the combination of
resources and programs to safeguard agriculture, natural resources, food sustainability and centrally,
humanity. Such resources and programs include assemblage of experts for intensive preparations,
prevention, threats detection, diagnosis of dangers, response, and lastly, recovery. The revelations
from that section also show most countries (the poor and developing) may not afford food security
agenda, given the default nation-building challenges facing them (such as endemic poverty, popula-
tion explosion, visionless leadership, and the likes). As noted, the advanced or fairly-developed few
countries that can relatively afford food security agenda may not be able to effectively control environ-
mental insecurities (such as global warming), emanating from technology improvements, innovation
advancements, industrialization, modernization and other human-made and unannounced disasters.

This paper has established that food insecurity and ecosystem degradation aggravate conflict
risks, human security, and vulnerability. For example, some previous studies revealed that, from 1946
to 2006, conflicts over administration of environmental issues like land control, natural resources,
usage rights, and revenue distribution rose steadily; 44% of conflicts in African Sub-Saharan, 39%
in North America and the Middle East, 56% in South Asia, 60% in the Pacific and East Asia (Rustad
and Binningsbo, 2012). Furthermore, a 2017 evaluation of 1,800 resource-induced conflicts globally
showed a larger fraction were results of improperly managed extractive activities that has damaged
or polluted land, water, air, forests, and livelihoods in several communities (Akokpari, 2012).

As these avoidable threats to human security continue to culminate, it is imperative that new
forms of human security administration in epistemic communities wave in. But then, the imple-
mentation vacuums, identified in food security networks and environmental security templates is
suggestive of agro-security. As noted, reducing the plenty of risks to human security depends on
the improvement of resource governance worldwide and building of a collegiate response squad
to combat the stresses or shocks that face agricultural security. That is, sustaining the earth’s eco-
system requires, not just the avoidance of conflicts alone, but, the governance of simple and com-
mon resources like air, water, food, and environment that connects humanity together. However,
agro-security is the conceptual envelope that strategically embraces the food and environmental
security pointers deemed central to human security, as critically conversed above. Finally, having
premised the agro-security debate on its simplicity, affordability, and proximity (local ownership),
dear epistemic communities, we ask again, should we consider agro-security?

Long live, the epistemic communities!!!

REFERENCES

Aduloju, A. A., & Okwechime, 1. (2016). Oil and human security challenges in the Nigeria’s Niger delta.
Critique, 44(4), 505-525. https://doi.org/10.1080/03017605.2016.1236495.


https://doi.org/10.1080/03017605.2016.1236495

30 Agricultural Biotechnology: Food Security Hot Spots

Aduloju, A. A., & Pratt, O. O. (2014). Human security and developmental crisis in the contemporary West
Africa. Journal of Human Security, 10(1), 46-58. https://doi.org/10.12924/johs2014.10010046.

Aduloju, A. A., & Adedoyin, T. A. (2020). The tech-novation pathway from pandemic to prosperity: a post
Covid-19 roadmap for African economy. Economic Consultant, 31(3), 4-23. https://doi.org/10.46224/
ecoc.2020.3.1.

Akokpari, J. (2012). Environmental degradation and human insecurity in sub-Saharan Africa. Journal of
Human Security, 8(1), 24—46.

Barnett, C., & Parnell, S. (2016). Ideas Implementation and Indicators: Epistemologies of the Post-2015 Urban
Agenda. Sage Journals. https://doi.org/10.1177/0956247815621473. Accessed 17 December 2019.
Carneiro, C. and Hector, N. (2014). An Economic Analysis of Land Use Changes and Biofuel Feedstock
Production in Brazil: The Role of Irrigation Water, World Congress of Environmental and Resource,

Turkey. https://doi.org/10.13140/2.1.1318.3362. Accessed 20 March 2020.

Chapman, K. (2009). Agrosecurity — Protecting America’s Food Supply; An Introduction to Agrosecurity
Challenges. https://digitalcommons.usu.edu/cgi/viewcontent.cgi?referer=https:/www.google.com.ng/&
httpsredir=1&article=1048&context=extension_curall. Accessed 20 March 2020.

Diaz, S., Fargione, J., Chapin, F. S., & Tilman, D. (2006). Biodiversity loss threatens human well-being. PLoS
Biology, 4(8), 277. https://doi.org/10.1371/journal.pbio.0040277.

Dunlop, A. C. (2017). The irony of epistemic learning: Epistemic communities, policy learning and the case of
Europe’s hormones saga. Journal of Policy and Society, 36(2),215-232. https://doi.org/10.1080/14494035.
2017.1322260.

Evans, J., Terazono, E., & Abboud, L. (2020). Farmers Warn over Food Supply with Harvest Workers Shut
Out. Financial Times, March 27, 2020. Available on https:/www.ft.com/content/e27a9395-db47-4¢e7b-
b054-3ec6badcbba3. Accessed 30 March 2020.

Falvey, L. (2005). Reconceiving food security and environmental protection University of Melbourne,
Australia. Asian Journal of Agriculture and Development, 1, 2.

FAO (2008). The State of Food and Agriculture. http://www.fao.org/3/a-i0100e.pdf. Accessed 28 March 2020.

FAO (2017). Improving Food and Environmental Security in Ghana: Support for the safe disposal of obsolete
pesticides, FAO Representation in Ghana.

FBI (2008). Federal Bureau of Investigation and Joint Terrorism Task Force. Presented at International
Symposium on Agro-Terrorism. http://www.fao.org/partnerships/resource-partners/investing-for-results/
news-article/en/c/1181597/. Accessed 28 December 2019.

Hanakata, N. (2017). The Production of Differences in the Tokyo Metropolitan Complex, Ph. D Thesis,
ETH Zurich. https:/fcl.ethz.ch/people/Researchers/NaomiHanakata/publications.html?batch_name=
publications&page=0. Accessed 02 February 2019.

Heidhues, F., Atsain, A., & Vallee, L. (2004). Development Strategies and Food and Security in Africa: An
Assessment. www.semanticsholar.com/paper. https://doi.org/10.22004/ag.econ.42270. Accessed 02
February 2019.

Hove, M., Ngwerume, E. T., & Muchemwa, C. (2013). The urban crisis in sub-Saharan Africa: A threat
to human security and sustainable development. Stability: International Journal of Security and
Development, 2(1), 7. https://doi.org/10.5334/sta.ap.

Kahl, C. (2006). States, Scarcity, and Civil Strife in the Developing World. Princeton, NJ: Princeton University
Press.

Kikonen, J. (Ed.) (1994). Green security or militarized environment: An introduction. In: Green Security or
Militarised Environment. Hanover, NH: Dartmouth Publishing Company.

Martin, A., & Romei, V. (2020). Business Activity Crashes to Record Low in Eurozone. Financial Times,
March 24, 2020. https://www.ft.com/cotent/f5ebabd4-6dad-11ea-89df-41bea055720bAccessed 02 February
2019.

Nkonya, E., Mirzabaev, A., & von Braun, J. (Eds.) (2016). Economics of Land Degradation and Improvement —
A Global Assessment for Sustainable Development. Heidelberg: Springer Cham. https://doi.org/10.
1007/978-3-319-19168-3.

Ratner, B. (2018). Environmental Security: Dimensions and Priorities. Washington, DC: Global Environment
Facility.

Robotti, S. (2020). What’s the Healthiest Diet? www.medshadow.org/mediterranen-diet-versus-indian-
african-mexican-foods. Accessed 02 February 2019.

Rustad, S. A., & Binningsbo, H. M. (2012). From Fragility to Resilience—Managing Natural Resources in Fragile
Situations in Africa. https://www.afdb.org/fileadmin/uploads/afdb/Documents/Project-and-Operations/
From_Fragility_to_Resilience_Managing_Natural_Resources_in_Fragile_States_in_Africa_-_
Summary_Report.pdf. Accessed 02 February 2019.


https://doi.org/10.12924/johs2014.10010046
https://doi.org/10.46224/ecoc.2020.3.1
https://doi.org/10.46224/ecoc.2020.3.1
https://doi.org/10.1177/0956247815621473
https://doi.org/10.13140/2.1.1318.3362
https://digitalcommons.usu.edu
https://www.google.com.ng
https://doi.org/10.1371/journal.pbio.0040277
https://doi.org/10.1080/14494035.2017.1322260
https://www.ft.com
http://www.fao.org
https://doi.org/10.22004/ag.econ.42270
https://doi.org/10.5334/sta.ap
https://doi.org/10.1007/978-3-319-19168-3
https://www.google.com.ng
https://www.ft.com
https://doi.org/10.1007/978-3-319-19168-3
http://www.fao.org
http://www.fao.org
http://www.semanticsholar.com
https://www.ft.com
http://www.medshadow.org
https://www.afdb.org
https://www.afdb.org
https://www.afdb.org
http://www.medshadow.org
https://fcl.ethz.ch
https://fcl.ethz.ch

A Discourse beyond Food Security 31

Schreckenberg, K., Mace, G., & Poudyal, M. (2018). Ecosystem Services and Poverty Alleviation: Trade-
offs and Governance. London: Routledge, Taylor & Francis Group. https://www.econstor.eu/bitstream/
10419/181977/1/648753.pdf.

Schwartz, P. and Randall, D. (2003). An Abrupt Climate Change Scenario and Its Implications for United
States National Security. http:/www.edf.org/documents/3566_AbruptClimateChange.pdf. Accessed 02
February 2019.

Swerdloff, A. (2016). The FDA is Finally Concerned about Terrorist Attacks on Our Food Supply. www.vice.
com/en_us/article/xym?75a/the-fda-is-finally-concerned-about-terrorist-attacks-on-our-food-supply.
Accessed 02 February 2020

Toke, D. (1999). Epistemic communities and environmental groups. Politics, 19(2), 97-102. https://doi.
org/10.1111/1467-9256.00091.

Westing, A. H. (1989). The environmental component of comprehensive security. Bulletin of Peace Proposals,
20(2), 129-134. https://doi.org/10.1177/096701068902000203.

Zavatta, G. (2014). Agriculture Remains Central to the World Economy. www.expo2015.org/magazine/en/
economy/agriculture-remains-central-to-the-world-economy.html. Accessed 02 February 2020.


https://doi.org/10.1111/1467-9256.00091
https://doi.org/10.1111/1467-9256.00091
https://doi.org/10.1177/096701068902000203
https://www.econstor.eu
https://www.econstor.eu
http://www.edf.org
http://www.vice.com
http://www.vice.com
http://www.expo2015.org
http://www.expo2015.org

Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


https://taylorandfrancis.com

3 The Epistemic Communities,
Food and Agriculture
Organisation (FAO) and Food
Security in the Third World

Ayodeji Anthony Aduloju
ObafemiAwolowo University
Edo State University Uzairue

Victoria Akinyemi Omolara and Temitayo Adedeji Adedoyin

Obafemi Awolowo University

CONTENTS
3.1 TIEFOQUCTION ..ttt ettt sttt ettt et ae et et eaeenes 33
3.2 FAO and the Epistemic Communities: A Succinct Introduction.............ceceeveveeeeneneenenee. 34
3.2.1 Food and Agriculture Organisation: A Background ............ccccoeoeevinienencennnienenne. 35
3.2.2 Epistemic Communities: A Theory and COncept..........cocereeuerieienienenieneeeeneeene. 35
3.3 Food Security in the Third World COUNEIIES........cceeririeriiriereeiesieeie e 36
3.4 Four Dimensions of Food Security in the Third World.............coccoiiiiiiiniiniieceee, 37
3.5 Emerging Limitations to Food Security from the Third World ...........ccccccceeiinvnininnnne. 39
3.6 The Epistemic Community, FAO and the State of Food Security in the Third World .......... 40
3.7 CONCIUSION ...ttt ettt sttt ettt ettt eaeeaeenes 43
RETETEIICES ...ttt ettt sttt ettt 44

3.1 INTRODUCTION

Over the years, the epistemic communities have been at the centre of providing technical know-how
to policymakers on issues that affect the world in general. Their advisory roles in international
organisations have been crucial for global problem identification and solving. One of such organisa-
tions where these roles are evident is the FAO. The FAO on its part provides information and knowl-
edge about how to defeat hunger in the world and also doubles as an agenda-setting organisation on
how the information and knowledge to defeat hunger can be governance inclined for global action.
Apart from serving the problem-solving needs of its member states both developed, developing and
underdeveloped it has prioritised the challenges of the food crisis, hunger and famine in the Third
World as its core objectives. This may however not be one of its stated objectives, yet the body
language of the organisation and its various programmes are navigated towards addressing food
insecurity problems in the Third World.

FAO prioritising the Third World food insecurity is not farfetched, owing to how food security
gets to impact upon the problems of poverty, conflict, famine, underdevelopment, health issues,
political instability, natural disasters and food production in the Third World (UK Parliamentary
Office of Science and Technology, 2006). Meanwhile, at different fora, issues surrounding food
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insecurity in the Third World and their attendant problems have been the subject of discussions
and actions at the level of the FAO framework. The epistemic communities in this regard have also
simplified in a way, the process by which the FAO achieve its problem-solving role on the global
food crisis. As touching the Third World Food Security crises, the epistemic communities and the
FAO have worked to identify the problems of hunger, malnutrition, food scarcity, food supplies and
famine through formulating policies to help people in Third World, most especially farmers, so as
to meet up with the standard the organisation has set for achieving food security.

Consequently, regardless of the tireless efforts of the epistemic communities and the FAO, food
security in the Third World seems to look like a mirage. In the area of agriculture, the FAO has
assisted to transfer technology and eco-friendly materials to boost agricultural productivity and
ensure food security. Despite all these, most of the Third World countries still languish and expe-
rience food shortage and scarcity. The epistemic communities have also unravelled some of the
possible factors to these severe and protracted food crises in the Third World, which range from
the problem of climate change, political instability and poverty. Although the epistemic communi-
ties have advised the FAO to help the Third World change to best practices in food and agricultural
production, which the FAO has done appreciably, however, it seems that there is more to the food
security problem in the Third World than what has been previously mentioned.

Also, it is important to make the point about how global warming and its attendant impli-
cations for food production and conflict in the Third World are restraining the FAO to record
appreciable success in the Third World. Moreover, the epistemic communities have over the years
emphasis in their research, how climate change has the tendency to impact negatively on a global
natural resources such as the nutrient in soil and water, which agriculture depends on, couple
with momentous consequences for global food security (Hoffmann, 2011). Climate change could
also significantly constrain economic development in those developing countries that largely rely
on agriculture and can contribute to global hunger which the FAO has to an extent contained.
Meanwhile the problem of insecurity and conflict in some states in Africa, for instance, has
expanded the scope of the FAO in ensuring food security by dragging the organisation to focus on
advocacy for peace and conflict mediation in some of these countries first and then work towards
setting agenda for food security.

As easy as it is to talk about, that is, the conflict factor of food insecurity or crises in the Third
World, the FAO has been faced with problems in its interest to ameliorate food insecurity in the
Third World. Also, the epistemic communities seem to be bugled with confusion on how it pin-
points on its technical advisory role to the FAO in making an edgeway to ensuring an end to hunger
and food insecurity. This seems to be an Aquilian task for the epistemic communities and the FAO.
Now, this study seeks to do a thorough review of how the roles of the epistemic communities and
the FAO in the Third World has been met with little or no success. It looks critically at how the
collaborations of both actors are working in other places of the world and relatively failing in the
Third World. Finally, the study tests the hypothesis that hunger and food insecurity is synonymous
and peculiar to the Third World, which could be an area for the epistemic community to look at for
proper solution by the FAO and its members state.

3.2 FAO AND THE EPISTEMIC COMMUNITIES:
A SUCCINCT INTRODUCTION

As organised as the FAO is, the organisation still relies on the epistemic communities for knowledge
transfer, sharing and for policy formulation. The community has grown to be the life wire or put
differently, a very important part of global policy formulation in international organisations and in
the FAO to be precise. Since the notion of epistemic communities has been developed in academia,
there has been the problem of ambiguity in the way it is applied to either discourse in research and
how it is used in public debate. In order to clear this noticeable grey area, this study takes a succinct
background of what the epistemic communities are how it will be used in this study.
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3.2.1 Foob AND AGRICULTURE ORGANISATION: A BACKGROUND

Seven decades ago and precisely on October 16, 1945, the FAO was established as one of the specialised
agencies of the United Nations (UN). The organisation was the outcome of the Hot Springs Conference
in Virginia, United States and attended by forty nations in May and June in 1943(OECD/FAOQ, 2016).
The period in which the FAO was instituted and when the conference was held coincided with the
end of the Second World War. At inception, the FAO was charged with the responsibility of ending
the food crisis caused by the devastating impact of the Second World War on states in Europe (FAO,
2003). Since this period, the organisation has been active when it comes to tackling global food prob-
lems. The organisation has the mandate to promote and strengthen cooperation amongst member
states, in the areas of food and agriculture. These areas cut across all agricultural products such as
crops, poultry, fisheries, seafood, forestry, etc. The FAO also has an expanded role to monitor how
these areas go into the production process, consumption and commercial distribution.

As an intergovernmental organisation within the UN framework with a large number of members
states up to 191, it renders assistance to its members in the areas of formulating development-friendly
policies and increase the level of interdependence between its members. In recent times, the organ-
isation has offered a platform for states to deliberate on issues that border on food availability and
affordability. More importantly, its noticeable agenda is the fight against hunger. In this, it has shown
commitment by drawing its plans on how to fight hunger. The FAO’s five steps to fight hunger are:

a. Contribute to the eradication of hunger, food insecurity and malnutrition;

b. Increase and improve the provision of goods and services from agriculture, forestry and
fisheries in a sustainable manner;

c. Reduce rural poverty;

d. Enable more inclusive and efficient agricultural and food systems at local, national and
international levels; and

e. Increase the resilience of livelihoods to threats and crises (FAO, 2016:15).

With a close look at the above goals of the FAO, it is glaring that there are challenges facing most
Third World countries. One could then say that for the developed and countries in the first world, the
FAO has completed and achieved its purpose. What the organisation mainly does today is to nature
states in the Third World against or out of the food security associated challenges affecting them.
Food security has become one of the cardinal objectives of FAO and its activities in recent times
have been geared towards ensuring the actualisation of food secured world. Either by supervising and
ensuring the quality of food produced as the case maybe in the developed world or ensuring afford-
ability and availability of food in the Third World. With the noticeable plans of the FAO on food
security, it is clear that most of the problems to be solved as regard food security are rampant in the
Third World. It is as a result of this that this study will examine how the FAO has been able with the
collaboration of the epistemic communities being able to ameliorate the problem in the Third World.

3.2.2 EpisteMic COMMUNITIES: A THEORY AND CONCEPT

As a concept, the epistemic communities have been used to understand and explain the roles of
different actors involved in global governance and how these actors deploy their roles to addressing
global extremely difficult problems. Whatever may be the nature of these problems, they are com-
plicated in such a way that they could spread across bounds like wide fire and lead to more severe
issues with uncertain outcomes. The onus of solving these problems is within the confines of the
duties and roles of policymakers, who sometimes are incapacitated to find lasting solutions to them,
thereby relying on the epistemic communities. This narrative of the helper (epistemic communities)
and the helped (the states or policymakers) has been embossed and well nuanced through the robust
works are done by Peter Haas (Haas, 1989, 1990 and 1992).
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Ruggie (1975), invented the conceptual framework of ‘epistemic communities.” To him, the way
global policy is reached to solve problems is not hinged on the decisions of policymakers only, but
on how knowledge is transformed and harnessed to build a channel of the relationship between sci-
ence and politics. He then defines the concept as “a dominant way of looking at social reality, a set
of shared symbols and references, mutual expectations and mutual predictability of intention” (p:
570). Haas (1992) on his own part, also push forward an argument about the link between science—
politics of knowledge and decision making, which encapsulates the term epistemic communities.
Morisse-Schilbach (2015), while also relying on Haas’s foundational argument, sees the concept as
a global network of convergence for technical experts, scientists and international bureaucrats on
the one hand, and political and societal actors, on the other hand. This points to the fact that the
epistemic communities build in conjunction with other relevant professionals, a relationship that
thrives on collectively identifying and solving problems.

To be precise, the problem of global food security, in particular, has placed the world at a depen-
dency level of relying on epistemic communities for research-driven policy advice. Even as world
leaders are working towards achieving the goals of ending hunger and eradicating malnourishment
in the Third World, for instance, some of the challenges (climate change, conflict, poverty, underde-
velopment, etc.) toward achieving these goals bring about the complexity in successfully containing
the challenges. Faleg (2012) sees this complexity as uncertainty that drift decision-makers to seek
technical advice, which in turn influence the way global decision is made. In addition, Haas (1992)
further demonstrates that the epistemic communities’ framework rests on four cardinal principles.
They are policy innovation, diffusion, selection and evolution as learning. All these four principles
validated the relevance of the epistemic communities in providing evidence, know-how, new ideas
and understanding about real-life scenarios for policymakers to make workable choices.

Furthermore, the epistemic communities could be seen from the lens of being international
actors with revered collective values and a common policy project. The epistemic communities
theory has been used and operationalised at various levels and spheres, either within the academia
and public space to understand the roles of professional experts in developing and executing ideas
for, most times, global gains. The question now to ask is in this regard is not whether the epistemic
communities have made great in ensuring global food security, but to know if, in reality, they have
been living up to what is expected of them in the way global problems are contained and addressed.
Within the context of this study specifically, have the epistemic communities been performing their
roles when it comes to achieving the FAO goals for the Third World countries? The reality in these
countries shows that the FAO has faced challenges in attending to food security-related problems,
it is pertinent therefore to know that this study is not in any way interrogating the roles of the epis-
temic communities buy bumping into the conclusion that they may have failed on the issues border-
ing on food security in the Third World, but to underscore some of the challenges they face when it
comes the ever complex food problems facing the Third World.

As a result of the above position, the framework of epistemic communities also gives broad and
crucial knowledge on global policy decision-making in the international arena is not solely based
on the ideas of the decision-makers but on what the epistemic communities have recommended to
be the solution. Form this, the foundation and basis for understanding the framework of epistemic
communities, what we should be asking are why has the Third World entities not being freed from
the strings of food insecurity? To attempt this, this study draws ideas from the high-level politics
played in international organisations to have contributed to it. As it stands at the moment, the argu-
ments around it are still sketchy thereby needing a well-constructed narrative.

3.3 FOOD SECURITY IN THE THIRD WORLD COUNTRIES

Undoubtedly, the plurality of studies and perspectives on food security does not provide food for the
lots of hungry individuals we have in our world today. While having access to an abundance of food
in terms of quantity and quality is referred to as food security, food insecurity is the lack or shortage
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of food for the populace (FAO, 1996). Furthermore, saw food security as the capability to provide
for the people of a country or region- access to food, that is nutritious, adequate and sufficient at any
period of time- on and offseason. On the flip side, however, USDA (2003) perceives food insecurity
as the limited access to adequate food and resources, thus, placing the people on a difficult lifeline
to live, in physical, psychological, economic and social terms.

Postnote (2006) explains that to achieve an improved food security level, a larger percentage of
our population must have access to nutritious food, enjoy an economically active life in good health
and must be physically free and secured within their domestic jurisdiction. Furthermore, Postnote
stated that some of the factors that affect food security include the level of poverty, health, political
stability, food production, basic infrastructures, natural hazards and climate change issues. At the
same time, an improved food security assessment in the Third World is a precursor for the global
decline in starvation, hunger and poverty.

Among other problems, one major challenge facing our world today is putting an end to malnu-
trition and food insecurity. For instance, the number of people suffering from chronic hunger ampli-
fied from about 805 million in 1997 to above one billion in the last few years. Although the study
focuses on the Third World, new indicators reveal that, even in middle-income and developed coun-
tries, a sizeable slice of the people lacks steady access to sufficient and nutritious food; for example,
eight out of a hundred of people in Europe and Northern America are calculated to be affected by
food insecurity at moderate levels. But, then, a lot of Third World countries, mostly in Africa and
Asia are still grossly food insecure, while many countries in Latin America and the Caribbean are
rising sluggishly, but largely malnourished (FAO, 2019a).

As indicated by the Food Insecurity Experience Scale (FIES), food insecurity in the Third World
is more than just hunger in the land. The 2009 World Summit on Food Security acknowledged the
availability of food, access to food, utilization of food and stability of food production as four key
dimensions of examining food security in the Third World and that would be intelligently discussed
in the next section.

3.4 FOUR DIMENSIONS OF FOOD SECURITY IN THE THIRD WORLD

Generally speaking, there are four key dimensions of food security within the context of Third
World countries. The first is the availability of food. The availability of food to a very large extent
depends on the production of food. As a complement, the overwhelming production of food can be
deposited, warehoused and transported when necessary to address local shortages and unavailabil-
ity of food. As the global population figures are expected to surpass 9 billion people in 2050, the
level of food production must rise above 55% to cater for the Third World. (FAO, 2017). Thus, the
paramount concern, therefore, is not only to provide nutritious and energetic food for the teeming
population in the Third World but, to also enhance food production without degrading the natural
ecosystem for future production of food, in tandem with efforts to sustain our environment.

For example, a study conducted in Zimbabwe reveals that naturally dry environments have higher
tendencies of experiencing food deficit. To put it differently, the availability of rainfall or otherwise
directly affects the availability of food for the people. In fact, farmers consider the profitability of
production in dryland zones- which defines an extended land area and what transpires in the Third
World countries at large. Some of the countries in the semi-developed and the developed ones have
alternative irrigation systems that enable food production with or without rainfall. Therefore, this
study identifies the irrigation system as one of the panaceas to ameliorate the problems of food
insecurity in the Third World.

For other categories of agricultural undertakings, sustaining the forest biodiversity and having a
balanced ecosystem could be consolidated through the different internal mechanisms developed by
states. For example, the pollination services in Bangladesh yield a considerable increase in the pro-
duction of mustard seed and some other pollinated crops. Likewise, the ecosystem services in India
support food production, pest regulation and nutrient cycling. Also, the coastal water mangroves in
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Tanzania yield an extensive increase in fish production . Therefore, the availability of food in the
Third World depends, not only on the improved level of technology to produce on and off-season,
but also enhanced strategies to sustain the ecosystem for the generations, yet unborn.

The second dimension in food security is access to food. While sufficient food must be provided
at the local and national levels, the nutrients, content and quality of food provided must not be com-
promised. This element of food security, therefore, depends on the biophysical facets of producing
the food, processing it, storage and distribution. Additionally, access to food also depends on the
efficient security of lives at individual and household levels, together with the established political,
economic, social and legal considerations at the municipal, national and transnational levels (FAO,
2015).

In some very harsh environments, where individuals and households were unable to access inputs
such as pesticides, livestock feeds, fertilizer, veterinary medicines, and so on, the production and
availability of food were drastically affected. In some inaccessible and remote locations, draught
animals play important roles in food transportation (FAO, 2015a). So, access to food in many urban
areas constitutes a big issue in the Third World. Although access to food in some areas is mostly
determined by the income of individuals living in a particular area, many urban populations, due to
other social factors, depend on restaurants, street-food sellers and community food outlets to access
food (Lang, Barling and Caraher, 2009). Recent food-consumption data shows that people are con-
suming more and more processed foods at the expense of diverse fruits and vegetables (FAO, 2017e).

A study by Adato and Besset (2009) in Malawi, South Africa, Zambia and, Mozambique, to
examine the effectiveness of cash transfers in alleviating barriers to access food, reveals that cash
transfers could increase access to food and lessen food insecurity, with Malawi benefitting greatly
from the cash transfer initiatives. But, Shiferaw (2003), using the Korodegaga peasants in Ethiopia
as an example, argued that, other determinants of access to food include, access to markets, labour,
land area, livestock, weather conditions, technology and education; aspects, in which the majority
of the countries in the Third World are functionally crude and deficient.

Apart from that, the third dimension of food security refers to the way people utilize food to
create nutritional value for themselves (FAO, 2006). Consuming a healthy diet requires a broad
range of diverse, foods, plants and animals. Appropriate utilization of food requires knowledge on
how food is processed, prepared and stored. In many instances, the poor people in the Third World
depend on supplies from the ecosystem biodiversity for their nutritional wellbeing. For example,
Zambia mentions vitamin A-rich varieties of maize and sweet potato, and iron- and zinc-rich vari-
eties of beans as their main source of nutritional wealth. Nepal recently remarked that the various
minor fish and other marine species that were once considered as “pests” are progressively being
acknowledged for the various nutrients, contents and hence the potential nutritive importance in
them. India noted that their livestock is significant as a spring of food options that can aid the defi-
ciencies in vitamins, protein and other minerals.

Thus. we can rationally conclude, that a large number of Third World countries maximize the
nutritional values in the food they get from their immediate environments. In a survey conducted,
while many developing countries identified the availability of food and access to food as the main
challenges to food security in the Third World, a similar percentage mentioned that, crop varieties
with great concentrations of specific nutrients have been vital for their survival (FHI, 2016; FAO,
2017).

In the same vein, the final dimension of food security is the stability of food availability. This
largely depends on the availability of adequate food for the people all the time, regardless of the sea-
son; that is, no seasonal famines, shortages and poor harvest intervals (FAO, 2006). At the house-
hold level or at the national level, stability is also regarded as the capability to diversify, such that,
a wide array of different food-producing channels and species that have diverse life sequences and
different adaptation characteristics that helps to sustain the supply of food throughout the different
seasons of the year. For non-food products that are raised or reaped for sales, diversity can help to
preserve the stability of revenue, in spite of the risks associated with market forces.
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Also, stability, supported by attendant biodiversity factors helps to diminish the effects of unruly
events (such as droughts, floods, pest outbreaks and diseases) that have the potency to affect the
production, distribution and storage of food. Also, micro-organisms can be used for food preserva-
tion and help to tackle the barriers to food supplies, caused by seasonal variations (Thondhlana
and Muchapondwa, 2014). For example, India again noted the importance of livestock, as it acts
as buffer to mitigate crop failures. At the same time, both Zimbabwe and Zambia reported that
small-holders have responded to regular drought issues by adopting some more sturdy crops like
sorghum, millet, cassava, and sweet potato and by diversifying their systems of production. Both
countries also mentioned that small ruminants can be used to respond to the growing effects of
disease on cattle and drought.

Having examined the four dimensions of food security, and how the Third World features on
each, there are some emerging constraints to food security that are deemed peculiar to the Third
World. The next section fully starts the conversation.

3.5 EMERGING LIMITATIONS TO FOOD SECURITY FROM THE THIRD WORLD

It is not surprising that countries in the Third World face a lot of constraints to the attainment
of food security. The population figures as an important variable in shaping efforts towards food
security. This is because the alarming growth of the total population rises far above the supply of
food, therefore, leaving a bourgeoning supply gap, most especially, in the Third World. Unlike the
developed world, with fairly stagnant population growth, the supply and availability of food in the
Third World must sharply increase to surpass the potential population growth.

Since the Third World mostly depends on agriculture to optimize their food security networks,
the climate change issue is a critical consideration for individuals, households and states towards
that goal. Due to the changing weather patterns, some regions that were once tagged appropriately
for crop production are becoming increasingly unsuitable for planting and other agricultural activi-
ties. For example, Ringler (2010) the low adaptation capabilities of the Third World countries to
climate change impact will induce a high level of poverty and higher vulnerability levels for several
countries.

In 2008, for instance, drought-affected wheat production in Russia and consequently led to a
sharp increase in the cost of wheat in most developing countries. By extension, the supply or export
of wheat was also restricted to selected developed countries, thereby, creating shortages in the Third
World, particularly in Africa. Invariably, World Bank (2012) opined that the dominant debt predica-
ment across Europe aggravated the problems of food insecurity among the Third World countries.
This is because, whenever an economic downturn occurs on a global scale, developed countries tend
to look inwards and reduce the level of support they provide for the developing world to combat
food insecurity.

Therefore, in view of the existing improved international economic conditions -unlike the recent
economic meltdown era- that coincides with the 70th anniversary of the FAO, there has been a
sharp decline in the chances of food insecurity in the Third World. For example, the protection and
nutritional concerns of the food we consume have become frequently topical in recent times, and
consequently, a lot of emphasis was placed on the availability of satisfactory food supply without
further critical analysis of its nutritional status. Before then, WHO in 2010 had noted that above
60% of the children in the Third World were malnourished. Just as the Ethiopian experience sug-
gests, many developing nations do not establish stern conditionalities that will force the developed
countries to conform to policies that enhance food and commodity security in the Third World, due
to the widening supply gaps that exist. Therefore, developing countries are expected to increase
their agricultural food production and put measures in place to ensure that they restrict unsafe food
production or importation from the developed world.

Apart from that, accessibility of water in the developing world has also become a germane issue
to achieving food security; not just the quality, but the availability of hygiene water has become a
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central consideration towards achieving food security. Hence, Ringler (2010) stated that the high
rate of pollution in the developing and underdeveloped affects the quality and safety of water in
circulation, thus having a catastrophic impact on people’s health.

Ringler (2010) further argued that water forms an essential aspect of food security and safety is
of overriding importance to guarantee a more noticeable improvement in food security. For exam-
ple, WHO (2011) added that the deteriorating quality of water for Zimbabwe’s urban populace has
led to several cases of typhoid and cholera. Therefore, as a key component of food security, develop-
ing countries must strive to deal with the quality and availability of water as well, to achieve food
security.

As critically compiled above, the limitations to food security remain dynamic and multi-faceted;
they are seen from different angles including political, economic, social and environmental factors.
To this end, the Third World is presented with massive emerging issues that call for strategic and
explicit solutions to nip them in the bud. It is therefore imperative, to examine the several actions
or inactions of the epistemic community, the FAO and other concerned stakeholders on the state of
food security in the Third World.

3.6 THE EPISTEMIC COMMUNITY, FAO AND THE STATE
OF FOOD SECURITY IN THE THIRD WORLD

Over the past three decades, scholars of International Relations, Public Policy Analysis and
Comparative Politics have acknowledged the term ‘epistemic community’ as an arena where key
actors converge to engage in critical deliberations and make key decisions for regional and global
utility. Haas (1992) framed the epistemic community as a knowledge-based platform of individu-
als and professionals who are specialized in transnational policy-making. Epistemic communities,
therefore, are assemblies of specialists, from different disciplines, that develop policy recommenda-
tions and solutions about issues that are technically complex (Haas, 1992).

However, there are four elements that are attributed to the body of knowledge produced from
epistemic communities: one, there is a collective set of principles and normative beliefs, that pro-
vides a value-based justification for the actions and recommendations of the community members.
Secondly, the community derives a shared set of assumptions about the cause of identified problems,
which then function as a background for explaining the links between the policy recommended and
the expected outcomes. Thirdly, the community seeks validity and objectivity of their notions and
expertise through inter-subjective analysis. Lastly, epistemic communities direct their professional
proficiency towards problems that are within the scope of their mission, with a vision of an associ-
ated or joint policy enterprise (Haas, 1992).

The four principles were designed to ensure that epistemic communities have control over their
information, the proposed policies and knowledge produced after systematic debates, -that articu-
late the cause and impact relationships- on specific or general problems. With the structure and
outlines appearing in form of International Organization, Haas (1992) empirically articulated the
relevance of epistemic communities to a broad range of transnational problems including, security,
trade, political, economic, social, agriculture and even, our commonwealth- the environment.

In the same vein with the transnational processes of epistemic communities, the FAO has been
continuously involved in specific areas of global governance, such as promotion of agriculture (to
reduce hunger worldwide), regulating safety standards for food and all consumables, monitoring the
food security agenda and acting as a global watchdog for agricultural practices that can undermine
sustainable development (Djelic and Quack, 2010).

As stated in the reports of FAO in 2009, the increasing production of food in the world in the past
few decades has not convincingly reduced the level of hunger and malnutrition, most especially,
in the Third World. That same year, the Committee on World Food Security (CFS) reviewed their
policies to attract the status of a multinational-stakeholder, multi-sectoral and intergovernmental
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platform (FAO, 2009a,b). Unlike the previous incarnation of the CFS, epistemic communities are
more open, not only to the governments and stakeholders alone but, also engages the private sectors
and the civil society; all, working towards ensuring adequate nutrition and food security for human-
ity. It should be added that this reformation was propelled by the 2008 sharp rise in the prices of
food which strongly affected an overwhelming lot of Third World countries.

Therefore, in several attempts to understand the devastating impacts of the price hike and how to
curtail similar occurrences, in essence, the CFS was reformed. Currently, the Committee consists
of many nations within the UN; UN specialized agencies with mandates that relate to nutrition
and food security; civil society and NGOs working on similar agenda; transnational agricultural
research agencies; the private sector, philanthropic foundations; and lastly, the international finan-
cial institutions (FAO, 2015). Occasionally, the CFS invites intellectual groups and institutes to act
as observers or join particular deliberations at its sittings. This assemblage of participants has been
providing evidence-based studies and reports to strengthen the policy recommendations negotiated
within the CFS.

In 20009, the High-Level Panel of Experts for Food Security and Nutrition (HLPE) was instituted
to serve as the scientific policy interface of the CFS. The HLPE provides in-depth study and com-
mendable findings on food security policy strategies for the CFS. The HLPE also supports the CFS
in advancing its perception based on evidence, including an outline of the controversies, and detect-
ing the emerging issues across the world (HLPE, 2010). A combination of experts from different
backgrounds, knowledge systems and disciplines produce the reports implemented by the CFES. In
the eventual analysis, the shared knowledge creates a single fact-based document that bridges the
gaps among diverse perspectives. Such a model of shared understanding strengthens inclusiveness
and commitment among the Committee members.

Since 2011, nine reports have been released by the HLPE which has continuously incited several
debates at the floor of CFS; on matters that range from, climate change, -price volatility, social
protection, food production, biofuels, waste management, investments in small-holder agriculture,
aquaculture- to the provision of adequate water for the people (Gitz and Meybeck, 2011). To put it in
another way, the HLPE reports have led to the acceptance of strategic recommendations or policy
frameworks by the CFS, which confirmed the commendable impact of the epistemic communities
on food security in the Third World.

In the foregoing, the overriding mandate of FAO is to assist and work with member states, -not
just in the Third World alone- but, across the world, to ensure food security; that is, where all the
people, at all times, have physical and economic access to sufficient safe and nutritious food that
meets their dietary needs and food preferences for active and healthy living (FAO, 1996). Using
the global scale, the production of food across the world is expected to be sufficient for human
consumption. But, the percentage of undernourished people in the Third World peaked in 2009 and
has recently grown to reach over one billion people, implying that one-out-of-every-seven-persons
are food insecure.

As an appendage to the workings of the epistemic community, the target of FAO is to ensure that
hunger and poverty are uniquely reduced by FAO’s epistemic resource base; its multidisciplinary
expertise, impartial analysis and global statistical chart, its depository of treaties, countless inter-
national committees and commissions for setting standards and lawful policy suggestions on food
security (Duncan and Claeys, 2018). Therefore, the FAO, through intelligible sharing and transfer of
knowledge has demonstrated its support for initiatives that promote sustainable development. FAO
also maintains a firm international awareness about the unwavering impact of agriculture for global
development and improvement on food security levels in the underdeveloped world.

However, despite the plethora of initiatives FAO has constantly introduced over the last two
decades, the turn of the 21st century has brought with it, some challenges, -which at the same
time- are interrelated and complex. For instance, the global population is expanding rapidly and is
predicted that by 2050, the figures will rise to 9 billion people (DESA, 2019). With the possibility
of a larger growth rate in the Third World, the implications for FAO member states and its partners
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seem gloomy. In addition, migration from rural to urban areas is rising considerably, and by 2050,
it may account for over 75% of countries in the developing world, as against the 48%, we currently
have (DESA, 2019). Also, urbanization, expansion of industries and globalization are changing the
consumption patterns of some kinds of food.

While intensive industrialization efforts in the Third World are placing unprecedented pressures
on our natural resources, environmental and climatic changes are forcing out some technical emer-
gencies on food availability as a result of frequent environmental disasters. Apart from the dangers
posed by globalization, the dwindling development assistance funds, committed to the agricultural
sphere have discouraged private firms willing to invest in the food sector. To consolidate that point,
the uncertainties that surround the agricultural sectors and small-scale farmers in most Third World
countries could be regarded as reflections of, not just some weak policy recommendations sug-
gested by the epistemic communities, but, also failed to implement some trusted or tested policy
frameworks.

As critically stated in the previous paragraphs, the epistemic community and the FAO are mak-
ing coordinated efforts to ensure that a measurable improvement is recorded on food security in
the Third World. Nevertheless, the collaboration of the FAO and the epistemic communities on
food security have indeed, laid a solid foundation for improvement in Latin American and the
Caribbean nations food sufficiency ratio- a prototype of what is expected in other Third World
regions in Africa and elsewhere. Selectively, this section, in essence, reflects on instances within the
Caribbean, Latin America and Africa, amongst others.

Notably, the fight against hunger in the Caribbean and Latin America is an offshoot of the politi-
cal mobilization to eliminate undernutrition. Also, “the global ‘freedom from hunger’ movements
have translated into model national initiatives like the Zero Hunger project in Brazil, or the recently
launched Plan for Food Security, Nutrition and Hunger Eradication of CELAC (the Community
of Latin American and the Caribbean States”. Josué Castro believes that“hunger and war do not
respect any natural rule, but, they are creations of mankind” (FAO, 2019a:3) The epistemic com-
munities, apparently with the support of FAO has set Latin America to work, thus, showing a strong
political will to tackle hunger- a human creation. Accordingly, the 2015 World report on the state
of food security affirmed that, since 1990, the first region to split its hungry population by half in
Latin America. Such achievement also equates some targets set by the United Nations MDGs/SDGs
Agenda. That is, the figures of the Latin American and Caribbean population suffering from hunger
declined from 14.7% in 1990 to 5.5% in 2014.

Having established the goal of eradicating hunger by the epistemic networks of global gov-
ernance, the goal was collectively approved by all the states in the “Free Latin America and the
Caribbean Initiative” in 2005 and also renewed their commitments during the 3rd Summit of the
CELAC in Costa Rica. During the Summit, all Heads of State strengthened their commitments by
way of “supporting the organization’s Intergovernmental Plan for Food and Nutrition Security and
the Eradication of Hunger by 2025” (FAO Reports, 2017). At the Summit, the Director-General(DG)
of the FAO, José Graziano da Silva reiterated the significance of political responsibilities, cohesion
and availability of the productive apparatus to achieve the anticipated outcomes.

Within these agreements by states, the FAO DG included viable cooperation within the
South-South as the primary means in guaranteeing regional standpoint and accountability to over-
coming hunger and promote food security. This plan, initiated by FAO, was supported by the Latin
American Integration Association and the United Nations Economic Commission for Latin America
and the Caribbean (ECLAC) after an extensive assessment. Over the years, the project tends to have
improved the value of life all over the region by eradicating extreme poverty, guaranteeing food
sufficiency and nutritional security.

In 2013, African presidents and Heads of government met in Ethiopia to sign a declaration that
would end hunger by 2025. Following the tenets of the epistemic knowledge base, policy actors
from different international organizations, civil society, and the private sectors, such as agricul-
turalists, researchers, scholars and several other partners were also present at the meeting (FAO,
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2015). In the aftermath, the agreed declaration constituted a well-framed set of strategies that seeks
to stimulate sustainable agricultural growth, increased food production, social security, protecting
the vulnerable, and it also underlined the significance of non-state actors and stakeholders towards
ensuring food security.

Consequently, the Addis Ababa Declaration also reiterated different African countries to domes-
ticate and implement the “2003 Maputo Declaration on Agriculture and Food Security in Africa,”
which was signed under the Comprehensive Africa Agriculture Development Programme. Also,
at the assembly in Ethiopia, African leaders strengthened their unshaken commitments to termi-
nating hunger and germinating public investment and deals on agricultural development. In full
acknowledgement of Africa’s potential in agricultural expansion, its rising young population, the
massive land area, water reservoirs and abundant natural resources, the avalanche of professionals
and experts at the gathering in Ethiopia, pledged their technical support and resources to foster
resilient cooperation between each African country and the development partners for food security
in the Third World.

3.7 CONCLUSION

In conclusion, the epistemic community represents the most efficient composition of policy frame-
works and recommendations for global governance. While the FAO has been the presiding body
over the green world in the past 70 years, the enjoinment of the epistemic community since the
1990s has added more greenlight (towards ensuring food security), such that, the challenges created
by greenhouse gases, even become less obstructive to achieving the goal of being food secured.

Drawing from extensive literature scoping, this study renews the existing perception that any
agenda on food security is instituted on four solid pillars, which are; food availability, easily acces-
sible, nutritional utility and stability of production. As strongly argued, the epistemic community is
central to the coordination of food security policies in the Third World, at both regional and national
levels. As expected, the collaboration between the relevant platforms of global governance and FAO
has strengthened the institutional and legal frameworks, which has evidently improved food produc-
tion and supply programs, and reduced wastage or loss, mostly in the Caribbean and Latin America.
However, ensuring timely access to adequate, safe, nutritious, sufficient and sustainable food for
everyone remains relatively impossible in almost all the Third World countries.

Although most African countries seem to be in the preface of those four pillars of food security,
only a few African countries have a clear roadmap towards achieving food sufficiency and access to
food. But, then, due to the systemic institutional decay in African nations, achieving food security
will require the preparedness of the poor masses to suffer the consequences -of varying degrees- in
the short and medium-term scale. For example, Nigeria currently shuts its land borders to ignite
local rice production within the country. While that comes with a hike in the prices of available
rice —even, despite the stones forming its bones-, the argument that the Nigerian government should
have pre-informed its large population of such closure plans could as well be tagged the smug-
glers’ argument- which would have enabled them to devise alternative routes, should the Nigerian
government shuts its land borders. Also, the local production of rice enhances its nutritional value
(the third pillar of food security), as a result of the organic relationship between our soil composi-
tion and the Negroid texture of Nigerians — unlike long-imported Asia’s chemically-enhanced rice
production which is organically suitable for the Mongoloid Asians alone (Brevit and Burgess, 2014).

Additionally, the efforts of FAO and the epistemic communities have facilitated stable produc-
tion of food and rapid response to natural disasters in many Third World countries. Then, a lot
of re-strategizing needs to be done to maximize production potentials, provide and manage food
stocks, while also ensuring easy access to (and stability of) adequate food and water for the people.
For instance, Mexico has launched its National Crusade against Hunger while Chile has also com-
menced its Choose Healthy Living program. While Grenada has implemented the Zero Hunger
Challenge, it was recently added to the Venezuelan national strategy for food production and supply.
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Peru, on the other hand, established an Inter-Sectoral Commission on Food and Nutritional Security
as part of its commitment, whereas in Brazil, the prioritisation and development of renewed opera-
tional strategies for its Zero Hunger initiative are implemented. This programme in Brazil has lifted
over nineteen million people out of severe poverty and also reduced undernutrition by almost 26%,
all within 5 years of implementation. Consequently, we can realistically conclude that the realities
of food security in the Third World are largely structured on the unrelenting efforts of FAO and the
epistemic community, which serves as a rich source of fact-induced policies and testable recom-
mendations for food security agenda in the Third World.
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4.1 INTRODUCTION

The daily increase in the global population has necessitated the high demand for production of
quality and request for improved food in terms of quality and quantity. The application of biological
agents as fertilization reagents that are derived from natural sources could serve as a sustainable and
environmentally friendly approach that could lead to increase in agricultural production.
Biostimulants could be referred to as products that pose the capability to act on plants’ enzymatic
and metabolic processes which could lead to improvement in the quality and production of crop
quality. The application of biostimulants has been established to play a crucial role in assisting plant
growth. The European Biostimulants Industry Council refers to biostimulants as microorganisms
or substances that portends the ability to play a crucial role in stimulating the natural process of
the plant when applied to the rhizosphere of the plant. These biostimulants possess the potential
to improve the plat nutrients, increase crop quality nutrient efficiency and enhance the tolerance to
abiotic stress. It has been stated that the global market for biostimulants will increase to $ 2,241 mil-
lion by 2018 because they possess an active compound with an annual growth rate of 12.5% which
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varies from 2013 to 2018 (Calvo et al., 2014). The economic significance of such products has been
discovered not to be inconsequential when compared to the global market for biostimulants.

Moreover, some merits of biostimulants when applied to plants include enhancement of crop
in term of quality and yield, decrease in the prevention of diseases and stress and enhancement of
plant production. There are numerous types of biostimulants that could be grouped based on their
mechanism of action, source of material, and some other crucial parameters (Yakhin et al., 2017).
The biostimulant could be classified into seven groups which entail important seaweed extracts,
bacteria and fungi, humic acid, inorganic compounds, fulvic acid, chitosan and protein hydrolysates
(du Jardin, 2015).

The major sources of biostimulants also show numerous physiological features and the origin
from where they are derived. A typical example includes the generation of biostimulants majorly
from the extract of macroalgae (McHugh, 2013). The major constituents available in some biomass
have capability to serve as biostimulants and could be grouped into a group of various molecules
which entails phytohormones such as abscisic acids, cytokinin, ethylene, auxins, brassinosteroids,
and gibberellins (Pacifici et al., 2015), polyamine (Fuell et al., 2010), amino acids (Colla et al., 2017).

Moreover, it has been observed that phytohormones derived from seaweed extracts have been
shown to contain putative bioactive components which could be grouped as biostimulants (Stirk
et al., 2013). Furthermore, it has been stated that algae entail hormones together with different
types of carbohydrates which include betaines, minerals, alginate, proteins, fucoidan which could
enhance the raid development of plant (Sharma et al., 2014).

Therefore, this chapter intends to provide detailed information about the application of bios-
timulants derived from beneficial microorganism and their utilization for an increase in agricul-
tural productivity. The merits and demerits of the biostimulants derived from microorganism were
highlighted. The modes of action that biostimulants utilized in executing their role were also stated.

4.2 MODES OF ACTION OF BIOSTIMULANTS

It has been observed that the application of biostimulants could lead to the improvement of agri-
cultural crops, germination, and increase in the development of seedlings. This might be linked to
the action of the various types of signaling bioactive molecules that play a crucial role in second-
ary and primary metabolism (Calvo et al., 2014). Ertani et al. (2013b) examined the influence of 6
seaweed extracts obtained from five extracts of Ascophyllum nodosum and one extract derived from
Laminaria therough by supply 2days at 0.5 mL/L. The authors tested the effectiveness of the bio-
stimulant using biochemical, morphological and chemical respectively. It was established that the
extract derived from Ascophyllum nodosum was the most effective in stimulating root morphologi-
cal traits. This might be linked to the high level of stimulating root morphological traits. Their study
indicated the application of vigorous chemical depiction of commercial seaweed extracts which
shows that metabolic targets of seaweed extract are associated with the activity of the biostimulant.

Furthermore, the application of Cladosporium sphaerospermum enhances the rapid develop-
ment of two pepper cultivars when exposed to the plant seedlings. Moreover, it was stated that
Cladosporium sphaerospermum led to an improvement in the growth of tobacco plant. The result
obtained shows an improvement in plant development which could be linked to numerous putative
physiology and molecular modes of action which entail defense responses, cell expansion and cycle,
phytohormone, homeostasis, and photosynthesis,

Additionally, it has been stated that soil conditions and unfavorable environment most especially
extreme, temperature, drought and salinity could be linked to 70% of the variation displayed by the
high rate of instability in global climatic alteration (Wang et al., 2003). Also, the high rate of fluc-
tuation in climate changes has been observed to have a negative influence on the level of food secu-
rity and crop production globally (Rouphael et al., 2018b). Therefore, in order to save this situation,
the utilization of microbial biostimulants could lead to the increase in the production of agricultural
productivity of crops (Rouphael et al., 2018a).
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The utilization of microbial stimulants most especially arbuscular mycorhiza fungi poses the
capability to prevent abiotic stress such as drought stress in tomato plants. Volpe et al. performed
the influence of two arbuscular mycorhiza fungi strains which contain of Rhizophagus intraradices
and Funneliformis mosseae on tomato plant by evaluating the molecular and physiological effect.
The result obtained showed that Funneliformis mosseae produced more active volatile organic
compounds generation when compared to Rhizophagus intraradices that led to enhanced traits
which led to substantial higher water use effectiveness when subjected to austere drought stress.
Moreover, it was discovered that Rhizophagus intraradices portends the capability to prevent biotic
most especially against aphids natural enemies and abiotic stress. Mycorrhizal plants demonstrated
more enhanced water extraction rates from the root length as well as the biomass as a result of the
arbuscular mycorhiza fungi-mediated substrate hydraulic features. It was observed that the pots
treated with arbuscular mycorhiza fungi indicated enhanced root extraction rates and led to the
preservation of transpiration when subjected to progressive drought under limiting transpiration
rates of soil water flow to root systems.

4.3 CONCEPT OF BIOSTIMULATION

A promising and ecologically sustainable development would be the utilization of plant biostim-
ulants (PBs) obtained from natural sources that enhance plant growth and development, natural
product set, crop profitability, enhanced nutrient efficiency, and are also capable of improving plant
to tolerate a large scope of abiotic stressors (Colla and Rouphael, 2015). Biostimulants from plant
origin also referred to as “agricultural biostimulant™ consists of different compounds and micro-
organisms that boost plant growth (Calvo et al., 2014). The description of perception of plant bios-
timulants is still developing, which is attributed to the diversity of contributions and research before
a material can be considered to be biostimulants (Calvo et al., 2014). Initially, biostimulants were
applied only to enhance plant growth and as such tagged plant biostimulants which were originally
defined by excluding some of its potentials in terms of plant protection and as fertilizer. However,
in 1997, two scientists Zhang and Schmidt redefined PBs as “materials that, in minute quantities,
promote plant growth”. This definition did not in totality capture the functionalities of PBs because
the term “minute” automatically excludes biostimulants as nutrients and soil amendments which are
the major components that encourage the growth of plants and are usually applied in considerable
amounts. More recently another review of this definition was required in 2012 by the European
Commission to investigate the materials involved in the formulation of the PBs and this was docu-
mented by du Jardin (2012) in an article titled “The Science of Plant Biostimulants - A bibliographic
Analysis” which birthed a new definition, stating that “Plant biostimulants are substances and mate-
rials, with the exception of nutrients and pesticides, which, when applied to plant, seeds or growing
substrates in specific formulations, have the capacity to modify physiological processes of plants
in a way that provides potential benefits to growth, development and/or stress responses”. Based on
this definition, the author went further to draw up a proposal assigning PBs into eight categories of
biostimulation elements which include, organic materials from different sources (agro-, industrial-
and urban waste materials, composts, animal manure and sewage sludge extracts), essential chemi-
cal elements (Aluminum, sodium, Selenium, and Silicon), chitosan derivates seaweed extracts (red,
green and brown, macroalgae), chitin and, antitranspirants (kaolin and polyacrylamide), inorganic
salts, protein-based compounds such as amino acids, peptides, polyamines and humic substances
without the inclusion of any biostimulant from microbial origin. Furthermore, In 2015, du Jardin
proposed an updated definition of PBs based on advanced research and an improved understanding
of the mode of action effects in agriculture and other related practices that “A plant biostimulant
is any substance or microorganism applied to plants with the aim to enhance nutrition efficiency,
abiotic stress tolerance and/or crop quality traits, regardless of its nutrient content” which could
include microorganisms. This definition was bore out from an investigation on “Biostimulation in
Horticulture”. The research findings demonstrated more recent views and reflected the effectiveness
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of beneficial microrganisms in horticulture which prompted the creation of new PB categories (six
non-microbial and three microbial categories of PBs): (i) chitosan, (ii) humic and fulvic acids, (iii)
protein hydrolysates (iv) phosphites, (v) seaweed extracts, (vi) silicon, (vii) arbuscular mycorrhi-
zal fungi (AMF), (viii) plant growth-promoting rhizobacteria (PGPR), and (ix) Trichoderma spp.
(Pichyangkura and Chadchawan, 2015; Battacharyya et al., 2015; Savvas and Ntatsi, 2015; Rouphael
et al., 2015; Ruzzi and Aroca, 2015; Lopez-Bucio et al., 2015).

Over the last decade, a myriad of researches have been conducted by various researchers on
plant biostimulants, establishing that microbial and biostimulants from non-microbial sources are
very effective in enhancing plant productivity, physiological and metabolic and biochemical plant
responses, enhancing nutrient use efficiency and as agents of biological control to protect plants
from pathogens (Calvo et al., 2014; Halpern et al., 2015; Yakhin et al., 2017; Rouphael et al., 2018a).
Apart from the role of biostimulants in agriculture and horticulture, the stimulation of microbial
growth is also an essential aspect of this topic. Most essential microorganisms in the environment
(soil, water, sediment, ground water, etc) require some level of rate-limiting nutrients for prolifera-
tion and activation of microbial metabolic. The roles of microorganisms in the environment are too
numerous and important to be avoided which includes among others plant growth and development.
For example, in bioremediation, hydrocarbonoclastic and oleophilic microbial groups are involved
in the mineralization of hydrocarbons which serve as pollutants to environmental compartments.
These groups of organisms can function optimally in most cases through the process of biostimula-
tion by addition of nutrients and several other growth factors to support the growth of the microbes
and activate their degradative potentials. In this study, our focus will be on biostimulants as it
affects both plants and microorganisms so the term plant biostimulant will not be applicable

4.4 MICROBIAL AND NON-MICROBIAL BIOSTIMULANTS

Till date, there is no standard definition bounded by law or regulatory status for biostimulants any-
where in the world. This also implies that there is no detailed or standard category of substances or
microorganisms covered by this concept. However, researchers have given a general categorization
of biostimulants as microbial and non-microbial biostimulants which best describes the composi-
tion of any known biostimulant (du Jardin, 2015).

4.4.1 NON-MICROBIAL BIOSTIMULANTS

4.4.1.1 Humic and Fluvic Acid

Humic substances (HS) are formed when plants, animals and microbial residues decompose to
form a natural composition of organic acid and also from soil microbes using substrates to perform
their metabolic activity. Humic substances have been documented to be among the most available
organic material on the planet (Sutton and Sposito, 2005), and consist of above 50% of the organic
matter present in soils. Initially, it was thought that humic substances are polymers of organic origin
linked together however, research frontiers have discovered that they are numerous small organic
molecules bonded together by hydrogen bonds and hydrophobic interactions (Sutton and Sposito,
2005; Halpern et al., 2015). HS are made up of heterogeneous compounds, initially grouped based
on their solubility and molecular weights (MW) into three categories; humins, humic acids (HA)
and fulvic acids (FA). (i) Humic acids, can be easily dissolved in basic media and so can be removed
from soil by precipitation in acidic media and dilute alkali (ii) FA, can be dissolved in both acid
media and alkali, and (iii) humins, cannot be extracted from soil (Stevenson, 1994; Berbara and
Garcia, 2014; Calvo et al., 2014). Another marked difference between both HA and FA is that
the former are mostly high-MW, while the latter are low-MW (Nardi et al., 2009). Also it was
proposed that humin should not be described as a HS but be described as a humic containing sub-
stance because it comprises both humic and non-humic substances (Nardi et al., 2009). The precise
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structural features of HA and FA differ based on the time of its transformation and the source of
organic material and the (Berbara and Garcfia, 2014).

These compounds form supra-molecules as a result of association/dissociation of complex
dynamics that may occur and it is majorly influenced by the roots of the plant through the dis-
charge of protons and exudates. Recently, several research works have revealed that root exudates
containing amphiphilic substances can dissolve HA into high and low molecular sizes. This new
finding supports the existing assumption that the behavioral structure of humus dissolved in the
rhizosphere as well as the relationship of humic constituents with cells in plant roots could be
influenced by root exudates or organic acids excreted by microbes present in the soil solution
(Edorado et al., 2013)

Since HS and its complexes are derived from the relation that occurs between organic matter,
plant roots and microbes colonizing the soil, application of HS for enhancing plant growth would
require optimization of this interaction to achieve the maximum result. This could be the reason
why the application of HS (soluble HA and FA) show varying but positive results globally on plant
growth. Certain factors support the inconsistency in the effectiveness of HS such as i) source of
the HS, ii) the surrounding conditions, iii) the benefitting plant and iv)mode of HS application (du
Jardin, 2015; Rose et al., 2014). With regards to source, Humic substances can be extracted from
diverse sources, which include composts and vermicomposts, various mineral deposits (Peat and
leonardite), soil (du Jardin, 2015) and municipal waste (Schmidt et al., 2007; Nikbakht et al., 2008;
Bulgari et al., 2015). Kelleher and Simpson (2006) reported thathumic substance (HS) removed
from soils consists of some compounds which signify very essential compound classes in microbes
and plants such as biopolymers, aliphatic, proteins, lignin and carbohydrates. Application of HS in
plants can be carried out in several ways including applications of foliar, direct application to the
soil and in irrigation water (Salman et al., 2005).

Studies have shown that HS from different sources improves total nitrogen (NO,) uptake in addi-
tion to other essential minerals, Cu, Zn, Fe, P and Mn in barely throughout the period of a season
(Quaggiotti, 2004; Celik et al., 2010; Halpern et al., 2015). Halpern et al. (2015) highlighted the
impact of HS on nutrient uptake as: (i) soil structure improvement, (ii) enhancement of soil micro-
nutrient solubility as well as impact on the plant’s physiology which include: (iii) alterations in plant
root morphology, (iv) an improvement in the activity of NO,™ assimilation enzymes and (v) increase
in root activity of HpATPase,

4.4.1.2 Protein-Based Biostimulant

Protein-based products have been categorized into two distinct groups: protein hydrolysates which
comprise a mixture of amino acids and peptides from animal/plant source and pure amino acids
(AA) which include glutamine, glutamate, glycine betaine and proline (Calvo et al., 2014). The
mode of preparation of protein hydrolysates could be either by enzymatic, thermal, hydrolysis or
chemical of different animal and plant deposits, such as connective tissues or epithelial, animal col-
lagen and elastin, etc. (Grabowska et al., 2012; Cavani et al., 2006; Apone et al., 2010; De Lucia and
Vecchietti, 2012; Ertani et al., 2013a). Also, it has been documented that there are also non-protein
constituents in the hydrolysates to support the stimulatory effect this biostimulant possesses on
plants. For example, carob germ extract hydrolysate contained other non-protein components such
as carbohydrates, fats, macro and micronutrient elements as well as six (6) phytohormones in addi-
tion to free amino acids, proteins and peptides. Other examples include alfalfa hydrolysate, high in
free AA also contained macro and micronutrients, gibberellin and auxin-related activities estab-
lished by a bioassay study. In a similar study, IAA and triacontanol which are plant growth regula-
tors were observed in alfalfa hydrolysate (Ertani et al., 2013a). Individual AA is the second group
of protein-based components which comprises of twenty (20) structural AA responsible for synthe-
sizing proteins and another 250 non-protein AA present in large quantities in selected plant variet-
ies (Vranova et al., 2011). These two groups of AA have been considered effective in exogenous
applications evidenced by protecting plants from abiotic/enviromental stresses, active in metabolic
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signaling and N storage and chelation as phytosiderophores (Vranova et al., 2011; Liang et al., 2013;
Halpern et al., 2015)

Protein hydrolysates (PHs) comprises signaling peptides and free AA that have gained a lot of
attention as non-microbial biostimulant because of their abilities in enhancing agricultural activi-
ties such as to boost crop yield, promote germination, fruit and vegetable quality, plant development
and seedling growth under abiotic stress circumstances (Colla et al., 2015; Rouphael and Colla,
2020). Animal- and plant-based PHs participate through physiological and molecular biostimula-
tion mechanisms in agricultural and horticultural activities. It has been shown that the application of
PHs modified plant microbiome to enhance the quantitative and qualitative activity and composition
of the microbial community. The plant growth stimulatory effect of PHs appears to be distinct from
the conventional addition of nutrient sources which extends its benefits to protect against environ-
mental stresses (Ertani et al., 2009).

In a review by du Jardin (2015), stated that protein hydrolysate compounds have been shown to
be involved in multiple roles of biostimulation of plant development (Halpern et al., 2015) through
different mechanisms. They include modulation of nutrient uptake and assimilation controlled by
structural genes and enzymes as well as by interring with the signaling nitrogen acquisition path-
way in the root of plants. Other mechanisms include regulation of enzyme of the TCA cycle which
contributes to tissue hydrolysates, interaction between C and N metabolic processes and hormonal
functionalities in complex protein (du Jardin, 2015) and chelating effects observed in some amino
acids which are involved in plant protection against heavy metals. Scavenging some of the nitrog-
enous compounds, such as proline glycine and betaine, contributes to the reduction of abiotic stress
exhibit antioxidant activity by scavenging free radicals. In addition, PH have been identified to
enhance microbial richness and functions, respiration in soil and soil biomass which are essential
effects of plant growth promotion in agricultural practices. Santi et al. (2017) reported increased
root and length surface area of a maize plant followed by a concomitant increase in K, Zn, Cu,
and Mn when treated with protein hydrolysate compared to the same plant treated with inorganic
fertilizers. The utilization of these protein-based compounds as biostimulants has shown positive
and promising results in the promotion of plant development and agricultural activities in general
(Subbarao et al., 2015; Verma et al., 2017). Also very importantly, these compounds serve as a
nutrient source for soil microorganisms consequently improving biodiversity and biogeochemical
cycling (Santi et al., 2017).

4.4.1.3 Seaweed Extracts

Seaweed extracts (SW) is another essential class of organic non-microbial biostimulant; how-
ever the SW is classified based on pigmentation an assigned into three main groups; Chlorophyta
Phaeophyta and Rhodophyta, and for red, green, and brown macroalgae, respectively. They act as
the most common SW applied in agriculture practices amongst over 9,000 other species with dif-
ferent commercial brands presently existing in the market (Rafiee et al., 2016). du Jardin (2015)
stated in a review that the application of fresh seaweeds organic matter source and biofertiliser has
been ongoing for a long time however, the biostimulation effects have only been recorded recently.
Research has shown that SW contains several constituents that supports its biostimulation activ-
ity such as, alginates, laminarin, carrageenans, polysaccharides and their breakdown products.
There are other components actively involved in the plant growth enhancement and development
which include, hormones, micro- and macronutrients, N-containing compounds (betaines) and
sterols (Craigie, 2011; Rouphael and Colla, 2018). According to Halpern et al. (2015), Based on
the literature, plant hormones have been observed in SW such as abscisic acid auxins, cytokinins
as well as amino acids which all contribute to improve plant yield/growth and biological activity
(Battacharyya et al., 2015).

Application of SW on hydroponic solutions, soil, as foliar or on plants as treatments have been
documented (Craigie, 2011; Khan et al., 2009). The polysaccharides produced by SW support soil
water retention, formation of gel, and soil aeration which are essential requirements for agricultural
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and microbiological activities. SW have shown very promising attributes in agricultural studies
such as plant growth promotion, increased chlorophyll levels, flowering and yield and improved ger-
mination of seeds (Kumar and Sahoo, 2011). They enhance the achievement of in vitro proliferation
(Vinoth et al., 2012) and promote biocontrol activities against pests and pathogens (Halpern et al.,
2015). The seed germination and plant growth development occur due to hormonal effects which
is the main reason for the biostimulation effects. SW enhances plant nutrition by interfering with
some soil processes via diverse mechanisms such as: (i) improvement of ability of micronutrient to
solubilize in the soil (ii) improvement of soil structure. Others include: (iii) increased root coloniza-
tion by arbuscular mycorrhizal fungi and (iv) alterations in root morphological system which has
a direct effect on plant’s physiology (Kuwada et al., 2006; Khan et al., 2009; Spinelli et al., 2010).

4.4.2 MICRIOBIAL BISOTIMULANTS

The application of microbial biostimulants (MB) to improve plant growth and other microbial activ-
ities has gained global attention within the last few decades (Hayat et al., 2010; Calvo et al., 2014;
Aamir et al., 2020). The soil ecosystem is associated with a diverse array of microbial population
carrying out diverse metabolic functions and more importantly act as a major source of inoculum
for the rhizosphere of plants which is the soil region attached to and influenced by roots of plants.
An important aspect to MB is the level of interaction on a molecular basis between microbes and
plants, microbes and other beneficial microbes and how these interactions support plant growth,
development and microbial activity. Also, characterizing the key players of the biological activities
of the essential plant-microbe associates within the soil microbiome is a key requirement for appli-
cation (Aamir et al., 2020).

Microbial-based inoculants have been typically characterized by different trade names includ-
ing biocontrol agents, biopesticides, bioinoculants, biostimulants, biofertilizers, bioformulations
which have been actively involved in contributing to maintaining a sustainable ecological system
and improved crop productivity under eco-friendly conditions (Singh et al., 2016). In this review,
microbial-based inoculants will be referred to as microbial biostimulants (MB). According to Calvo
et al. (2014), MB are biological products comprising viable microbes when applied to plant sur-
face, seeds, soil or a nutrient-deficient environment enhances growth by diverse mechanisms which
include, increasing nutrient uptake capacity, root biomass increase and area, increases availability
and supply of nutrients (Feng et al., 2017). Microbial biostimulants include plant growth-promoting
rhizobacteria and rhizospheric fungi (PGPR/PGPF), Arbuscular mycorrhizal fungi (AMF) and
endophytic microbes are largely perceived as efficient and sustainable measures to effectively
secure plant stability and yield under nutrient deficient or low-input conditions, especially nitrogen
and phosphorus deficiency, environmental bioremediation (Ekwuabu et al., 2016) and also as an
innovative technology to enhance plant ability to tolerate environmnetal stressors in cases of salin-
ity, extreme temperature and drought (Berg, 2009; Calvo et al., 2014; du Jardin, 2015).

4.4.2.1 Plant Growth Promoting Microorganisms

The plant system is a chemical environment that supports interaction between plants and diverse
groups of microorganisms (bacteria, fungi, actinobacteria) termed plant-microbe interaction. This
interaction can be mutualistic or antagonistic depending on the functionalities and metabolic pro-
cesses involved. The plant root system which is the main point of entry for most microorganisms is
called the rhizosphere. In the rhizosphere, plants release root exudates in the form of chemicals that
acts as signaling agents to attract diverse microbial communities to the rhizosphere and other parts
of the plant. The interaction between plants and the beneficial microorganisms such as mycorrhizas,
endophytes (which inhabit the internal part of the plant such as stems, roots, seeds and leaves with-
out causing any negative effect on associated plants) and rhizospheric (those that colonize the plant
rhizosphere and rhizoplane) is mutualistic because they provide plants with essential growth prop-
erties, protection from phytopathogens and tolerance to environmental stress (Dubey et al., 2020).
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Hence, these microorganisms have been tagged plant growth-promoting microorganisms or plant
growth stimulating microorganisms. Recently, these groups of microorganisms have been impli-
cated in the remediation of toxic pollutants from the environment through several mechanisms.
Plant growth-promoting microbes have been reportedly obtained from different plants in stressed
and various natural soils (de Bashan et al., 2012; Nadeem et al., 2014; Akinsemolu, 2018).

4.4.2.1.1  Plant Growth Promoting Rhizobacteria (PGPR)

Kloepper and Schroth (1978) first used the term PGPR for soil-borne related PGP activity by colo-
nizing the roots of plants. The PGPR is made up of heterogenous, non-pathogenic, bacteria colo-
nizing the root of plants called the rhizosphere. The rhizosphere comprises a large quantity of soil
surrounded by the roots of plants and a well-characterized ecological niche for diverse microbial
population influenced by chemical exudates released by the plants (Goswami et al., 2016). This
microenvironment is highly competitive with a diverse array of microorganisms with different
functionalities mostly to support plant growth and guide plants from phytopathogens. PGPR has a
chain of positive effects on plants ranging from improved plant yield and growth (Alam et al., 2011),
biocontrol activity (Bashan and de Bashan, 2005), enhanced ability to tolerate salt (Alavi et al.,
2013), enhanced heavy metal and several other pollutant resistance (Lucy et al., 2004) and improved
plant nutrition (Richardson et al., 2009). Generally, PGPR conducts this range of activities on plants
through a variety of mechanisms which could be direct or indirect. The former involves the activi-
ties that promote plant growth and yield by promoting the acquisition of essential nutrients and
minerals from the immediate environment or by stimulating the availability of synthesized com-
pounds some of which include Nitrogen fixation, phosphate solubilization, iron sequestration, zinc
solubilization, phytohormone production and catalase activity. On the other hand, the latter are
related to reducing the negative effects inflicted on plants by phytopathogens through lytic enzyme
production (cellulases, 1,3-glucanases, chitinases, proteases and lipases), synthesis of antibiotics,
siderophore production, HCN production, induced systemic resistance (ISR) and systemic acquired
resistance (SAR). PGPR are classified as biofertilizer (ensures the presence of essential nutrients in
the plant through phosphate solubilization, nitrogen fixation and iron acquisition), biopesticide or
biocontrol agents (release of antifungal metabolites and production of antibiotics to control or sup-
press diseases), phytostimulators (production of phytohormones like IAA, gibberellins, cytokinins,
etc.), and phytoremediators (mineralization of organic pollutants and reduction of metal toxicity).

PGPR has been intensively investigated as an effective alternative to chemical fertilizers in agri-
cultural and environmental studies (Table 4.1), with successful field application of some commer-
cialized products. Although, in developing countries like Nigeria, the commercialization of this
technology has not been achieved compared to the developed countries however extensive research
has been conducted, and some is still ongoing (Taiwo et al., 2017). This group of organisms has been
obtained from several environments (agricultural fields, coastline, forests, plants) (Chowdhury et al.,
2016; Uzair et al., 2018; Andreolli et al., 2019) and plants roots which include wheat (Fouzia et al.,
2015), chickpea (Saini et al., 2013), tomato, aloe vera (Thakur et al., 2017), Mung bean (Kumari
et al., 2019), soyabean (Subramanian et al., 2015) and corn (Ikeda et al., 2013). Some commonly
isolated PGPR include, include Enterobacter, Klebsiella, Serratia, Pseudomonas, Azospirillum,
Acinetobacter, Azotobacter, Arthrobacter, Bacillus, Burkholderia, and Alcaligenes and their PGP
attributes demonstrated in several crops (Islam et al., 2016; Adesemoye et al., 2017).

Another important classification of PGPR is based on interaction level with root of plants and
the groups include; (i), those living inside specialized cells within the root structures or nodules
(ii) those living within the root environment, (iii) residing inside the root tissue and among spaces
connecting cortical cells) and (iv) those that reside on the surface of root plant (bacteria colonizing
rhizoplane). Broadly, based on these association, PGPR have been categorized into two (2) major
categories (Hameed et al., 2014). The first category is the extracellular PGPR (ePGPR-symbiotic) that
has a symbiotic interaction with the host plant existing within the rhizosphere and rhizosphere asso-
ciated environment (rhizoplane and root cortex cells). ePGPR-symbiotic is known to be producers of
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metabolites which work as efficient PGP agents. Some examples include Flavobacterium,Micrococcus,
Pseudomonas, Bacillus, Serratia, Agrobacterium, Azotobacter, Azospirillum, Burkholderia,
Cellulomonas, Erwinia, Arthrobacter, Caulobacter, Chromobacterium, (Hassan et al., 2019) while
the second category is the intracellular PGPR, free-living and exist within the nodular structures
of the plant cells (iPGPR-free living). Some examples of iPGPR members include Frankia species,
Rhizobiaceae family (Mesorhizobium, Bradyrhizobium, Rhizobium, Allorhizobium,) and endophytes
(Bhattacharyya and Jha 2012).

Two genus amongst the ePGPR Bacillus and Pseudomonas have been documented as the most
studied and abundant as a result of their remarkable root-colonizing, biocontrol abilities and PGP
acitivities (Verma et al., 2019; Aloo et al., 2019). The isolation of Bacillus and Pseudomonas as
the only bacteria obtained from the rhizosphere of plants has been documented by some research-
ers (Caulier et al., 2018; Gamez et al., 2019; Chenniappan et al., 2019). Reports show that bacilli
in plant rhizosphere make up to 95% of the Gram-positive rhizobacterial populations (Prashar
et al., 2013). These bacterial species can survive in extreme environmental conditions with sev-
eral physiological characteristics and are very versatile (Shafi et al., 2017). They have potentials
to cause stress resistance, form multi-layered cell wall, produce endospore, and secrete different
secondary metabolites (signal molecules, peptides, extracellular enzymes, antibiotics) which are
essential in agriculture and the environment in general (Gutiérrez-Maiiero et al., 2001; Kumar
et al., 2013). Aloo et al. (2019) conducted an extensive review of the effect of Bacilli rhizobacteria
on sustainable agriculture. The report highlights the benefits of this bacteria group as not only
eco-friendly but also a resourceful technology (Shafi et al., 2017), for plant growth enhancement
through diverse mechanisms which include nutrient solubilization plant bio-protection, phytohor-
mone production, production of antibiotic and antifungal metabolites such as siderophore and
lytic enzymes. For example, Zhou et al. (2016) discovered that B. polymyxa BFKCOI can enhance
the availability of nutrients to plants, encourage the production of phytohormones and promote
plant host ability to withstand environmental stresses. Other related research studies showcas-
ing Bacillus as an outstanding microbial biostimulant have been documented (Chakraborty et al.,
2011; Sokolova et al., 2011; Sharma et al., 2013; Khan et al., 2017; Park et al., 2017). Gowtham
et al. (2018) reported that B. amyloliquefaciens possess immense potential to suppress anthracnose
disease in Capiscum annum (Chilli) and also enhance the seed germination of the plant by 84.75%.
A novel Bacillus sonorensis amongst other PGPR (Paenibacillus polymyxa and Pantoea dispera)
significantly improved the growth nutrition and fruit yield of Chilly. In addition, the B. sonorensis
possessed the following traits, phosphate solubilization, siderophore production, IAA, chitinase,
HCN and biofilm formation (Thilagar et al., 2018). A new discovery has been reported by Xia
et al. (2020). The report stated that a multi-stress Bacillus xiamenensis strain (PM14) isolated from
rhizosphere of sugarcane is the first rhizospheric bacterium to possess biocontrol against twelve
phytopathogens and positive outcome for all in vitro PGP traits excluding HCN production. Other
related researches showcasing PGP potentials of Bacillus sp. have also been documented (Kumari
et al., 2018; Guo et al., 2020; Lee et al., 2020)

Pseudomonads are also ubiquitous in soil and rhizosphere of diverse plants. Pseudomonas spp
is among the most studied PGPR with multifarious PGP traits across all categories (biofertilizer,
biocontrol agent, rhizoremediators and phytostimulants) (Tewari and Arora, 2016; Caulier et al.,
2018; Mishra and Arora, 2018; Georgieva et al., 2018; Hassen et al., 2020). Chellilah (2018) isolated
a metal tolerant PGPR Pseudomonas spp. with plant growth-promoting potentials and heavy metal
accumulation by plants. Herndndez-Ledn et al. (2015) reported the P. fluorescens produced a volatile
organic compound that aided the biocontrol of Botrytis cinerea in Medicago truncatula (tomato).
Furthermore, the organism increased the plant’s biomass content and chlorophyll. In another study,
the toxicity level of cadmium exposed Solanum lycopersicum seedling was reduced by supple-
mentation with P. aeruginosa and Burkholderia gladioli. This was achieved by the upregulation
of anti-oxidative defense mechanism which increased the levels of different secondary metabolites
such as phenolic compounds and osmolytes (Khanna et al., 2019). The most common members of
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this group implicated in PGP activities are P. putida, P. protengs, P. fluorescens, P. syringe andP.
aeruginosa (Dorjey et al., 2017; Andreolli et al., 2019).

Since the microbial community and activity within the root region are greatly influenced by the
plant root exudates, it suggests that the species and plant variety can occasionally determine the
benefits or plant promoting activity using a particular PGPR (Remans et al., 2008). This implies
that different root exudates will be produced by different species which support the function of the
applied microorganism and also acts as a base for the formulation of bio-active substance by the
microorganism (Khalid et al., 2004; Hassan et al., 2019). PGPR promotes plant growth through
increased uptake of essential nutrients from a pool of nutrients not readily available in the rhi-
zosphere (Prasad et al., 2019). Several reports have shown that PGPR promotes plant growth via
different mechanisms which include; biological fixation of N,, biological solubilization of insoluble
nutrients such as phosphorus, potassium and some micronutrients, production of volatile organic
compounds (VOCs) and iron sequestration by siderophore production. Also, PGPR can elicit an
“induced systemic tolerance” to ecological stresses (drought and salinity) which provides plant
health and protection. A relatively new method of plant growth stimulation is zinc solubiliza-
tion. Zinc (Zn) is an essential requirement by plants for their growth although in lesser quantities
(micronutrients) compared to N and P. However, out, only a little quantity of the total Zn is present
in soil solution and available for plant uptake, most part of the zinc occurs as minerals and insoluble
complexes (Kamran et al., 2017; Rouphael and Colla 2020) which leads to zinc deficiencies in
plant. Various researchers have identified PGPR as Zinc solubilizing agent. Kamran et al. (2017)
analyzed the effect of zinc solubilizing rhizobacteria on wheat plant after isolation from wheat and
sugarcane. The authors observed enhanced growth of wheat as well as zinc content and concluded
that Enterobacter cloacae, Pantoea, and particularly Pseudomonas fragi could be as applied as a
microbial-based biostimulant to conquer zinc deficiency under low input circumstances. Similarly,
Eshaghi et al. (2019) reported Pseudomonas japonica as zinc-solubilizing rhizobacteria which sig-
nificantly enhanced the plants’ height, fresh and dry weight of corn. Various other PGPR such as
Bacillus sp. Pseudomonas, Azospirillum, Rhizobium and Bacillus aryabhattai have been impli-
cated to stimulate the growth of plant and enhance zinc availability and content when incorpo-
rated into plants. (Joshi et al., 2013; Hussain et al., 2015 Naz et al., 2016). Microorganisms that are
metal-tolerant are known to remediate heavy metals by immobilization and reduced metal-plant
availability through acidification, phosphate solubilization, release of chelating agents and redox
changes (Abou-Shanab et al., 2003; Marwa et al., 2020). In phytoremediation, the rhizobacteria and
host plant forms specific mutual association whereby the plant makes available carbon source which
stimulates the bacteria to reduce phytoxicity of the polluted soil (Khan and Bano, 2018). This mech-
anism enhances the potential of microorganisms in close relationship with plant root to enhance
remediation abilities. Other mechanisms include mobilization or transformation of metals into
innocuous/inactive forms to permit the uptake of heavy metal ions by plants. Additionally, PGPR
species have the ability to acidify the surrounding environment through the release of different che-
lating substances which results in an alteration in the redox potential and increase in heavy metal
remediation (Khan and Bano, 2016). Other mechanisms involved in PGPR heavy metal remediation
include, production of exopolysaccharides and lipopolysaccharides which removes the heavy metals
through biosorption, Secretion of extracellular enzymes which reacts with heavy metals to enhance
metabolization and assimilation by plants, production of siderophore which facilitates absorption
of iron and reduction of free radicals formulation and lastly, sequestration of heavy metals through
the process of biomineralization (Khan et al., 2017). In recent times, phytoremediation strategies
have been categorized into five types phytoextraction/phytoaccumulation, (plants through roots and
shoots accumulate metals from contaminated sites), phytostabilization; involved in the decreased
mobility of metal by plants and decrease in bioavailability of a metal to avoid either entry into
the plants or its leaching to groundwater, rhizofiltration; ability to absorb or ensure contaminant
concentration by roots in with a continuous effluent flow in mostly hydroponic systems and phyto-
volatilization; ability to convert a heavy metal into volatile forms released it into the atmosphere
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through stomata (small pores) (Khan and Bano, 2018; Pandey and Bajpai, 2019; Zubair et al., 2016).
However, phytodegradation (mineralization of contaminants by enzymatic action into more simple
or less-toxic forms by plants either in the root after their uptake or rhizosphere before uptake) does
not apply to heavy metals, but toxic pollutants like hydrocarbons that can be degraded into simpler
and innocuous substances.

The use of Chenopodium album has been validated to be stimulated by two consortia of growth-
promoting rhizobacterial isolates belonging to the Pseudomonas genus for the phytoextraction of
lead. The experimental result revealed the bioaccumulation efficiency of lead by the plants increased
three times higher upon stimulation by the rhizospheric consortia (Abdelkrim et al., 2020).

4.4.2.1.2 Mechanisms for Plant Growth Promotion

Rhizobacteria are able to promote the growth of plants through different mechanisms (direct and
indirect). Direct mechanisms occur externally and impact on the regulators of plant growth equi-
librium. This is achieved due to (i) microbes harbour a plethora of plant-released hormones, (ii)
induced plant metabolism leads to an improved adaptive capacity, (iii) micro-organisms produce
growth regulators that are incorporated into the plant (Glick, 2014; Govindasamy et al., 2011). These
mechanisms include solubilization of phosphate, atmospheric nitrogen fixation phytohormone pro-
duction (auxins, ethylene, cytokinins, and gibberellins) and ammonia production (Siddikee et al.,
2010) while the indirect mechanisms occur as an internal process in the plant host which allows the
stimulation of the plants defensive response stimulated by bacteria colonizing the plants (Aeron et al.,
2011). The indirect mechanisms include Hydrogen cyanide production, siderophores production,
catalase activity and the synthesis of several other growth-promoting compounds (Pérez-Montafio
et al., 2014).

4.4.2.1.3  Nutrient Uptake

Nitrogen fixation by microorganisms occurs through the biological nitrogen fixation (BNF)
process especially the Diazotrophic microorganisms belong to archeae and bacteria groups
and this occurs during nutrient cycling. Nitrogen fixation bacteria are two types: non-symbiotic
(Cyanobacteria, Azospirillum), symbiotic (Rhizobia and Frankia) and the most widely studied.
Rhizobia is capable of fixing 180 10° tonnes of N, with the BNF practice at a global scale
(Verma et al., 2019) which significantly increases the utilizable nitrate availability for plant use
and consequently increases productivity. Rhizobium phaseoli have been reported to effect an
increase on the growth and yield of Phaseolus vulgaris as a result of increase in nitrogen fixation
process. It is documented that Azospirillum is the most studied amongst other N fixing bacte-
ria and reported in several crops, including sugarcane, wheat, cotton and maize, (Bashan and
de- Bashan, 2010; Calvo et al., 2014).

Khan et al. (2016) isolated four N, nitrogen fixation, phosphate solubilization rhizobacteria,
Amongst which Bacillus pumilis had the highest nitrogen fixing capacity (30.5%) of the total
requirement of maize plant. Habibi et al. (2014) identified Rhizobium daejeonense strain JRS,
B. altitudinus strain, JR 19, Pseudomonas monteilii and Enterobactter cloacae strain JW69 as
N-fixation microorganisms from rice plants.

4.4.2.1.4  Phosphate Solubilization

Phosphorous is the second most essential nutritional requirement for plants after nitrogen. Though,
unavailable in the form suitable for plant uptake despite its abundance in nature, plants have the
capacity to uptake the soluble (utilizable) forms of phosphate (monobasic and dibasic) (Jha and Saraf,
2015). It is known that plants can only uptake the available quantity (<5%) of the total phosphorus
present in soil. Calvo et al. 2014 reported the mineralization of organic phosphorus in soil by produc-
ing organic acids which solubilize aluminum, tricalcium and rock phosphates, (complex-structured
phosphates) etc. to soluble forms through different groups: hydroxyl and carboxyl groups by cation
chelation bond to the phosphate which are readily available for plants use (Sharma et al., 2013;
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Goswami et al., 2014). Excretion of organic acids accompanied by a decrease in pH results in acidi-
fication of the surroundings and microbial cells, which consequently releases P ions by substitution
of H* and CA?* Different organic acids are released by different species of microbes (strain-specific
phenomenon) (Seshachala and Tallapragada, 2012). However, gluconic acid is the most common
produced organic acid by bacteria such as Azospirillum sp., Pseudomonas sp., Erwinia sp., and
Burkholderia sp. (Rodriguez et al., 2004) while Bacillus sp. produces a mixture of lactic, isova-
leic, isobutyric and acetic acids (REFS). Also according to the work by Goswami et al. (2014),
some soil bacteria which include ecto-rhizospheric (reside on roots and in rhizosohere of plants)
strains from Bacilli and Pseudomonas were reported as effective phosphate solubilisers. Other
examples include, Achromobacter, Streptomyces, Rhizobium, Rastonia, Rhodococcus, Serratia,
Burkholderia, Agrobacterium, Micrococcus, Azotobacter, Erwinia, Flavobacterium, Aereobacter
and Enterobacter (Gamalero and Glick, 2011; Halpern et al., 2015; David et al., 2014,; Alori et al.,
2017). Examples of active fungal species involved in phosphate solubilization include,; Penicillium
(Wakelin et al.,, 2007) Aspergillus, Trichoderma (Sibi, 2011), Cunninghamella, Curvularia,
Fusarium, Achrothcium, Alternaria, Arthrobotrys Pythium, Rhizoctonia, YarrowiaRhizopus,
Sclerotium, Cephalosporium, Cladosporium, Torula, Saccharomyces (Srinivasan et al., 2012;
Sharma et al., 2013; Alori et al., 2017) and Talaromyces (Kanse et al., 2015). Alori et al. (2017) doc-
umented the ability of fungi to effortlessly penetrate through and move farther more easily within
the soil than bacteria which could be a relevant factor in phosphate solubilization. Also, Fungi are
known for the secretion of several acids such as gluconic, oxalic, lactic, acetic, tartaric, gluconic and
2 ketogluconic acid (Sharma et al., 2013).

4.4.2.1.5 Volatile Organic Compounds (VOC)

Microorganisms release VOCs as an essential PGP mechanism to enhance plant growth and pro-
tect plants from phytopathogens. There are different types VOCs which promote microbe-microbe
interaction and plant-microbe interaction (Pefiuelas et al., 2014). Examples of some VOCs produced
by microbes include compounds such as acetoin, 2-3-butane-diol, jasmonates and terpenes. When
produced in sufficient concentration during interactions between PGPR and their host plant, VOCs
act signaling agents (Verma et al., 2019). Volatile organic compounds are regarded as low molecu-
lar weight (LMW) compounds (< 300 mg/mol) with high vapour pressure to evaporate into the
atmosphere. These compounds been linked severally with PGP by modulating plant proliferation
and stimulating induced system resistance against phytopathogens (Shafi et al., 2017; Aloo et al.,
2019). VOCs adopts a strain-specic phenomenon whereby each microbial strain produces specific
type of volatile compounds that could be different from other strains. Park et al. (2015) reported the
physiological function produced by a novel VOC from P. fluorescens SS101 (PfSS101). The effect
of this VOC in planta and in vitro produced a significant plant growth. Also, the VOCs emitted by
this strain characterized by solid-phase micro extraction (SPME) and gas chromatography-mass
spectrophotometry (GCMS) revealed 11 different compounds with molecular weight ranging
between 27 and 240 mg/mol. The identities and distribution of the compounds is as follows: five (5)
alcohol (2-methyl-1-propanol, 3,-methyl-butanol, 1,3,-tetradicadien-1-ol, 1-cyclohexyl-1-pentanol
and trans-9-hexadecen-1-ol), a ketone (2-butanone), two (2) hydrocarbons (l,-nonene and
2-methyl-n-tridecene), and an ester (methyl-thioacetate) and an ether (decyl-oxirane) were observed
in PfSS101. Vidhyasri et al. (2019) obtained 12 VOCs from Ochrobactrium spp which elicited
enhanced plant growth on tobacco plants while two of the produced VOCs (2, 3.-butanediol and
acetoin) induced resistance on the plant.

4.4.2.1.6  Phytohormone Production

Production of phytohormones of different classes (IAA, gibberellins, ethylene, abscisic acid, cyto-
kinins) is among the direct processes of PGP. Different groups of soil microorganisms (bacteria
and fungi) have the capacity to produce phytohormones, especially those associated with plants.
Azospirillum brasilense is the most identified rhizospheric microorganism among others to produce
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phytohormones in soil (Goswami et al., 2014). Plants have a positive response to the availability
of any phytohormone in the rhizosphere produced by microorganisms. These hormones have the
capacity to control processes like cell plant extension, enlargement and division in the roots of
plants (Glick, 2014).

4.4.2.1.7 Indole-3-Acetic Acid (IAA)

Plant growth promoting microorganisms produces an auxin called indole acetic acid. Auxins help to
manage many phases of plant development via cell division, stimulate seed and tuber germination,
mediate vegetative growth processees, pigment formation, apical dominance, initiate root formation
(lateral and adventitious), cell elongation, increased the rate of root and xylem development, tissue
differentiation, influence photosynthesis, biosynthesis of various metabolites, (Kravchenko et al.,
2004; Gupta et al., 2015). Primarily, IAA has the potentials to stimulate long term and rapid plant
responses by increasing cell division, elongation and differentiation. Researchers have revealed that
about 80% of rhizospheric bacteria can synthesize IAA (REF). The ability to enhance nutrient and
mineral uptake by host plant is displayed microbes which colonize the seed or root of plants together
with endogenous TAA present in plant (Gupta et al., 2015). An important benefit of IAA after
long-term application is exhibited in the highly developed roots which support and enhance plant
uptake of nutrients for better growth and yield of plants (Aeron et al., 2011). Indole acetic acid has
been observed in the different categories of plant-associated microbes such as PGPR/PGPF (Tagele
et al., 2018; Batista et al., 2018; Ozimek et al., 2018) and endophytic bacteria and fungi (Passari
et al., 2016; Haidar et al., 2018; Ramos-Solano et al., 2008).

4.4.2.1.8 Cytokinins

The cytokinins represent another essential class of phytohormones produced by some plant-
associated microbes. They are involved in enhancing plant general development. Analogous to
IAA, the response of plants to exogenous application cytokinins results in enhanced root develop-
ment, improved formation of root hairs, enhanced cell division, inhibition of root elongation shoot
initiation, including other physiological and metabolical responses (Amara et al., 2015).

4.4.2.1.9 Hydrogen Cyanide (HCN) Production

Hydrogen cyanide (HCN) is among the chemical compounds produced by rhizospheric microbes
with biocontrol activities against plant diseases and PGP properties (Rijavec and Lapanje, 2016).
Research has revealed that HCN-producing Pseudomonas fluorescent has the ability to suppress
of phytopathogens in the root zone of the plant by inhibiting the cytochrome-oxidase pathway.
Hydrogen cyanide has also been found to be antagonistic against fungi (Akintokun et al., 2016).
The pathogenic bacterium Pseudomonas entomophila produces HCN as a secondary metabolite
and displays biocontrol properties against pathogenicity induced by other bacteria (Ryall et al.,
2009). Hydrogen cyanide (HCN) produced by a apsychrotolerant bacterium Pseudomonas fragi
CS11RHI1 (MTCC 8984) significantly increased the percentage germination, plant biomass, nutrient
uptake and rate of germination of wheat seedlings (Selvakumar et al., 2009). Ahmad et al. (2009)
also reported that the production of HCN has been identified to be a regular trait of Pseudomonas
(88.89%) and Bacillus (50%) in the rhizosphere of the host plant

4.4.2.1.10 Catalase Activity

Plant cells produce antioxidant enzymes such as peroxidase and catalase. This enzyme is responsi-
ble for protecting plants against toxic free radicals generated mainly during environmental stresses
(Kravchenko et al., 2004). Sem and Chandrasekhar (2015) reported that catalase activity in selected
rhizobacteria strains increased under increased salt stress condition, helping them to perform their
functions. Organisms that produce catalase therefore enhance plant tolerance to environmental
stresses.
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4.4.2.1.11  Lytic Enzyme Production

The PGPR/PGPF has potentials in suppressing the development and activities of plant pathogens
through the secretion of lytic enzymes. These rhizospheric microbes secrete several enzymes such
as cellulases, ACC-deaminase, proteases, lipases, and chitinases which initiate lysis of fungal cell
wall. These cell wall mainly comprise polysaccharides, glucan and chitin, hence the corresponding
enzyme (e.g. glucanase and chitinase) producing microbes is considered potent in inhibiting their
growth and activity. These activities empower plant-associated microbes to be significant in envi-
ronmental and agricultural activities. Several rhizospheric microorganisms have been reported to
express the lytic enzymes which among other benefits protect plants from pathogens.

Saraf et al. (2010) reported that ACC deaminase-expressing rhizospheric microorganisms exert
several positive benefits on the plant such as protection of plants against effects associated with
extreme temperatures, pollutants, pathogens, drought and high salt concentration. Also, AAC enhance
the production of VOCs, phytoremediation of impacted soils and promotion of root development

4.4.2.1.12  Plant Growth Promoting Fungi (PGPF)

Rhizospheric fungi can be categorized into different groups based on their ability to colonize differ-
ent environments and their functional roles such as endophytic, mycorrhizal saprotrophic, epiphytic
and pathogenic. The rhizosphere acts as a metabolically active and essential environment for inter-
action between rhizosphere-associated microbial, plant and soil (plant-soil-microbe interaction)
which promotes an exchange of substances and energy. Another important rhizosphere-associated
microbial community is the PGPF, although not as explored as rhizospheric bacteria, they play
similar roles in promoting plant development and sustained environment. PGPF also adopts the
indirect and direct mechanisms for plant growth promotion or PGP and protection from environ-
mental stresses such as phosphate solubilization, HCN production, phytohormones, siderophore,
ISR, enzyme production.

The dominant phyla of rhizospheric fungi Ascomycota, Zygomycota, Basidiomycota, and
Glomeromycota (Song et al., 2018; Pattnaik and Busi, 2019). Most rhizospheric fungi are sapro-
phytes that are responsible for adequately enhancing plant productivity, preventing phytopathogens,
producing ISR and supporting environmental remediation. Some examples include Trichoderma,
Phoma, Aspergillus, Fusarium, Penicillium, Rhizoctonia, and Piriformospora, which stimulate
diverse PGP traits to promote plant yield (Jaber and Enkerli, 2017). This group of organisms modu-
late plant growth, enhance mineral uptake by plants, and increase biomass and crop yield. PGPF has
been classified as endophytes, ectomycorrhizas, arbuscular mycorrhizae and saprophytic (Waghunde
et al., 2017). These beneficial fungal groups have been applied in agriculture (biofertilizer, biopes-
ticides and biocontrol agents) and bioremediation of environmental pollutants (Shelake et al., 2018).

Arbuscular mycorrhizal (AM) among the PGPF groups constitutes the most studied and important
based on its extensive applications and occurrence in over 80% of plant species (Cervantes-Gamez
et al., 2015; Badri et al., 2009). AM fungi function in various capacities which include, maintaining
and enhancing soil fertility, elevated nutrient uptake and availability, stimulating plant systemic
resistance by antioxidant induction during conditions of disease and stress, translocation of mineral
nutrients essential for promoting plant growth/yield and enhancing community succession (Cui
et al., 2018). Interestingly, AM has been isolated from various environments under different prevail-
ing conditions such as aquatic environments, tropical rainforests, sodic or gypsum soils and strong
saline conditions. The symbiotic relationship between plant and AM is the most widespread in
nature, with beneficial contributions from both sides. The AMF promotes the potential of water and
nutrient absorption of the plants while carbon is made available to the AMF by the plant soil (Smith
and Read, 2008). An important feature of AMF is the ability to translocate and absorb nutrients in
plants further than “rhizospheric depletion zones” of plants were secondary metabolism is altered
(Rouphael et al., 2015). Thus, AMF contributes significantly to the growth development of plant and
enhances plant resistant to environmental stresses (Song et al., 2015). More importantly, the AM
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fungal possess an outer membrane that absorbs a number of heavy metals preventing their entry into
the cell of the host plant. This mechanism aids in the detoxification of heavy metals and other xeno-
biotics from damaging root tissues. It also helps to prevent the entry of phytopathogens that could
lead to poor crop yield. Several reports have been documented on the potential application of AMF
in the detoxification of heavy metals from the environment (Abu-Elsaoud et al., 2017; Khan and
Bano, 2018). Some heavy metals; Zn, Ni, Cr, and Cu are critical for the growth of plants, animals
and the microbial community in concentrations that are required (Rajkumar et al., 2009). However,
some heavy metals (e.g., Hg, Cd, and Pb) do not play any biotic or physiological role, hence possess
risk to both plants and the environment (Soetan et al., 2010; Khan and Bano, 2018).

Kumar and Saxena (2019) in a review demonstrated the potential of mechanism of AMF reme-
diation of heavy metals polluted soil. Plants colonized by AMF have the ability to grow under heavy
metal contaminated soils. The review highlighted that AMF can immobilize heavy metals within
soil by translocating metals into the hyphae and roots. The mechanisms involved in the adoption
of AMF to environmental stresses include action of cell wall chitin, extraradical hyphae, release of
certain proteins such as phytochelatins, metallothioneins and siderophore.

Pellegrino and Bedini (2014), conducted a field study which involved inoculation of chickpea
plant with AMF. An increase in chickpea AMF root colonization, increased plant biomass/yield,
improved nutritional value of grain by protein, Fe and Zn biofortification were observed.

Khan (2020) conducted an extensive review on the potential of bioenergy crop associated with
mycorrhiza to remediate (mycorrhiza-remediation) uranium-contaminated mine sites. Based on his
findings, the author proposed that mycorrhizo-remediation of U-contamination is a sustainable and
efficient approach in addition to the production of bioenergy biomass during the process. Other
related research on effect of AMF as a sustainable tool in agriculture and environment has be docu-
mented (Srivastava et al., 2017; Atakan et al., 2018; Chenchouni et al., 2020; Singh et al., 2020).

The benefits associated with the use of an integrated/co-inoculation system of applying both
PGPR and PGPF (AMF or other rhizopsheric fungi) is considered a sustainable tool for ensur-
ing environment management, crop stability and enhanced yield in low-input conditions and
nutrient-deficient soils. Also, this innovative technology aids in the improvement of plant tolerance
under abiotic and biotic stress conditions like salinity, drought and extreme temperatures (Maharshi
et al., 2019; Rouphael and Colla, 2020). Khan (2002) and (2004), stated that the microbe rhizo-
spheric population can be effective by utilizing an inoculum containing PGPR consortium, AMF
as allied colonizers, nitrogen fixing rhizobacteria, and mycorrhiza-helping bacteriateria (MHB) as
biostimulants which could provide plants with benefits decisive for eco-restoration of heavy metal
contaminated soil, etc.

Rahimzadeh and Pirzad (2017) conducted a study on the possible effects of co-inoculation of
AMEF in association with phosphate solubilizing bacteria (PSB) and single inoculations of AMF
(Glomus mossae and G. intradadices) and PSB (Pseudomonas putida) on linseed in drought
stressed environment. The mycorrhizal symbiosis compensated for the drought stress-induced yield
reduction observed in the PSB inoculated plant while a significant rise in crop productivity was
detected in mycorrhizal plants and higher yield in the co-inoculated plants. It has been stated that
a great success could be achive in the phytoremediation of iron polluted agricultural soil culti-
vated with Sorghum bicolor and Pennisetum glaucum using 3 AMF (Scutellospora, Acaulospora,
and Glomus) and 4 PGPR genera (Pseudomonas, Azotobacter, Streptomyces and Paenibacillus).
Co-inoculation of PGPR and AMF was more effective than single inoculation of AMF and PGPR
under the same conditions. The co-inoculants produced siderophore which enhanced the absorp-
tion of iron. Mohamed et al. (2019) studied the potentials of combined or single inoculations of
mycorrhizae and PGPR (Bacillus subtilis and Pseudomonas fluorescence) as a biocontrol agent of
Sclerotium rolfsii in bean plant and as bio-fertilizer for promoting plants nutrient status. As com-
pared to non-inoculated treatments, single inoculations enhanced green pod and straw growth and
uptake of P and Fe by plants. However, co-inoculation further enhanced these tested parameters as
compared with other inoculations and fungicide-treated plants.
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Co-inoculation of AMF and PGPR also has environmental significance in terms of pollu-
tion control and supporting a sustainable environment. Dong et al. (2014) also documented that
co-inoculation of PGPR Serratiamarcenscens BC3 and AMF Glomus intraradices enhanced plant
biomass, antioxidant enzyme activities, and increased microbial populations in the rhizosphere
of petroleum-contaminated soil. The report further stated that the breakdown percentage of total
petroleum hydrocarbons with the co-inoculants was 72.24% compared to the single inoculation of
either AMF or PGPR. Xun et al. (2015) investigated the phytoremediation effect of PGPR and AMF
petroleum impacted saline-alkali soil. Results demonstrated that the petroleum inhibited plant
growth was of malondialdehyde (MDA accumulation), free proline and the activities superoxide
dismutase(antioxidant enzyme), peroxidase and catalase. However, the co-inoculants augmented
the activities of the antioxidant enzymes, decreased MDA and free proline contents. Also, soil
quality was improved evidenced by increased soil enzyme activities (dehydrogenase, sucrase, and
urease). Additionally, a high hydrocarbon degradation rate was recorded indicating AMF and PGPR
co-inoculation could enable plants to tolerate harmful hydrocarbon contaminants, enhance soil
structure as well as remediate saline-alkali soil contaminated with petroleum hydrocarbon. Other
more recent related research highlighting the prospects of AMF and PGPR in pollution control have
been documented (Fecih and Baoune, 2019; Guarino et al., 2020)

4.4.2.1.13  Endophytic Plant Growth Promoting Microorganisms

Endophytes denote free living microorganism that resides in the intercellular and intracellular part
of plants such as the root, stem, flowers, leaves and seeds depend upon the site of colonization with-
out imposing any harmful effect on the host plant (Gaiero et al., 2013; Compant et al., 2016; Gupta
et al., 2020a). Plant species harbor a large population of microorganisms within their tissues (Ray
et al., 2018) during at least part of their life cycle without displaying any visible signs on the plant
host (Jimtha et al., 2014). Endophytic colonization of plants involves two processes: chemotaxis and
establishment of the rhizosphere. Plant exudation through the root induce chemical signaling mole-
cules such as malic acid, fumaric acids, amino acids, carbohydrate, citric acid and other allelochem-
icals (Yuan et al., 2015) that allow the recognition, penetration and establishment of soil microbes
into the root of plants (the rhizospheric region). The rhizosphere is very attractive to a large array of
micro-organisms as a result of the presence of chemical exudates which contains several essential
compounds such as amino acids, carbohydrate, and lipids (Kumar et al., 2015). These morphologi-
cal diverse microorganisms enter into the plant through different routes but most often through the
root surface into the plant tissues as endophytes (Kumar et al., 2016). This endophyte-plant interac-
tion is symbiotic as both benefits from the interaction. The microbes get the essential nutrients and
a conducive habitat while the plants benefit from the growth-promoting substances properties, bio-
active compounds that aid in plant promotion, and protection from diseases environmental stresses
to plants (Gupta et al., 2020a). Gupta et al. (2020b) in their report also revealed that endophytes are
more effective stress-tolerant than rhizospheric and phyllospheric microbial strains due to their abil-
ity to survive inside the host plant.

Reports have highlighted the potential biotechnological application of endophytic microbes
in environmental pollution control and agriculture (Santos e Silva et al., 2016; Liotti et al., 2018;
Gupta et al., 2020; Guarino et al., 2020; Fu et al., 2020). Endophytes possess plant growth promot-
ing attributes that assist plant development growth through direct and indirect processes such as
acquisition of nutrient and water uptake which promotes hardness and a reduction in oxidative
stress enzymes in plants present in polluted soil (Santoyo et al., 2016; Naveed et al., 2014), nitro-
gen fixation (Banik et al., 2016), solubilization of phosphorus (Zhu et al., 2011; Sarbadhikary and
Mandal, 2018), inhibition of phytopathogens by stimulating induced system resistance (Carvalhais
et al., 2013), production and regulation of phytohormones such as gibberellins, cytokinnins, ethyl-
ene (Strader et al., 2010; Dudeja et al., 2012; Vanstraelen and Benkova, 2012; Bhattacharyya and
Jha, 2012), siderophore production (Kannan et al., 2018), Nitrogen fixation (Firdous et al., 2019),
tolerance to stresses (Khan et al., 2011; Theocharis et al., 2012). Passari et al. (2016) reported that
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an endophytic Bacillus sp BPSA16had the most efficient biofilm formation potential amongst other
microorganisms tested. In addition, the bacterial sp. showed further ability to resist various abiotic
and biotic stresses and also produced three phytohormones (IAA, Kinetin and 1,6-Benzyladenine).
Wau et al. (2016) observed that Pseudomonas saponiphilia isolated from a medicinal plant produced
IAA, solubilized phosphate and also possessed some antagonistic effects against phytopathogens
through the production of siderophore, HCN and 2, 4- diacetylphloroglucinol. In a recent study by
Vurukonda et al. (2018), Streptomyces sp. was reported as one of the most important endophytic
microbes owing to the multifarious PGP traits it exhibits. They revealed that Streptomyces sp. has
the potential to inhibit bacterial and fungal phytopathogens which makes this species a remark-
able biocontrol agent. In addition, it produces antibiotics, volatile organic compounds and lytic
enzymes such as chitinase, amylase, invertase, cellulase, peroxidase, xylanase, keratinase, pectin-
ase, phytase, protease, and lipase which aids the degradation of complex nutrients into simple min-
eral forms. Some other examples of endophytic bacteria include: Azotobacter chroococcum Avi2.
(Banik et al., 2016), Bacillus sp. SBER3 (Bisht et al., 2014), Paenibacillus spp (Diaz Herrera et al.,
2016), Burkholderia phytofirmans PsJN (Naveed et al., 2014), Cladosporium velox (Singh et al.,
2016). These endophytes have been found to be associated with several plants which include, Chilli,
Potato;, Pea, Common Bean, Citrus, Sunflower, Cotton, Chickpea, Pearl millet, Soybean, wheat,
Rice, Mustard, Chilli, Sugarcane, Tomato, Maize, and Strawberry (Yadav, 2018; Verma et al., 2017).
The endophytic micro-organism has gained global attention of the scientific community owing to
multifarious abilities (PGP, tolerance to extreme environmental conditions, bioremediation poten-
tial) they possess (Verma et al., 2017). The interactions between rhizobacterial and endophytes of a
specific host plant could contribute to defining the success of bioinoculation technology proposed
for promoting plant growth and yield (Thokchom et al., 2018)

Diverse microbial communities inhabit the plant environment including the endopshere. These
microbes sustain interaction with the host plants and conduct essential functions in plant growth and
detoxification of polluted environments. Several endophytes are known to harbor pollutant-degrading
genes for the mineralization of contaminated soil in planta (Feng et al., 2017). In light of this, sev-
eral researchers have revealed that endophytes significantly contribute to pollution control directly
(harboring hydrocarbon-degrading genes) or indirectly (phytoremediation). Endophytic bacteria
have the ability to induce adaptation to abiotic and biotic stress tolerance as well as biomass increase
in plants involved in phytoremediation (Ijaz et al., 2016). Additionally, endophytes have great poten-
tial abilities to facilitate phytoremediation properties of the plant since they possess degradative
potentials which can be transferred to different parts of the plant enhancing the metabolic activ-
ity. The unique compatibility and interaction between plants and endophytes is a critical factor in
expediting the phytoremediation of polluted sites. Pollutant degrading endophytes have the ability
to directly detoxify or mineralize pollutants because they possess catabolic genes targeting specific
components of the pollutant. For example, Crude oil pollutant comprises a plethora of hydrocarbons
ranging from aliphatics to low and high molecular weight hydrocarbons. Barman et al. (2014) iden-
tified organophosphorus hydroxylase gene ophB, harbored in an endophyte Pseudomonas sp. BF
1-3, which effectively hydrolyze chlorpyrifos. It becomes more interesting when plant-associated
microbes possess not only plant-growing traits, but also pollutant-degrading catabolic genes. This
approach will facilitate phytoremediation efficiency of contaminated environment. Baoune et al.
(2018), investigated the petroleum-degrading and PGP potentials of endophytic Actinobacteria.
All petroleum-degrading isolates obtained were identified as Streptomyces sp. and achieved 98%
removal after seven days of incubation. Also, all strains showed multifarious PGP traits which
include siderophore, phosphate solubilization, ACC deaminase, nitrogen fixation and IAA produc-
tion and also biosurfactant production. Wu et al. (2020) identified another strain with capacity to
mineralize hydrocarbons and enhance plant growth. The investigation revealed that Pseudomonas
aeruginosa L10 is a biosurfactant producing, petroleum-degrading and PGP endophytic bacterium
which aided the breakdown of C,, — C,4 n-alkanes in diesel oil and also LMW PAHs (pyrene, phen-
anthrene and naphthalene). In addition, P. aeruginosa L10 possesses PGP traits siderophore, ACC
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deaminase activity and IAA. The authors further screened the entire genome of the species and
identified catabolic genes associated with hydrocarbon mineralization which include genes encod-
ing monooxygenases, alcohol dehydrogenase, dioxygenase, and aldehyde dehydrogenase.

Mitter et al. (2019) explored the potential application of hydrocarbon-degrading endophytic
strains (Stenotrophomonas sp., Flavobacterium sp., Pantoea sp. and Pseudomonas sp.) initially
obtained from an oil rich sand and subsequently inoculated on white clover plant growing on diesel
polluted soil. Results showed that the strains enhanced plant growth in the face of the pollutant with
high biomass generated. Also, GCMS analysis revealed the soil was remediated by the inoculated
plants. Diverse microbial groups have been reported as endophytes which include, bacteria, fungi,
and archaea.

Endophytic fungi (EF) present certain features that are unique and promising in sustainable agri-
culture and environmental remediation (Table 4.2), however, endophytic bacteria have gained more
attention over the years (Nandy et al., 2020; Mishra and Venkateswara, 2017). Endophytic fungi
contribute significantly to plant development by enhancing nutrition (bidirectional nutrient transfer)
production of phytohormones and biocontrol of plants against phytopathogens to boost plant health.
Additional, EF and plant interaction provides plant protection against adverse abiotic conditions
which include the ability to tolerate salinity, heavy metal, hydrocarbon and drought and increased
resistance to other stressors (Mitter et al., 2019).

Endophytic fungi are ubiquitous, reportedly isolated from different host plants owing to their
capacity to synthesize different biologically active compounds and a host of extracellular enzymes
(Rana et al., 2019). Plants inoculated with EF result in significantly increased biomass production and
enhanced commercial plant production. Relatively, EF have shown great prospects in biotechnologi-
cal applications due to its diverse potentials of being used as source of secondary metabolites, biore-
mediation agents, biological control agents and plant growth promoting agents. A diverse array of EF
species assigned to different genera including Cryptococcus, Rhizoctonia, Rhodotorula, Talaromyces
Curvularia, Fusarium, Geomyces, Alternaria, Aspergillus, Chaetomium, Collectotrichum, Glomus,
Penicillium, Rhizopus, Phaeomoniella, Trichoderma, and Xylaria were isolated from several
selected host plants (Yadav et al., 2017). Reviews on the fungal diversity of endophytes from vari-
ous crops revealed that the predominant genera include, Penicillium Aspergillus, Piriformospora
and Fusarium. Endophytic fungi play significant functions in the breakdown of debris and other
organic compounds which include plant residues (lignin, keratin, oligosaccharides, glucose, pectin,
hemicelluloses and cellulose,) lipids and proteins, through its extracellular enzyme system to release
nutrients, carbon and energy (Kudanga and Mwenje 2005). These organic compounds are present
in litter, wood and leaf which consequently implies that endophytic fungi can readily degrade these
materials and so it is of great importance to environmental management. These enzymes of interest
include, phenol oxidase, proteinase cellulase, lipoidase, pectinase and lignin-degrading enzymes.
For example, Correa et al. (2014) reported that fungal enzymes initiated the degradation of lignocel-
lulosic materials in an oxidative system (ligninases and peoxidases) and hydrolytic system (xylanases
and cellulases). Also, amylases and its derivatives; glucoamylases, « amylase and f-amylases are
reportedly responsible for the conversion of starch to several sugar solutions (Krishnamurthy and
Naik, 2017). These degradation processes mediated by the extracellular enzymes is very critical in
promoting nutrient availability in soil and ecosystem balance because the end product of the decom-
position increases biomass, organic matter and nutrient in the soil.

Endophytic fungi also impact on enhancing plant growth and protection by producing bioactive
secondary metabolites, stimulating host plants to withstand both biotic and environmental stresses,
resistance to diseases and other very desirable crop traits that will ensure sustainable agriculture.
There is a growing attention in the exploration and potential applications of EF in agricultural
practice. Potshangbam et al. (2017) investigated the factors influencing plant growth and biocon-
trol properties of endophytic fungi associated with maize and rice plants. The report stated that
Penicillium simplicisssum (ENF22) and Acremonium sp. (ENF 31) could potentially prevent the
growth of all four tested phytopathogens by producing defensive enzymes. ENF31 was observed to
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tolerate a large range of pH from 2 to 12, an essential requirement for studying plant growth in sev-
eral soil types, most importantly acidic, as a significant factor that renders land unusable for agricul-
tural activities while ENF22 grew within pH range 3—12, with 10% salt tolerance ability. Similarly,
Bilal et al. (2018) isolated two endophytic fungi from the roots of oxalis corniculata, Fusarium pro-
liferatum BRL, andAspergillus fumigatus TS, The fungal species after in vitro screening produced
siderophore, phosphate solubilization activity, IAA and gibberellins. Endophytic fungal strain of
Aspergillus isolated from the leaf of Schima wallichii was also found to possess good phosphate
solubilizing and TA A producing ability (Sarbadhikary and Mandal, 2018).

The availability of contaminants in soil distorts the endophytic community structure, popu-
lation and functions by destroying the microbe-rhizosphere interface which consequently
affects colonization and microbe-host plant interactions. In light of this, the availability of
xenobiotic-resistant strains involved in remediation activities positively impacts plant development
and growth (Rajkumar et al., 2010). Endophytic fungal poses to be very essential in phytoremedia-
tion because their hyphal structure contributes to higher surface area to absorb toxic pollutants.
The plant-microbe interaction permits the exploration of the different phytoremediation strategies
(phytoextraction, phytoaccumulation and biotransformation) to detoxify contaminated environ-
ments in the most sustainable way (Stepniewska and Kuzniar, 2013; Nandy et al., 2020). The appli-
cation of EF in the mineralization of noxious pollutants such as hydrocarbons, polychlorinated
biphenyls, polycyclic aromatic hydrocarbons and metals is a novel and essential resource because
of its diverse enzyme system. It has been established that some endophytic hydrocarbon degrading
bacteria obtained from moss plant Macromitrium sp could help in the bioremediation of polluted
environment. These organisms have ability to grow in a mineral salt medium (MSM) amended
with naphthalene and phenanthrene. HPLC analysis revealed that each of the isolates degraded
the PAH amendments more than 85%. Endophytic fungi can be a candidate for environmental
sustainability through the degradation of xenobiotics by a wide range of catabolic enzymes. These
enzymes are also responsible for mineralization of complex (macromolecules) compounds into
simpler molecules or transformation of noxious substances to innocuous substances to enhance
adaptability. Furthermore, the report highlighted that endophytic fungi are actively involved in
phytoremediation since they promote plant growth and interact directly with plants owing to their
unique type of plant-microbe interaction, are heavy metal resistant and also can modulate metal
translocation and accumulation plants. In a more recent study, four selected EF, Aspergillus sp
A31, Curvularia geniculata P1, Westerdykella sp. P71 and. Lindgomycetaceae P87, were investi-
gated in an in vitro system for the bioaccumulation and bioremediation of mercuryand also growth
enhancement of Aeschynomene fluminensis and Zea mays. Results revealed that up to 100% of
mercury was removed from the culture medium by all endophytes and enhanced plant growth
of both plants in substrate with or without metal was recorded. The authors observed increase in
host plant biomass was associated with a decrease in the concentration of mercury in soil due to
bioaccumulation of metal or possible volatilization (Pietro-Souza et al., 2020). Marin et al. (2018)
also established the fact that endophytic fungi possess degradation capabilities. The in vitro study
revealed Verticullum sp. and Xylaria sp.1 showed momentous potentials as hydrocarbon degraders
by removing 99.6% of crude oil in a mineral salt based medium amended with crude oil. It has
been established that plants have the ability to bioaccumulate heavy metals or hydrocarbon com-
pounds from the soil which is referred to as bioremediation. However, such pollutants especially
the hydrocarbon-related pollutants cannot be effectively degraded inside the plant which is greatly
detrimental to food security and public health. Research have shown that some endophytic fungi
have the ability to degrade pollutants in planta.

4.5 CONCLUSION AND FUTURE RECOMMENDATION

This chapter has provided detailed information on the application of biostimulants derived from
beneficial microorganism and their utilization for increase in agricultural productivity. The merits
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and demerits of the biostimulants derived from microorganisms were highlighted. The modes of
action that biostimulants utilized in executing their role was also stated. The application of genetic
engineering and mutation could lead to enhancement in the production of important strains that
could lead to the production of highly effective biostimulant strains that could lead to increase in
agricultural production. This biostimulant could be mass produced on cheap agricultural substrates
when compared to synthetic media. The application of bioinformatics, genomics and proteomics
will play a crucial role toward the identification of a gene that could enhance the agronomical trail
of plant as well as led to increase in nutritional attributes of agricultural crops. Moreover, the appli-
cation of metabolomics will reveal the presence of necessary metabolites of interests that could
lead to increase in agricultural production through the prevention of abiotic and biotic stress such as
agricultural pest and pathogens.
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5.1 CRISPR-CAS9 TECHNOLOGY - A POWERFUL
TOOL FOR GENOME ENGINEERING

5.1.1 INTRODUCTION TO GENOME ENGINEERING

The facility to modify and edit genetic information is very crucial for understanding gene func-
tion and revealing biological mechanisms. Scientists have been controlling and making use of pro-
karyotic molecules for genome engineering since 1971 when the production of particular DNA
fragments using restriction enzymes was demonstrated for the first time. DNA-binding proteins
which modify specific loci have extremely advanced science and applications. However, developing
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modular DNA-binding proteins to bind at a defined target is a very complex process which often
needs protein engineering expertise. This difficulty has been solved by the clustered regularly
interspaced short palindromic repeats (CRISPR)-CRISPR-associated protein 9 (Cas9) technology
as the target specificity of CRISPR-Cas9 depends on base pairing of nucleic acids rather than
DNA-protein interaction (Pickar-Oliver and Gersbach 2019). In the past few years, highly versa-
tile genome-editing technology, CRISPR—Cas9 has transformed genome engineering by providing
investigators with the ability to introduce sequence-specific alterations into the genomes of a broad
range of cell types and organisms (Gaj et al. 2016). The most common genome engineering/editing
technologies are homing endonucleases (HENs) or meganucleases, zinc-finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENs), and CRISPR-Cas9. Developments in
genome editing technologies such as HENs, ZFNs and TALENs made it possible to more accurately
target any gene of interest. However, these first-generation genome editing techniques involve dif-
ficult steps for protein engineering, which make them costly, laborious and time-consuming. Unlike
those techniques, CRISPR-Cas9 technology involves simple designing and cloning procedures for
the use of the same Cas9 with different guide RNAs (gRNAs) targeting multiple sites in the genome
(Jaganathan et al. 2018).

5.1.2 Basics AND History oF CRISPR-CAs9 TecHNOLOGY

CRISPR-associated, RNA-guided endonuclease (RGENSs) (Cas9) is the latest genome editing tech-
nology that has been discovered in bacteria as a unique defense mechanism to protect against invad-
ing bacteriophages (El-Sayed et al. 2017). The CRISPR concept was begun coincidentally when
an uncommon structure was detected within E. coli genome while examining the iap gene (Ishino
et al. 1987). CRISPR comprises repeats (short identical repeated sequences of DNA), separated by
spacers (unusual short sequences originated from the invading phages or plasmid DNA) (Hsu et al.
2014). Jansen et al. (2002) named these unusual repeats as CRISPR. The history of CRISPR-Cas
research is summarized in Table 5.1. The spacer sequences play a role as a genetic memory. The
CRISPR system is a weapon for microorganisms to protect themselves from attack by bacterio-
phages and viruses (Bolotin et al. 2005; Pourcel et al. 2005).

5.1.3 MEecHANISM OF CRISPR-Cas SysTem

The CRISPR-mediated resistance mechanism involves three major stages (Figure 5.1).

1. Spacer (foreign DNA) acquisition
2. crRNA (CRISPR RNA) biogenesis/processing
3. RNA-guided target (viral element) interference

The first stage is spacer acquisition (also known as adaptation), which takes place in two steps:
(i) recognition of 33 bp protospacer sequence through Casl/Cas2 complex (two Casl dimers and
one Cas2 dimer) by binding to foreign DNA (viruses or plasmids) in a sequence-independent way
(Wiedenheft et al. 2009) and (ii) integration of these sequences into CRISPR locus by Casl/Cas2
complex, which acts as integrases to perform two nucleophilic reactions (Nuifiez et al. 2014). The
second stage involves the transcription and processing of a CRISPR array into a mixture of small
crRNAs, which contains a spacer (colored squares) and partial repeats (black squares), form-
ing gRNA. The CRISPR array works as a memory of past invasions and aids in immunity on
later exposure. An extended primary RNA molecule transcribed from the CRISPR locus known
as pre-CRISPR RNA (pre-crRNA) is a transcript of partial repeats (black) and spacer sequences
(colored). The pre-crRNA is processed by the host’s RNaselll, with the assistance of another
RNA molecule known as the trans-activating CRISPR RNA (tractrRNA). The tracrRNA com-
prises the direct repeats so that it can attach to the pre-crRNA through sequence homology to
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TABLE 5.1
Timeline of CRISPR-Cas Research
Year Research Achievements Reference
1987  First report of CRISPR clustered repeats Ishino et al. (1987)
2000  CRISPR families exist in all prokaryotes Mojica et al. (2000)
2002  Coined ‘CRISPR’ term and defined cas genes Jansen et al. (2002)
2005  Identified foreign source of spacers, Mojica et al. (2005); Pourcel
Proposed function of adaptive immunity et al. (2005)
Identified PAM sequence Bolotin et al. (2005)
2007  First experimental proof of CRISPR adaptive immunity Barrangou et al. (2007)
2008  CRISPR acts upon DNA targets Marraffini and Sontheimer (2008)
Spacers are converted into mature crRNAs that act as small gRNAs Brouns et al. (2008)
2009  Type III-B Cmr CRISPR complexes cleave RNA Hale et al. (2009)
2010  Cas9 (Type II) is guided by spacer sequences and cuts target DNA by DSBs Garneau et al. (2010)
2011  tracrRNA forms a duplex structure with crRNA in association with Cas9 Deltcheva et al. (2011)
Type I CRISPR systems are modular and can be heterologously expressed in ~ Sapranauskas et al. (2011)
other organisms
2012 Cas9 is an RNA-guided DNA endonuclease Jinek et al. (2012)
In vitro characterization of DNA targeting by Cas9 Gasiunas et al. (2012)
2013  First experimentation of Cas9 genome editing in eukaryotic cells Cong et al. (2013); Mali et al.
(2013)
CRISPR-Cas mediated plant genome engineering in rice, wheat, Arabidopsis, ~ Jiang et al. (2013)
tobacco and Sorghum
2014  Genome-wide functional screening with Cas9 Shalem et al. (2014); Wang et al.
(2014)
Discovered crystal structure of apo-Cas9 Jinek et al. (2014)
Discovered crystal structure of Cas9 in complex with gRNA and target DNA  Nishimasu et al. (2014)
2015  First report of genes edited in human embryos CRISPR-Cas9 Liang et al. (2015)
2016  Published research on upgraded type of CRISPR/Cas 9 with less risk of Kleinstiver et al. (2016)
off-target DNA breaks
2017  Published research on possibility of editing a gene defect in pre-implanted Fogarty et al. (2017); Liang et al.

human embryos for preventing inherited heart disease, p-thalassemia and to
study cause of infertility

(2017); Ma et al. (2017)

crRNAs: crispr RNAs, gRNAs: guide RNA, tracrRNA: trans-activating crispr RNA, PAM: protospacer adjacent motif, DSBs:
Double-strand breaks.

form pre-crRNA:tracrRNA duplex. The host’s RNaselll cleaves dsSRNA duplex to form mature
crRNA which contains one spacer sequence and one repeat sequence. The spacer sequence delivers
specificity for various exogenous target sequences due to complementarity with the target. The third
stage comprises target interference by recognition of invading nucleic acid through sequence com-
plementary to the spacer sequence of the crRNA and destruction by Cas nucleases (Barrangou et al.
2007). The crRNA:tracrRNA duplex binds to the Cas9 (DNA endonuclease) through the tracrRNA.
The crRNA leads Cas9 to the target sequence through sequence homology provided by the spacer
sequence and bind to the target through base-pairing to the complementary strand. Spacers get
converted into mature crRNAs and act as gRNA to recognize and destroy the target foreign DNA
(Brouns et al. 2008). A protospacer adjacent motif (PAM) sequence at downstream (3’) of the target
sequence is a short (3—5 nucleotide) sequence essential for nuclease binding. The PAM sequence for
Cas9 is NGG, where the N can be any nucleotide. Ultimately, the nuclease (Cas9) cannot bind to
the target sequence in the absence of the PAM sequence. The absence of the PAM sequence in the
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FIGURE 5.1 The mechanism of the CRISPR-Cas9 [1: stage 1 (spacer acquisition), 2: stage 2 (crRNA processing),
3: stage 3 (target interference), S: spacer sequence, R: repeat sequence].
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FIGURE 5.2 Schematic of the CRISPR/Cas9 system. (DNA and proteins are not drawn to scale).

spacer region of the endogenous CRISPR array inhibits the nuclease from cleaving and destroying

its

DNA.
The Cas9 endonuclease from Streptococcus pyogenes possesses two nuclease domains, which

collectively create a double-stranded break (DSB) in the target DNA (Marraffini 2016). One domain
is a RuvC-like nuclease located at the N-terminal and the second is an HNH-like domain located
around the center of the protein (Shan et al. 2013). After binding at the PAM sequence/site, the Cas9
go through a conformational modification which directs the nuclease domains to bind with opposite
strands. The DSB results from about three nucleotides upstream of the PAM sequence. The nuclease
domain cleaves the strand non-complementary to the spacer in the crRNA, while the HNH domain
breaks the complementary strand (Figure 5.2).
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FIGURE 5.3 Repairing mechanisms of sequence-specific nuclease (SSN) (Cas9) induced DSBs of DNA by
NHEJ and HDR pathways. [NHEJ (non-homologous end joining) -mediated repair can insert and/or delete
a few nucleotides (indel mutation). HDR (homology-directed repair) - mediated repair can introduce precise
point mutations, by corrections/insertions/replacement, based on the donor DNA template].

The Cas9-generated DSBs can be repaired by either error-prone non-homologous end joining
(NHEJ) (Davis and Chen 2013) or homologous recombination (HR)/homology-directed repair
(HDR) (Sung and Klein 2006) which stitch the two ends together (Figure 5.3). The DSB repaired
by NHEJ contains small insertions or deletions (indels) at the target site that disrupt gene function
(Lieber 2010; Chaudhary et al. 2018). Alternatively, if DSBs are repaired by HDR using donor tem-
plate that mediates the exchange of the target sequences with the donor sequences, it leads to precise
and perfect gene replacement and additions (Chiruvella et al. 2013; Kim and Kim 2014). The main
characteristics of RGENs/CRISPR nucleases are listed in Table 5.2.

5.1.4 CuassiFicATION OF CAs PrROTEINS IN CRISPR-CAs SysTems

Since CRISPR can be exploited for genome engineering in human cells (Cong et al. 2013; Mali
et al. 2013), it has been extensively accepted to conduct various applications of genome editing.
The CRISPR-Cas system has been classified into six types and furthermore divided into sixteen
different subtypes (Makarova et al. 2015). There are two classes (class 1 and class 2) and six major
types of CRISPR which includes (i) type I, III and IV defined by multi-subunit effector complexes
(Cascade, Csm, Cmr) and (ii) type II, V and VI identified by single-subunit effector (Cpfl, Cas9)
(Zetsche et al. 2015; Mougiakos et al. 2016; Ishino et al. 2018). The classification of Cas proteins in
CRISPR-Cas systems according to their mode of action is illustrated in Figure 5.4.

5.1.5 ONLINE REsources To DEesiIGN CRISPR NuUCLEASES

In recent times, genome editing with RGENs/CRISPR-associated nuclease has been shown to have
great potential in a variety of applications in a broad spectrum of fields. However, their execu-
tion in genetic analysis generally depends on their specificity for the anticipated genomic target.
Complex and large genomes often comprise very much repetitive/homologous sequences, which
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TABLE 5.2
Main Characteristics of RGENs/CRISPR Nucleases (Cas9)
Characteristics RGENSs/CRISPR Nucleases
Nuclease Cas9
Determinant of DNA targeting specificity sgRNA or crRNA
Specificity-determining length of target site 22 bp (total length 23 bp)
Rate of success High (approx. 90%)
Off-target effects Variable
Average rate of mutation High (approx. 20%)
Size 4.2kb (Cas9 from Streptococcus pyogenes)+0.1kb (sgRNA)
Restriction in target site End with an PAM sequence NGG or NAG (lower activity)
Design density One per 8 bp (NGG PAM) or 4 bp (NGG and NAG PAM)
Cytotoxicity Low
Pre-crRNA
Transcript Target Target
Class Type  Subtypes Adaptation Processing Binding Cleavage
Cas7, Cas5,
| A-F U Cas8 (LS), SS,
HD Cas3
1 I AD Cas7, Cas5, Cas7
Cas10 (LS), SS, Cas10
Cas7, Cas5
\Y A-B Not known ’ ’ Not known
W caft (Ls), S8,
Il A-C RNase Il
(Cas9)
2
Vv A-B,U Not known
\ A-C Not known

FIGURE 5.4 Classification of Cas proteins in CRISPR-Cas systems according to their mode of action.

reduces the specificity of genome editing tools and could result in off-target activity (Periwal 2017).
Recently, various computational approaches have been recognized to guide the design process and
predict/reduce the off-target activity of CRISPR nucleases. Numerous databases, web servers, tools,
and resources for genome editing could be competently used to guide the design of constructs for
CRISPR nucleases and evaluate results after genome editing. Several computer programs are acces-
sible that search for possible target sites of programmable nuclease in a particular DNA sequence
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TABLE 5.3
Online Resources to Design RGENs/CRISPR Nucleases
Online Resources Link Applications Reference
CRISPRs web server/  http://crispr.u-psud.fr/ A gateway to publicly accessible CRISPRs Grissa et al.
CRISPRcompar database and software including CRISPRFinder, (2008)
CRISPRdb and CRISPRcompar
CRISPI http://crispi.genouest.org/ A web interface with graphical tools and functions ~ Rousseau et al.
allows users to find CRISPR in personal sequences.  (2009)
CRISPRTarget http://bioanalysis.otago. It predicts the most likely targets of CRISPR Biswas et al.
ac.nz/CRISPRTarget RNAs. (2013)
Zhang Lab Genome http://www.genome- CRISPR genome engineering resources website. Cong et al.
Engineering engineering.org/ (2013)
CRISPRmap http://rna.informatik.uni- ~ Web server provides an automated assignment of ~ Lange et al.
freiburg.de/CRISPRmap  newly sequenced CRISPRs to standard (2013)

classification system
Crass: The CRISPR http://ctskennerton.github. A program that searches through raw metagenomic Skennerton et al.

Assembler io/crass/ reads for CRISPRs. (2013)
CRISPRDetect http://bioanalysis.otago. CRISPRDetect, in combination with CRISPRBank Biswas et al.
ac.nz/CRISPRDetect/ and CRISPRTarget, now provides an integrated (2014)

resource for the detection and analysis of
CRISPRs (CRISPRSuite)

E-CRISP http://www.e-crisp.org/ It is a software tool to design and evaluate CRISPR n/a
target sites.
CRISPR RGEN Tools http://www.rgenome.net/ Computational tools and libraries for RGENs. n/a

and web-based computer programs are accessible for RGENs (Table 5.3). These computer algo-
rithms and programs have different features and applications.

5.1.6 CRISPRi AND CRISPRA For PrecisE CONTROL OF GENE EXPRESSION

When NHEJ-mediated repair occurs in CRISPR-based technology, Cas9 introduces short deletion(s)
within a protein-coding open reading frame (ORF) which results in frame shifts that ultimately
lead to a loss of function of the encoded protein. Numerous platforms for genetic screening have
been applied and created on this strategy. CRISPR interference (CRISPRi) and CRISPR activation
(CRISPRa) are approaches for reversible control of gene expression. In CRISPRi, nuclease-dead
mutants of Cas9 (dCas9) retain sgRNA-directed binding of specific DNA sequences, which can stop
the transcription of these genes in bacteria (Qi et al. 2013). CRISPRi using dCas9 can also perform
transcription repression in mammalian cells. However, it is more effective when transcriptional
repressor domains i.e. Kriippel-associated box (KRAB) are fused to dCas9 (Kampmann 2018). The
fusion of dCas9 to the KRAB domain promotes the formation of heterochromatin and results in
CRISPRIi. The dCas9 can also be employed for the initiation of gene expression and this approach
is known as CRISPRa (Gilbert et al. 2013). The CRISPRI is a loss-of-function technology while
CRISPRa is a gain-of-function technology. Overall, CRISPRi and CRISPRa are useful in control-
ling transcript levels of endogenous genes (Kampmann 2018).

5.1.7 AprLicaTiONS OF CRISPR-CAs9 TecHNOLOGY

Altered Cas9 versions (i.e., dCas9 and nCas9) have been employed for the development of program-
mable tools for genome editing using the CRISPR-Cas9 system. These CRISPR-based tools demon-
strated their use in single base editing, RNA editing, gene regulation, genotyping, DNA barcoding,


http://crispr.u-psud.fr
http://crispi.genouest.org
http://bioanalysis.otago
http://ac.nz
http://www.genome-
http://engineering.org
http://rna.informatik.uni-
http://freiburg.de
http://ctskennerton.github
http://bioanalysis.otago
http://ac.nz
http://www.e-crisp.org
http://www.rgenome.net
http://ctskennerton.github

96 Agricultural Biotechnology: Food Security Hot Spots

epigenetic editing, gene tagging, chromatin engineering, imaging, gene targeting and many more.
The next generation of CRISPR-based tools extended beyond DSB-based gene editing and imparted
the competency to these tools to accurately target the DNA region (Shelake et al. 2019). The ease
with which CRISPR-Cas9 can be constructed to identify novel genomic sequences has driven a
revolution in genome editing that has enhanced scientific developments and discoveries in diverse
disciplines such as synthetic biology, disease modeling, human gene therapy, neuroscience, drug
discovery, and agricultural sciences (Gaj et al. 2016).

5.2 AGRICULTURALLY BENEFICIAL MICROORGANISMS

Agriculture mainly deals with the cultivation of plants and rearing of livestock. To enhance crop
yield, extensive use of synthetic fertilizers, pesticides, heavy irrigation, monoculture pattern, high
energy input, extensive tillage and concentrated animal feeding led to several negative impacts on
agriculture. Therefore, it has become very crucial to address the major thrust area of agriculture
like decreased soil integrity and fertility, ground water purity and environmental pollution nowa-
days (Wati et al. 2015). The theory of sustainable agriculture emphasises better usage of natural
resources for higher agricultural productivity with no negative impact on climate and has been
accepted by many people. The use of agriculturally beneficial microorganisms is very important for
the production of healthy and safe agricultural products in an eco-friendly manner.

In agriculture, the relationship between plants and microorganisms is very complex. This rela-
tionship is either beneficial or harmful to the plant (Figure 5.5). Negative relationship results in plant
diseases caused by pathogens. Positive relationship, on the other hand, offers many beneficial effects
to the plant like growth and development, nutrient uptake, seed germination, plant defense against
biotic and abiotic stresses, and improved crop yield which are due to plant-associated microbes,
mostly rhizospheric. Such microorganisms have their unique structure, interaction, function, and
habitat which perform various biotic activities in soil ecosystem (Kumar et al. 2018). Certain micro-
organisms have an obligate relationship and are limited to specific host plants, i.e. nodule forming
rhizobia and leguminous plants, and certain endomycorrhizal fungi (Parniske 2008; Masson-Boivin
et al. 2009). Some microorganisms display a non-specific relationship with plants and have the abil-
ity to colonize mostly on the surface of the plant root system and sometimes inside the root tissues
to enhance plant growth and overall health of plant (Barea et al. 2005). In general, these microor-
ganisms have beneficial effects on plants via direct or indirect activities. Direct mechanism involves
nitrogen fixation, solubilization of phosphate, potassium, zinc, and other minerals, production of
phytohormones like auxins, gibberellins, cytokinins, and abscisic acid. The indirect mechanism

Role of plant associated
microorganisms
I

Beneficial

-I Enhance uptake of plant nutrients |

-I Protect against plant diseases |

-I Enhance plant metabolism |

-| Increase tolerance to abiotic stresses |

-I Increase plant growth and development |

FIGURE 5.5 Effects of plant associated microorganisms on plant.
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deals with the production of various chemical compounds (siderophores, cyanides, antibiotics, and
lytic enzymes) to protect against plant pathogens (Stamenkovi¢ et al. 2018). The microorganisms
belonging to bacteria, fungi, actinomycetes and cyanobacteria groups are such agriculturally ben-
eficial microorganisms.

5.2.1 IMPORTANT FUNCTIONS OF AGRICULTURALLY BENEFICIAL MICROORGANISMS

5.2.1.1 Microorganisms as Fertilizer

Soil and atmosphere provide nutrients to plants. The nutrients present in the soil are absorbed by
root system in rhizosphere area. The phyllosphere on the other hand absorbs atmospheric nutrients
(Bhattacharyya et al. 2016). The use of chemical fertilizers has several negative consequences like
leaching out problem, surface and ground water contamination, reduction of soil fertility and integ-
rity, eutrophication in water bodies, destruction of soil microorganisms and important insects, and
increased pathogen susceptibility of plants (Wati et al. 2015). Plant root system releases certain
compounds collectively termed as root exudates which influence different activities of rhizospheric
microorganisms.

The enhanced activities of some beneficial microorganisms consequently lead to improved nutri-
ent acquisition by plants. Biofertilizers are microbial preparations containing living or latent cells
of beneficial microorganisms that interact with plants in rhizosphere and help in the uptake of nutri-
ents from the soil. Nitrogen fixation is a prominent case in which different classes of bacteria are
involved in the fixation of atmospheric nitrogen into ammonia or related nitrogenous compounds.
The root-nodulating bacterial members of genera Rhizobium, Sinorhizobium, Mesorhizobium,
Bradyrhizobium, and Ensifer make symbiotic associations with legume plants and facilitate the
uptake of nitrogen by plants (Rathoure 2015). Frankia is one more group of nitrogen-fixing bac-
teria that live in symbiotic association with certain plants and induce nodulation in such plants.
Free living nitrogen fixing bacteria belonging to Azotobacter, Diazotrophicus, Gluconacetobacter,
Azospirillum, Pseudomonas, Enterobacter, Acetobacter, Herbaspirillum, Bacillus, Azoarcus, and
Cyanobacteria (Anabaena and Nostoc) are involved in nitrogen fixation (Nath et al. 2018). The role
of endophytic bacteria (Gluconobacter, Azoarcus, Klebsiella, Herbaspirillum, and Burkholderia) in
nitrogen fixation in certain plant species is well documented (Sharma et al. 2018).

Phosphorus is the second most important macro-nutrient for plant growth. The occurrence of an
insoluble form of phosphate in soil makes its utilization by plants more difficult. The conversion of
insoluble to soluble form of phosphate is performed by number of phosphate solubilizing bacteria
(Pseudomonas, Rhizobium, Mycobacterium, Bacillus, Burkholderia, Rhodococcus, Enterobacter,
Arthrobacter, Serratia, Beijerinckia, Flavobacterium, and Erwinia), filamentous fungi (Penicillium,
Arthrobotrys, and Aspergillus), and actomycorrhizal fungi (Glomus and Hebeloma) (Nath et al.
2018). These microorganisms have the capability of producing organic acids, which accelerates
the mobilization of phosphate. Potassium has an essential role in ATP and nucleic acid synthesis,
regulation of osmotic pressure, activation of enzymes, and many more. The solubilization of potas-
sium from mica, illite, and other insoluble potassium sources is performed by a number of micro-
organisms like Bacillus, Pseudomonas, Thiobacillus, Aspergillus, Micrococcus, Enterobacter, and
Corynebacterium (Sugumaran and Janarthanam 2007; Verma et al. 2016). The potential application
of biofertilizer microorganisms is also explored for enhanced uptake of other nutrients like Zn, Ca,
Fe, Mn, Si and Cu by plants. The usage of biofertilizer reduces input costs of chemical fertilizers
and act as an important component of integrated nutrient management for sustainable agriculture.

5.2.1.2 Microorganisms as Plant Growth Promoter

Large numbers of microorganisms present in rhizosphere have plant growth promoting activities.
They produce and secrete various phytostimulants in the vicinity of plant roots. Phytohormones like
auxins, gibberellins, cytokinins, and abscisic acid are such plant growth stimulants (Gopalakrishnan
et al. 2014). The effectual role of auxin in plant growth and development is well understood. It has
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several functions like development of longer root with higher number of root hairs and lateral roots,
stimulation of cellular division and differentiation, improvement of water and mineral uptake by
increasing number of xylem cells, induction of flowering and fruiting, and inhibition or delaying
abscission (Mohite 2013; Stamenkovié et al. 2018). Indole acetic acid (IAA) is an important form of
physiologically active auxin. It is produced by several agriculturally important microorganisms like
Pseudomonas, Bacillus, Rhizobium, Azospirillum, and many more.

Various developmental processes in plants like elongation of stem, breaking of seed dormancy,
increased germination, development of larger sized fruits, higher number of buds, stimulation of par-
thenocarpy, and sex expression are performed by gibberellins (Escamilla 2000; Gelmi et al. 2000).
Different genera of bacteria (Bacillus, Pseudomonas, Rhizobium, Azospirillum, and Azotobacter)
and fungi (Gibberella, Fusarium, Neurospora, Phaeosphaeria, and Sphaceloma) have the ability to
produce various forms of gibberellins (Desai 2017).

Cytokinin is third phytohormone which stimulates cellular division, formation of roots and
root hairs, callus development, and shoot differentiation in certain plants (Gopalakrishnan et al.
2015; Vijayabharathi et al. 2016). Vast varieties of rhizospheric microorganisms (Rhizobium spp.,
Azotobacter spp., Paenibacillus polymyxa, Pseudomonas fluorescens, Pantoea agglomerans,
Bacillus subtilis and Rhodospirillum rubrum) have been studied for their capacity to produce cyto-
kinin (Glick 2012; Garcia de Salamone et al. 2001).

Ethylene is a stress hormone that is up-regulated in plants in response to various abiotic stresses
and biotic stress like fungal, viral and bacterial infections resulting in negative growth and develop-
ment of plants. Rhizospheric microorganisms like bacteria (Pseudomonas, Bacillus, Variovorax, and
Achromobacter) and fungus (Trichoderma) contain the enzyme 1-aminocyclopropane-1-carboxylate
(ACC) deaminase which catalyses the conversion of ethylene precursor ACC into a-ketobutyrate
and ammonia. This reaction reduces the level of secreted ACC and thereby ethylene level in plants.
Therefore, ACC deaminase-producing microorganisms help plants to respond against a variety of
stress conditions (Singh and Singh 2015).

Apart from phytohormones, rhizospheric microorganisms produce and release certain volatile
compounds which have plant growth-promoting action. Volatile organic compounds (VOCs) such
as acetoin, 2,3-butanediol, jasmonates, terpenes, etc. are produced by different species of rhizo-
spheric bacteria (Ping and Boland 2004). Such VOCs act as signaling molecules for plant-microbe
interactions and thereby stimulates certain plant responses (Ryu et al. 2003).

5.2.1.3 Microorganisms as Stress Defender

The overall plant health and development is highly influenced by various factors. These factors are
broadly classified as abiotic and biotic stress. Abiotic stress is the certain nonliving environmental
conditions which badly affect the plant. This includes pH, temperature, salts, water, and essential
nutrients. The interaction between plants and microorganisms augments certain responses (local
and/or systemic) which are capable to deal with changing abiotic stresses. The plant-associated
microorganisms help in the regulation of various biochemical and physiological conditions in the
plant. Regulation of phytohormone and antioxidant production, exopolysaccharide production,
enhancing nutrient uptake, balancing water, organic solute, salt and mineral concentration, produc-
tion of VOCs, over production of cold and heat shock proteins, siderophore production, production
of various regulatory enzymes, microbes associated phytoremediation of pollutants, and many more
functions are carried out by these microorganisms in favor to plant against drought, acidity, alkalin-
ity, salinity, cold, heat, and pollutant stress (Shinwari et al. 2019).

The plant diseases caused by pathogens and damage caused by insects come under biotic stress
conditions. Various species of bacteria, fungi, nematodes, viruses, insects, and parasitic plants nega-
tively affect plants by causing disease or damage. The biocontrol strategy using different agricultur-
ally beneficial and environmentally friendly microorganisms is a viable alternative for the control
of such plant pathogens. The plant protection by biocontrol agents is performed by two mechanisms;
direct and indirect antagonism. Direct mechanism deals with the physical interaction of antagonis-
tic microorganisms or their metabolic products with the pathogens. Various extracellular hydrolytic
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enzymes (protease, chitinase, lipases, and glucanase), siderophores, antibiotics, and HCN are pro-
duced by a number of microorganisms that have direct antagonistic effects (Bhatia et al. 2005;
Dutta and Khurana 2015; Pundir and Jain 2015). In certain conditions, microorganisms attack plant
pathogens and kill them called as hyperparasitism. In the competition mechanism, the microorgan-
isms compete for colonization and nutrients against pathogens and thereby reducing the chances of
host invasion and nutrient acquisition. The secondary metabolites having toxic effects are produced
by microorganisms that serve as antibiotics and therefore the growth and metabolism of the patho-
gen are suppressed (Shinwari et al. 2019). Species of Pseudomonas, Streptomyces, Bacillus, and
Trichoderma produce antibiotics, which induce systemic resistance in plants (Bakker et al. 2003).
Chitinase is responsible for the degradation of the fungal cell wall and gut linings of insects, there-
fore, has wide application in fungal and insect pest management (Wati et al. 2015). Pseudomonas
Sfluorescens is well known bacterial species for its antagonistic activity against several plant patho-
gens. The fungus, Trichoderma is widely used for the control of many fungal plant pathogens due to
the production of mycolytic enzymes, antibiotics, nutrient competition, stress tolerance, pathogenic
enzymes inactivation, solubilization of minerals, and induction of plant resistance (Monte 2001).
The siderophores - low molecular weight iron chelating compounds produced by several micro-
organisms compete for iron availability with pathogens. Rhizobium radiobacter, Bacillus mega-
terium, Azotobacter vinelandii, Pantoea allii, and Bacillus subtilis are examples of siderophores
producing microorganism (Ferreira et al. 2019). Various plant growth promoting activities along
with ACC deaminase activity are reported in Bacillus species. Application of these microorganisms
has suppressed the growth of plant pathogenic fungi such as Rhizoctonia solani, Fusarium solani,
Sclerotinia sclerotiotum, and Fusarium oxysporum (Kumar et al. 2012).

Indirect antagonistic mechanism of pathogen control deals with the induction of plant defense
mechanism by nonpathogenic microorganisms. Plants develop resistance against pathogens by cer-
tain defense mechanisms like induced systematic resistance (ISR), systematic acquired resistance
(SAR), activation of certain chemicals, and physical defense (Singh and Pathak 2015). During a
pathogen attack, the accumulation of salicylic acid-mediated pathogen-related proteins (PRPs) takes
place in plants, which induces ISR in plants. The PRPs protect plants by various mechanisms such
as the production of hydrolytic enzymes (chitinase and glucanase), cell wall strengthening and con-
fined cell fatality (Waghunde et al. 2017). Certain nonpathogenic bacteria (Bacillus, Pseudomonas,
and Serratia) activate ISR in plants by phytohormones like jasmonic acid, ethylene, and salicylic
acid which ultimately protect plants against pathogens (Pieterse et al. 2012; Pieterse et al. 2014;
Waghunde et al. 2017).

5.2.2 NEecessiTy oF GENOME EDITING IN AGRICULTURALLY BENEFICIAL MICROORGANISMS

Species of bacteria, fungi and other microbes determine whether the plant-microbe’s interaction is
agriculturally good or bad. Various mutants have been generated to study plant microbe’s interac-
tion by using traditional genetic engineering methods, which produce random mutations in the
genome. Hence, different mutants of important microorganisms frequently produce agriculturally
beneficial/desired product(s) with very low content. Among all the approaches for genome engi-
neering, the CRISPR-Cas9 technology has many advantages over other approaches. Hence, the
use of CRISPR-Cas9 technology for genome editing of agriculturally beneficial microorganisms is
significantly able to improve the strains of bacteria, fungi and other microbes due to its efficiency,
accuracy and easiness (Alok et al. 2020).

5.3 CRISPR-CAS9 ASSISTED GENOME ENGINEERING IN
AGRICULTURALLY BENEFICIAL MICROBES
Application of the CRISPR-Cas9 approach in agriculture has been mainly focused on plant

genome modification for crop improvement by increasing crop yield, resistance to biotic stresses
and tolerance to abiotic stresses. However, plant beneficial microbiota has direct or indirect effects
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on growth, development and yield of the plant. Therefore, nowadays the concept of genome engi-
neering of agriculturally beneficial microorganisms is attracting researchers. There are several
studies of genome editing in microorganisms of agricultural importance among which few studies
have been discussed below. There are publications available for utilization of the CRISPR-Cas9
system in various groups of agriculturally important microorganisms i.e. nitrogen-fixing cya-
nobacteria (Synechocystis sp. PCC 6803 (Yao et al. 2015), Synechococcus sp. strain PCC 7002
(Gordon et al. 2016), and Anabaena sp. PCC 7120 (Higo et al. 2017)), biofertilizer and biocontrol
agent bacteria (Paenibacillus polymyxa DSM365 (Riitering et al. 2017)), rhizosphere-associated
bacteria (Pseudomonas putida KT2440 (Aparicio et al. 2018; Sun et al. 2018), Bacillus subtilis
HS3, and Bacillus mycoides EC18 (Yi et al. 2018)), biocontrol agent fungi (Trichoderma reesei
(Liu et al. 2015), Beauveria bassiana (Chen et al. 2017), and Purpureocillium lilacinum (Jiao
et al. 2019)), and endophytic fungus (Phomopsis liquidambaris (Huang et al. 2020)). For fur-
ther discussion, the research in this field has been categorized into three main applications of
CRISPR-Cas9 in agriculturally beneficial microorganisms i.e. enhancing plant growth and nutri-
ent availability, understanding the basics of the plant-microbes interactions, and enhancing plant
biotic stress resistance.

5.3.1 ENHANCING PLANT GROWTH AND NUTRIENT AVAILABILITY

Cyanobacteria as autotrophic prokaryotes are suitable for sustainable production of numerous ben-
eficial compounds (Sharma et al. 2011). The first work on genome editing in cyanobacteria by a
CRISPR/Cas9 system has been done using Synechococcus elongatus UTEX 2973 by Wendt et al.
(2016). The system has been standardized to develop a genetic toolkit for wide-ranging genome
editing of S. elongatus UTEX 2973 by targeting the nblA gene due to its major role in biological
response to nitrogen deficit environments. An introduction of CRISPR-Cas9 system on a plasmid
leads to temporary cas9 expression which allows effective markerless genome editing in a wild-type
genetic background (Wendt et al. 2016).

Anabaena is a genus of filamentous cyanobacteria known for their nitrogen-fixing abilities and
symbiotic relationships with some plants (Franche et al. 2009). Anabaena sp. PCC 7120 is a mul-
ticellular cyanobacterium heterocyst that executes nitrogen fixation and a well-studied model for
multicellularity in prokaryotic cells. In recent times, CRISPRi has been employed in Anabaena
sp. PCC 7120 for the photosynthetic production of ammonium through repression of an essential
nitrogen assimilation gene (g/nA that encodes glutamine synthetase) (Higo et al. 2017). It has been
suggested that CRISPRi allows temporal control of preferred products and can be used as a tool for
further research. Similarly, CRISPRi approach has been also applied to other cyanobacteria namely,
Synechococcus sp. strain PCC 7002 (Gordon et al. 2016) and Synechocystis sp. PCC 6803 (Yao
et al. 2015) to study essential genes and regulate metabolic pathways.

Paenibacillus polymyxa is a gram-positive bacterium found in soil, plant tissues and marine
sediments (Lal and Tabacchioni 2009). It has potential future applications as a biofertilizer and
biocontrol agent in agriculture (Tang et al. 2017). In the recent past, a CRISPR-Cas9 tool has been
developed for P. polymyxa for the first time by Riitering et al. (2017). By using this developed sys-
tem, study relevant to biosynthetic pathways, CRISPRi-mediated repression in P. polymyxa and
related species can be conducted.

The CRISPR-Cas9 system has been implemented to execute gene knockout and chromo-
somal insertion in B. subtilis HS3 and B. mycoides ECI18 strains to study different characters in
plant-microbe interactions. These two strains are phylogenetically distant species of Bacillus and it
has been suggested that due to the high efficiency of CRISPR-Cas9 system, it can be of great use in
genome editing of rhizosphere Bacilli. In B. subtilis HS3, it has been reported that 2,3-butanediol is
not the key VOC produced by B. subtilis HS3 to stimulate growth of grass by selectively colonizing
on root hairs. In B. mycoides EC18, two siderophore biosynthesis genes, namely, asbA (encoding a
petrobactin biosynthesis protein AsbA) and dhbB (encoding isochorismatase) has been disrupted by
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CRISPR-Cas9 system and it has been revealed that petrobactin plays the important role in the plant
growth promoting and root colonization activities of B. mycoides EC18 (Yi et al. 2018).

5.3.2 UNDERSTANDING THE BAsics oF THE PM INTERACTIONS

Phomopsis liquidambaris is an endophytic fungus that efficiently encourages the nitrogen metabo-
lism and growth of host plants (Dheeman et al. 2017; Huang et al. 2020). The CRISPR-Cas9 system
has been developed for this important fungus which may enhance detailed study for the understand-
ing of interactions among the fungus and its host plants. The system has been developed for the tar-
geted disruption of the PmkkA gene encoding a mitogen-activated protein kinase kinase (MAPKK).
As compared with the wild-type, the mutant strain has an enhanced production of reactive oxygen
species (ROS), glucanase activity and chitinase activity in rice seedlings which resulted in strong
resistance. Hence, it has been proposed that the PmkkA gene plays an important role during the
interaction with rice and inhibition of the immune system of host plants. The knock-out efficiency
of the system has been achieved to over 60% by NHEJ based gene disruption. By this example, it
has been suggested that the developed system will be of great use for the research related to the
interaction between P. liquidambaris and its host plants (Huang et al. 2020).

Pseudomonas putida KT2440 is a gram-negative soil bacterium which is recognized as
“safe”-certified strain with applications in bioremediation, synthetic biology, agriculture and biotech-
nology (Loeschcke and Thies 2015). The genome editing of P. putida KT2440 using CRISPR-Cas9
technology has been first time exploited by Aparicio et al. (2018). Successful multiplexing has been
demonstrated along with the simultaneous deletion of endA-I (deoxyribonucleases 1) and figM
(belongs to a cluster of genes responsible for the production of flagella) (Aparicio et al. 2018). A
different group of researchers has established a rapid and convenient system of CRISPR-Cas9 in
P. putida KT2440 with more than 70% mutation rate for gene insertion, gene deletion, and gene
replacement (Sun et al. 2018). These recently developed methods will improve the understanding
regarding the role of this strain and/or species in plant-microbe interaction, enhancement of plant’s
yield and pathogen resistance. This can also be the foundation to genome editing systems into other
important Pseudomonas strains.

5.3.3 ENHANCING PLANT BioTic STRESS RESISTANCE

Beauveria bassiana is an ecologically friendly fungal substitute to chemical insecticides against
many agricultural insect pests and vectors of human diseases (Shah and Pell 2003; Wang et al.
2004). Due to its sensitivity against abiotic stresses and slow killing of target insects, it has limited
applications in agriculture (Rangel et al. 2008; Chen et al. 2017). Therefore, understanding of its
physiological features and molecular mechanism of pathogenesis can facilitate the enhancement
of its insecticidal activity in various environments. Recently, the researchers combined the use
of blastospore-mediated transformation and uridine auxotrophy/ura5 complementation for genome
modification of B. bassiana. The CRISPR/Cas9 technology can be a potent tool for high-efficiency
targeted gene knock-in and/or knock-out in B. bassiana in a single gene disruption and possesses the
significant ability for advancing understanding of its pathogenesis. It has been further confirmed that
the developed system permitted simultaneous disruption of multiple genes via homology-directed
repair in a single transformation. This system for genome editing and functional genomics studies
in B. bassiana may have broad applications to other entomopathogenic fungi (Chen et al. 2017).
Filamentous fungi possess remarkable applications in agriculture and biotechnology (Meyer
et al. 2016). Trichoderma spp. are universally found filamentous fungi which have been extensively
utilized for the production of numerous enzymes and proteins or as biocontrol agents in agriculture
(Mukherjee et al. 2013). They are a great source of natural proteins that may be beneficial for the
plants to survive in biotic as well as abiotic stress conditions (Hermosa et al. 2012; Lorito et al.
2010). Trichoderma reesei is a mesophilic filamentous fungus with good industrial applications
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TABLE 5.4

Summary of Genome Editing in Agriculturally Important Microorganisms

Microorganism

Synechocystis sp. PCC 6803
(nitrogen-fixing cyanobacterium)

Synechococcus sp. strain PCC 7002
(nitrogen-fixing cyanobacterium)

Anabaena sp. PCC 7120 (symbiotic
nitrogen-fixer cyanobacterium)

Paenibacillus polymyxa DSM365
(biofertilizer and biocontrol agent)

Pseudomonas putida KT2440
(rhizospheric bacteria)

Pseudomonas putida KT2440
(rhizospheric bacteria)

Bacillus subtilis HS3 (rhizosphere-
associated bacteria)

Bacillus mycoides EC18
(rhizosphere-associated bacteria)

Trichoderma reesei (biocontrol
agent)

Beauveria bassiana
(entomopathogenic fungus)

Purpureocillium lilacinum
(biocontrol agent against plant
nematodes and pathogens)

Phomopsis liquidambaris
(endophytic fungus)

Application Perspectives

Cyanobacteria

To repress formation of carbon
storage compounds PHB and
glycogen during nitrogen
starvation

Improve lactate production by
repressing glutamine synthetase
without reducing autotrophic
growth rates or mutating
chromosomal genes.

Conditional photosynthetic
production of ammonium

Bacteria
Biosynthesis of tailor-made EPS

To test functional efficiency of
CRISPR-Cas9 system

Establishment of a two-plasmid
CRISPR-Cas9 system

To study various aspects of
plantmicrobe interaction
mechanisms

To study various aspects of
plantmicrobe interaction
mechanisms

Fungi

Reduction of sporulation and
cellulolytic capability

To develop highly efficient, low
false-positive background
CRISPR-Cas9 system for
disruption of single gene and
multiple genes simultaneously

To enhance the effectiveness of
homologous recombination

Higher production of ROS,
chitinase and glucanase activity
in rice seedlings

Targeted
Gene(s)

phaE and
gleC

glnA

glnA

pepF, pepJ,
pepC,
ugdHl1,
manC

endA-1 and

flgM

nicC and
rhla

sfp, alsD,
and bdhA

asbA and
dhbB

lael and

vibl

urad

lesL

PmkkA

Main Strategy/
Mode of Action

CRISPRi

CRISPRi

CRISPRi

Gene deletion

Gene deletion

Gene deletion and
gene replacement
Gene disruption

Gene disruption

Site-specific
mutations

Gene disruption

Gene disruption
and
overexpression

Gene disruption

Reference

Yao et al.
(2015)

Gordon et al.
(2016)

Higo et al.
(2017)

Riitering
et al.
(2017)

Aparicio
et al.
(2018)

Sun et al.
(2018)

Yi et al.
(2018)

Yi et al.
(2018)

Liu et al.
(2015)

Chen et al.
(2017)

Jiao et al.
(2019)

Huang et al.
(2020)

CRISPRi: CRISPR interference, ROS: reactive oxygen species, EPS: exopolysaccharides, PHB: Polyhydroxybutyrate.
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(Martinez et al. 2008). The establishment of a controllable and conditional CRISPR-Cas9 system
in T. reesei has been demonstrated by specific codon optimization and in vitro RNA transcription
that produced target gene mutation and multiplex genome editing (Liu et al. 2015). These methods
of CRISPR-Cas9 can be utilized in other filamentous fungal species, especially Trichoderma spe-
cies which may speed up research on functional genomics and strain improvement in this important
group of fungi.

Purpureocillium lilacinum is a promising commercial biocontrol agent against plant pathogens
and plant-parasitic nematodes (Kiriga et al. 2018). Recently, the CRISPR-Cas9 system has been
developed to enhance the effectiveness of homologous recombination for the disruption of IcsL, a
gene located in the lcs (leucinostatins - a family of lipopeptides) cluster of P. lilacinum. The pro-
duction of leucinostatins has been decreased to an undetectable level by disruption lcsL gene and
increased by overexpression of /csL gene (Jiao et al. 2019). This system can be advantageous for
understanding mechanism of action of P. lilacinum and other related fungi.

Recently, the sfp gene (encoding 4'-phosphopantetheinyl transferase) has been disrupted in B.
subtilis HS3, and it has been revealed that the surfactin and fengycin family lipopeptides are respon-
sible for the antagonistic inhibitory activity of B. subtilis HS3 against two fungal pathogens (Yi
et al. 2018). Few works have been published related to the application of the CRISPR-Cas9 technol-
ogy for genome engineering in agriculturally important microorganisms which are summarized in
Table 5.4. Most of the recent research in this field is in the initial phase for the CRISPR-Cas9 system
development that can be very important in targeted genome engineering in agriculturally beneficial
microorganisms.

5.4 CONCLUSION

In the past few years, highly versatile genome-editing technology, CRISPR-Cas9 has renovated
genome engineering techniques by providing an introduction of sequence-specific alterations into
the genomes of a broad range of cell types and organisms. Although there are several strategies for
genome engineering, including HENs, ZFNs, and TALENSs, the CRISPR-Cas9 technology is the
most advantageous and continuously evolving. CRISPR-Cas9 has been applied in humans, plants,
animals, insects, and microorganisms. The application of this technology in microorganisms is
mainly focused on industrially important microbes. Its utility in agriculturally important microbes
is in the primary stage with little success. Therefore, in agriculture, genome engineering technol-
ogy through CRISPR-Cas9 is being developed for microbes along with plants. Different bacte-
ria, cyanobacteria, fungi and other microbes possess different plant-microbe’s interactions which
make them agriculturally beneficial or harmful. Various mutants have been generated to study plant
microbe’s interactions by CRISPR-Cas9 technology. Genome engineering of agriculturally ben-
eficial microorganisms by CRISPR-Cas9 significantly improved the strains of bacteria, fungi and
other microbes due to its efficiency, accuracy and ease.
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6.1 INTRODUCTION

For several developing countries, the agriculture sector faces great challenges if it is to achieve the
food security and development targets set out in the action plan of the World Food Summit. Science
and technology underpin agricultural production, but in many countries funding is insufficient for
research and development at the national level. At the same time, frameworks for recording and
disseminating science’s technological outputs are low. As a consequence, research results are often
insufficiently registered, and are not transmitted to producers, policymakers, and those who need
to adapt and implement them. In science and technology, conventional national systems are aug-
mented, and sometimes even substituted, by regional/sub-regional networks that cut across organi-
zational structures and political boundaries, and in reality national initiatives in this field need to be
fostered and strengthened. Such multiple systems have different methods to collect and disseminate
research findings. In reality, the manner in which work is financed and results are disseminated is
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changing in agricultural knowledge and information systems, and the type of information that farm-
ers need is also changing (FAO-DFID, 2005).

6.2 IMPORTANCE OF AGRICULTURAL INFORMATION SYSTEMS
AND THEIR NEEDS FOR AGRICULTURAL PRODUCTION

Agricultural information is an important factor which interacts with other factors in production.

With relevant, reliable and useful information, the productivity of these other factors, such
as land, labor, capital, and managerial ability, can be improved. Information given by extension,
research, education, and farm organizations helps farmers make better choices. Therefore, the oper-
ation of a specific agricultural information system needs to be understood to control and enhance it
(Demiryiirek et al., 2008).

According to the findings of Maningas et al. (2005), information within the hands of the farm-
ers means empowerment through control over their resources and decision-making processes. They
noted that being an effective and efficient delivery system of essential information and technol-
ogy services facilitates the clients’ critical role in decision-making towards improved agricultural
production, processing, trading, and marketing. Food and Agriculture Organization points out,
information is very important for rural development because improving the income of the farming
community will depend crucially upon raising agricultural productivity. Achieving sustainable agri-
cultural development is less based on material inputs (e.g., seeds and fertilizer) than on the people
involved in their use. For achieving this there is a need to focus on human resources for increased
knowledge and information sharing about agricultural production, as well as on appropriate commu-
nication methodologies, channels and tools. New agricultural technologies are generated by research
institutes, universities, private companies, and by the farmers themselves. Agricultural information
and knowledge delivery services (including extension, consultancy, business development and agri-
cultural information services) are expected to disseminate new technologies amongst their clients
(people who are involved in agriculture). The role of research and advisory services is to give highly
accurate, specific and unbiased technical and management information and advice in direct response
to the needs of their clients. Due to poor linkages between research and advisory services, the adop-
tion of new agricultural technologies by farmers is often very slow and research is not focusing on the
actual needs of farmers. In many countries, low agricultural production has been attributed, among
other factors, to poor linkages between Research-Extension-Farmers and to ineffective technology
delivery systems, including poor information packaging, inadequate communication systems and
poor methodologies. Therefore, the information systems which integrate farmers, agricultural edu-
cators, researchers, extensionists and farmers should be introduced to the agriculture sector. They
operate as facilitators and communicators helping farmers in their decision-making and ensuring
that appropriate knowledge is implemented in order to obtain the best results in terms of sustainable
production and general rural development) and the private sector (support and input services, trad-
ers) to harness knowledge and information from various sources for better farming and improved
livelihoods (FAO, 2005). However, this integration among people and institutions, particularly in the
research-extension farmer relationship, has not been successful in many parts of the developing (and
developed for that matter) world. There is also a basic difference in the information needs between
market-oriented, transitional and subsistence-based farming. In addition, recent experiences show
that the human components of the system such as researchers, educators, extensionists and farmers
are not connected together in information flow. Therefore, it is a current need to investigate the proper
information delivery systems for the agriculture sector and people that are involved in agriculture.
However, there have been limited studies about agricultural information systems.

Thus, there is a need for substantial information about these issues, including the mechanisms
of the information systems, interactions between components in the system, and their activity.
Specifically, the information requirements of farmers, the structure of the organizations involved in
these activities are issues that need to be explored (Demiryiirek et al., 2008).
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Attention in recent years has been focused on the linkages between research and extension, and
there are many interesting theoretical and practical considerations involved in the interface between
these major components of the information system (Rolls et al., 1994). Each information system aims
to regulate organizational processes and is expected to provide important contributions on the sub-
ject of farm management that are necessary for farm holdings. Researchers agree that an easy-to-use
farm management system that integrates production information and assists in making sustainable
agricultural management decisions would be valuable for farm managers (Brennan et al., 2003).

A major issue in the agricultural sector today concerns strengthening the linkage between
research and extension, particularly technology transfer to rural areas (Swanson et al., 1990).

Agricultural research and the agricultural extension system are dependent on each other. The
objectives of applied agricultural research are to produce knowledge to solve farmers’ problems
and disseminate the results of research to farmers. It should be pointed out that the suitability and
effective application of agricultural research mainly depends on good agricultural extension. On the
other hand, agricultural extension also depends on agricultural research. Extension people obtain
knowledge from the agricultural research system to convey it to farmers (Talug, 1990).

It is very clear that agricultural research and extension systems should be integrated into the
agricultural knowledge system in terms of producing knowledge and disseminating it to farmers in
a good way. However, the strength of the linkage between research and extension is often not very
strong in practice. The weak relationship between agricultural research and extension is an impor-
tant problem in Turkey. Also, the over-fragmentation of research institutions and lack of effective
communication between the agricultural research institutions has inhibited the generation and dis-
semination of information (Talug et al., 1990).

Agricultural extension models can take several forms. The most common approaches are
Training/Visit (T&V), Farmer Field Schools (FFS) and fee-for-service. In Training and visit plan,
specialists/field staff provides technical information and village visits to communities selected.
In many cases, field agents train and work with contact farmers, or farmers who have success-
fully adopted new technologies and can train others. World Bank promoted T&V and applied it in
more than 70 countries between 1975 and 1995 (Feder et al., 2006). Farmer field schools (FFS),
designed specifically to replace integrated pest management (IPM) methods around Asia. FFS
also utilize contact farmers, relies on participatory training methods and builds farmer capacities.
Fee-for-service extension comprises both public and private initiatives and public funding. Farmer
groups contract extension agents with accurate information and service requests.

6.3 DEFINING OF AGRICULTURAL INFORMATION SYSTEM

An agricultural information system can be defined as a system, a system is a group of interacting
components, operating together for a common purpose (Spedding, 1988). According to Checkland
(1981) a system is a model of an entity. It is characterized in terms of its hierarchical structure,
emergent properties, communication and control. The term subsystem is equivalent to system, con-
tained within a larger system. The system approach is a way of looking at an entity and dealing with
problems in order to identify and improve the particular system. It can be applied to any subject
(Spedding, 1988). The system approach has also shown a high potential for offering a conceptual
framework to analyse, manage and improve a current system and to design a better one (Cavallo,
1982). Models of social system can be used as a tool for analysing the information requirements of
actors involved in a system (Checkland and Holwell, 1998).

Information is structured data within a context that gives it meaning (Checkland and Holwell,
1998). Information can be processed, generated, transformed and shared (Roling, 1988), through
complex processes of coding and decoding, generally known as communication. The communica-
tion of information is a major concern for agricultural extension services (Demiryiirek, 2000).

An agricultural information system can be defined as a system, in which agricultural information
is generated, transformed, transferred, consolidated, received and fed back in such a manner that
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FIGURE 6.1 The FAO and The World Bank AKIS/RD model. (Source: FAO and The World Bank, 2000.)
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FIGURE 6.2 Idealised four pillar AKIS model. (Source: Rivera, Qamar and Mwandemere, 2005:6.)

these processes function synergistically to underpin knowledge utilization by agricultural produc-
ers. According to FAO and The World Bank (2000), “an Agricultural Knowledge and Information
System links people and institutions to promote mutual learning and generate, share and utilize
agriculture-related technology, knowledge and information. The system integrates farmers, agricul-
tural educators, researchers and extensionists to harness knowledge and information from various
sources for better farming and improved livelihoods.” improved upon the agricultural knowledge
triangle and brought to light the purpose of the system, which was——to serve the farmers or pro-
ducers emphasizing the importance of agriculture in rural development (AKIS/RD) (Rivera et al.,
2005:5) (Figure 6.1).

However, the FAO and the World Bank model failed to recognize the important role of agricul-
tural innovation and the importance of markets. In addition, Rivera et al. (2005:5-6) noted that
the FAO and The World Bank (2000) model did not incorporate other key factors such as govern-
ment, the private sector, civil society, markets, support systems and knowledge and information.
The shortcomings of the FAO and The World Bank model led to the development of the Pakistan
four pillar model comprising the knowledge creation, knowledge diffusion, knowledge utilization
and agricultural support sub-systems. The agricultural support included various functions such as
credit, market and input. Rivera et al. (2005:5-6) improved upon the Pakistan model and placed
agricultural producers at the core of the model, which was referred to as the idealized four pillar
quadrangular model, comprising education, extension, research and support systems (Rivera et al.,
2005:6) (Figure 6.2).

Accordingly, an agricultural information system consists of components (subsystems), infor-
mation related processes (generation, transformation, storage, retrieval, integration, diffusion and
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utilization), system mechanisms (interfaces and networks) and system operations (control and man-
agement). Agricultural information is considered as an essential input to agricultural education,
research and development and extension activities. Different kinds of information are required
by different kinds of users for different purposes. The potential users of agricultural information
include government decision-makers, policy-makers, planners, researchers, teachers and students,
program managers, field workers and farmers (Zaman, 2002). Figure 6.3 gives an illustration of the
flow of agricultural information.

The analysis of the agricultural information system in a specific farming system may provide
the identification of basic components and structure of the system, the different sources of informa-
tion used by different components in the system, the understanding of how successfully the system
works and how to improve system performance (system management) (Demirytiirek, 2000). This
approach is also useful to identify possible defaults and improve the coordination between compo-
nents (i.e., information management). Rogers (1995) emphasizes that the exchange of information
(communication) and its diffusion take place within a social system.

Actors such as individuals, informal groups, organizations and subsystems are the members
of the system and the structure of the social system and their actors or members’ roles affect the



116 Agricultural Biotechnology: Food Security Hot Spots

diffusion process. When considering the actors farmers and agricultural extension officers are key
persons in between information flow. Some authors criticize the system approach to agricultural
information system and especially knowledge dissemination and its ultimate utilization. They
defend a different approach, namely an actor-oriented view (Leeuwis, 2004). They emphasize that
knowledge and information are the elements of a single process in which information is internalized
to become a part of knowledge.

Thus, it is difficult to distinguish between knowledge and information. The actor-oriented
approach views knowledge processes as social processes which may lead to conflict among social
groups or common perceptions and interests. Ramkumar (1995) developed an actor-oriented infor-
mation system approach which considers the farmers’ social, economic and cultural characteristics.
This approach helps to understand the complexity of farmers’ information systems and their rela-
tions with other systems.

6.3.1 GIS (GEOGRAPHIC INFORMATION SYSTEM)

Geographic Information System is a specialized information system that builds to manage spatial
information data (spatial reference) or a computer system that has the ability to build, store, man-
age and display geo-referenced information, such as identified data by its location in a database (Li
et al., 2010; Kadir et al., 2015).

Geographic information system technology can be used for scientific investigation, resource
management, development planning, cartography and route planning (Yasmin et al., 2016; Abdul
et al., 2016).

6.3.2 CENTRE OF AGRICULTURE

The term agricultural centers can be defined as certain areas that are projected to produce certain
agricultural products such as rice, corn, soybeans and other food crops and horticulture (Masters,
2009). In the Agricultural Development Master Plan 2015-2045, agricultural development in the
next 5Syears (2015-2019) refers to the agricultural for a development paradigm that positioned the
agricultural sector as a driver for a balanced and comprehensive development transformation demo-
graphic, economic, intersectional, spatial, institutional, and agricultural development transforma-
tions (Christian Funch, 2008).

6.4 TYPES OF INFORMATION, PROVIDERS AND USERS

It is useful to distinguish between formal and informal information. Formal information is typically
written and may be divided into data (numbers and other raw information) and processed informa-
tion that is based on interpretation and analysis of the raw data. Informal information consists of
information obtained through conversation and business transactions. Gossip is an important source
of informal information. Sources of formal information include public agencies such as the USDA
and Cooperative Extension, commodity groups, and a wide array of private providers including
commercial vendors, agricultural and non-agricultural media and, in some cases, in-house analy-
sis in which large farms hire professionals to interpret information. The information users can be
divided into two groups: end-users of information (e.g., farmers) and intermediaries, for exam-
ple, consultants, who serve as the main suppliers of information to the end-user. To understand
information-use patterns, we conducted a national survey (Zilberman, 2004).

The study conducted by Rees et al. (2000), on agricultural knowledge and information sys-
tems (AKIS) undertaken by Kenya summarizes the types of information obtained by farmers. It is
mentioned that technical information was reportedly received by 16%—33% of farmers. However,
most end users felt that the information flow for this category was particularly deficient; the major
knowledge gap expressed in the feedback meetings in all four districts was for technical information
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(e.g. how to manage late blight in potatoes, where to get certified seed, the most appropriate vari-
eties for a given location, housing and management of livestock, etc.). Other Information types it
mentioned are marketing information and operational information.

The findings of Ozowa (1995) indicate that the information needs may be grouped into five head-
ings: agricultural inputs; extension education; agricultural technology; agricultural credit; and mar-
keting. Modern farm inputs are needed to raise small farm productivity. These inputs may include
fertilizers, improved variety of seeds and seedlings, feeds, plant protection chemicals, agricultural
machinery, and equipment and water. An examination of the factors influencing the adoption and
continued use of these inputs will show that information dissemination is a very important factor. It
is a factor that requires more attention than it now gets.

6.5 SOURCES OF AGRICULTURAL INFORMATION

Information source is an institution or individual that creates or brings about a message (Statrasts,
2004). The characteristics of a good information source are relevance, timelessness, accuracy,
cost-effectiveness, reliability, usability, exhaustiveness and aggregation level (Statrasts, 2004).
According to Oladele (1999), the efficiency of technologies generated and disseminated depends
on effective communication which is the key process of information dissemination. The develop-
ment of agricultural technologies requires among other inputs, a timely and systematic transmis-
sion of useful and relevant agricultural information (messages) through relatively well-educated
technology dissemination (extension) from formal technology generation system (research) via
various communication media (channels) to the intended audience — farmers (Oladele, 1999).
It is expected that the message from the client (effect) be passed back to the source or research
(feedback) for the communication process to be complete. Despite the attempt at technological
innovation transfer, the wide gap between the levels of production that research contends are
attainable and that which farmers achieve suggests a missing link (Oladele, 1999). Also, weak
linkages between the farmer, extension and researcher mean that the farmers are not included in
the planning of the innovation and hence do not know where to get their technologies despite the
fact that they are the end users. Agricultural information disseminated by different information
sources needs to be determined. It is imperative therefore to identify the sources of agricultural
information utilized by farmers.

A study by Njuguna and Kooijman (1999) stated that neighbors, local meetings and the exten-
sion of government were the most frequently rated sources of agricultural knowledge in the region.
Farmer training colleges and coordinated tours were least frequently listed. Half to three-quarters
of respondents identified government agricultural extension workers as valuable sources of knowl-
edge, and neighbors and relatives were classified as among the most important sources. In some
branches, non- and churches represented essential sources of knowledge. Radio has been cited as
an important agricultural knowledge tool. Opara’s (2008) study studied the sources of agricultural
knowledge accessible to farmers in Imo State, Nigeria, as well as favored sources from the farmers.
The findings indicate that 88.1% of farmers identified agricultural extension agents as their infor-
mation source, 71.2% indicated fellow farmers, 63.2% indicated radio, 43.3% indicated television,
etc. The findings also revealed that the majority (70.0%) favored the extension agent to the other
media (28.4% radio, 27.2% friends and family, 19.1% TV, etc.). The results emphasize the need for
the extension agency to recognize certain sources of information that farmers use, or use most, on
a regular basis as this will allow them to effectively deliver agricultural information to farmers.
The Rees et al. (2000) research summarizes the different and varying sources of knowledge cited
by the farmers. Community-based organizations and traders were identified as major sources in the
sub-location input meetings, friends, families, neighbors, women’s groups and school/youth groups.
Most farmers considered the Ministry of Agriculture to be a major source of information, and most
also reported receiving agricultural information from barazas (local meetings called by regional
chiefs — presidential office appointees). Half to three-quarters of respondents identified government
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extension workers as important sources of knowledge, and neighbors and relatives were classified
as among the most valuable sources.

6.6 BRIEF EXPLANATION OF TRADITIONAL SYSTEM
DESIGN AND IMPLEMENTATION PROCESSES

In system design, the system development life cycle (SDLC) methodology has been followed over
the years. The primary cycle involves a five (5) step process consisting of Analysis to the implemen-
tation process (Joshua, 2015). Figure 6.4 show this cycle.

Using this cycle, we will discuss an example of how a simple fund transfer system can be designed
and implemented. This is done in other to create an understanding of how this cycle works. We will
focus on the analysis stage of the SDLC. Example 1: design of a simple online account balance
access system. This system will provide end users the functionality of accessing funds online.
Phase 1: Analysis: Under analysis, we seek to discover the needs of the users. That is, what users
expect of the fund transfer system. These requirements are analyzed and translated into logical pat-
terns as understood by the computer. User needs: Pay in money into a bank account — access funds
balance online. Here the needs of the user are clearly defined. No complicated situations are refer-
enced. Thus, a user case diagram can be easily created as shown in Figure 6.5 below (Joshua, 2015).

Implementation

Maintenance

FIGURE 6.4 System development life cycle.

Fill deposit slip

Submit/Receivesslip
Verifies account
Details

Teller Print account
balance
Customer

FIGURE 6.5 User case diagram.

Customer
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Also, the user’s abilities are also considered here. For example, user language, educational
level, ethical variations, etc. When these factors are successfully considered, and analysis of sys-
tem requirements is done based on these factors and many others, essential knowledge of system
requirement has been developed. A fundamental process that is important in the analysis of system
is referred to as the business process. The business process lists and links as simple as possible the
internal and external logic behind the system development. In precise terms, a business process can
be seen as steps to achieving a solution. For example, if a robot were to be programmed to pull out
a bad electric bulb, the business process would be the steps needed to be followed by the robot to
achieve its mission. Successfully defining the business process is a problem half solved. For our
above example, the business process can be defined based on two (2) different headings; these head-
ings are derived from the users’ requirements (Masters, 2009):

e Pay in money into a bank account
e Access fund balance online pay in money into a bank account: In practice, the steps in
paying money into the bank involve all or some of the following:
1. Customer fills a deposit slip
2. Submits the slip to a teller
3. Teller collects and verifies the money and records the information on the slip against
the stated account number.

6.6.1 Access FUND BALANCE ONLINE

To access funds balance online, several things need to be considered. This includes the banks’
processes of accessing funds balance (not online). Using this as a base, the designer can then create
a business process on accessing funds balance online. First knowledge of how fund balances are
accessed in banks:

1. Customer fills an account inquiry slip (balance)

2. Submits the slip to a teller

3. Teller accesses customer’s account (using account number, name, etc.)

4. Presents account balance to the customer on a slip with the successful analysis of these busi-
ness processes, the logic behind how the systems should work can now be quickly developed.

6.6.2 PRrOCESS A

Access fund balance online (System Logic) Interpreting business process to enable coding:

Customer fills an account inquiry slip (balance): A digital mind slip is generated that will be
filled online by customers.

Submits the slip to a teller: account slip on completion is presented for query Teller accesses
customers account (using account number, name etc): Based on successful queries, account details
are retrieved.

Presents account balance to the customer on a slip: System outputs the account balance to the
customer on screen (Verma, 2012).

Phase 2-5: Based on the business process, a flowchart is designed, and subsequent coding is car-
ried out to achieve the logic defined by the enterprise process. After these stages, the developed system
is implemented with maintenance performed as required. As observed in the example above, generat-
ing a business process is the bedrock to the successful design of a system. However, this is not the
only determinant to the successful implementation of a system. Other factors that include behavioral,
educational, cultural, social, structural, etc. can determine to a great extent the success of a system,-
especially in relation to different sectors. The Agricultural sector is one of these sectors. Developing a
business process for the Agricultural sector is quite different from the process developed above. This
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difference is great because of its unstructured pattern as we shall discuss below. With this knowledge,
one can infer the reasons for implementation problems in Agriculture (Joshua, 2015).

6.7 DEVELOPING A FRAMEWORK FOR MARKET ACCESS

This study employs a pro-poor development approach; “the Making Markets work the Poor” (M4P)
in designing the framework for accessing markets and market information. The M4P framework,
mostly used by governments and agencies in the private sector, was introduced in the late 1990s
and focuses on developing market institutions that benefit the poor (Denison and Vidra, 2013). M4P
is a framework that focuses on inclusive growth, or pro-poor growth i.e. M4P is “based on recent
thinking about how to use market systems to meet the needs of the poor and how to support the pri-
vate sector through market mechanisms that bring about sustainable change” (Denison and Vidra,
2013; DFID, 2005; Wildt et al., 2006). M4P aims to enhance the poor’s access to opportunities and
their capacity to respond to opportunities within the economic mainstream, either as producers/
entrepreneurs, workers or consumers (Tschumi and Hagan, 2008). According to the literature (Wildt
et al., 2006), M4P places great emphasis on understanding the system in which the poor are located,
the root cause of constraints that they face (rather than the symptoms of the problem) and ways in
which the system might be changed to benefit them. M4P approach basically involves three basic
steps outlined below (Ferrand et al., 2004; Tschumi and Hagan, 2008; Wildt et al., 2006): poverty
reduction through market system development, developing a framework for understanding the mar-
ket systems in which the poor exist and providing guidance for intervention practices. The M4P can
leverage the market system by improving service delivery, changing practices, roles and important
market players and functions, and changing the attitudes of market players (Tschumi and Hagan,
2008). The M4P framework has been implemented successfully in some countries like South Africa,
Nigeria, Jamaica, and Bangladesh (Denison and Vidra, 2013). Using the M4P approach, information
and communication technologies emerge as an intervention mechanism that can facilitate access to
markets and marketing information by rural farmers. The goal of intervention is to ensure that farm-
ers benefit from their produces and thus encourage more investment in farm production. Also, M4P
acknowledges that access to markets and marketing information has a strong influence on poverty
reduction (Jones, 2012). A framework consists of a set of standards, guidelines, policies and proce-
dures which are implemented either manually, or where possible, automated through technology. A
framework ensures data and information are managed in a secure, structured and consistent manner.

Figure 6.6 depicts a proposed framework for accessing agricultural market information. The
management component in the framework specifies the issues that need attention in facilitating
access to the agricultural market and agricultural market information. In doing so, the management
component specifies the strategies for tackling the issues, opportunity for up-scaling and supporting
policies. The framework also shows the services provided by the business systems and applications
that accept inputs and produce outputs.

In the proposed framework, the strategies seek to transform the current situation of accessing
agricultural markets and market information by unlocking the potential of utilizing ICTs. Overall,
this can be achieved by improving the physical infrastructure like railways, roads and establish-
ing ICT connectivity in rural areas. The service component of the framework shows some of the
services that can be provided by the business systems and applications. The output of the system
depends upon the given input. The system is expected to collect, store, share, analyze, organize etc.
the received data and information. Different people can use the services provided by the system like
farmers, traders, policymakers, government officials etc.

6.7.1 MANAGEMENT

The M4P approach requires different actors in the market to play some roles. The management
is charged with the overall functions to oversee the market information provided to users and the
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FIGURE 6.6 Building blocks of framework for accessing agricultural market information.

service is sustainable. The service can be provided by the government, private sector or state in
collaboration with the private sector. Usually, the management provides supporting functions such
as coordination, improving markets, market linkage and market infrastructure, creating awareness
and providing information, developing required capacity and skills, and conducting research related
to market development. The government as a management part is charged with establishing rules
and regulations to guide the marketing activities, improving physical infrastructure like roads, and
ensuring rural electrification. The management has the role of ensuring the rural areas are con-
nected with the ICT infrastructure (e.g. providing cellular towers, Internet, etc.). The management
has also the responsibility of promoting the use of standardized measures (e.g. weights, quality
grades) and ensuring contracts engaged by market players are respected and enforced. Lastly, the
government formulates and implements policies to guide agricultural marketing activities.

6.7.2 INFRASTRUCTURE

Access to markets and agricultural markets to a great extent depends on both established physical
and ICT infrastructure. Lack of rural roads leads to insufficient participation of rural community in
agricultural marketing and also discourages traders to travel to rural areas to collect produce. Also,
lack of communication facilities denies important information to both traders and producers which
can help them to make marketing decisions. Improvement in road infrastructure can significantly
reduce both transport and transaction costs. Government, rural communities and government part-
ners can collaborate in improving infrastructure in rural areas.

6.7.3 TeCHNOLOGY

Technology is very important in delivering market information to users. The advantage of using
recent technology of ICT includes delivery of up-to-date information and providing analysis of
the information for different purposes. Respondents were concerned with the means of delivering
information to them. For example, they preferred to use battery-powered radios and mobile phones
due to their availability and accessibility. Respondents had concerns that radio programs are few
and sometimes are not relevant as they are not targeted to them. Broadcasting time may be an issue
as farmers may not be available during program time. The use of the Internet seems to be limited
due to the absence of electrical power and lack of Internet infrastructure. This requires that when
designing and implementing market information systems, it is very important to consider the tech-
nology that can be used to deliver information to recipients.
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6.7.4 FuNDING

Access and use of agricultural market information may involve some costs. For example, radios
broadcasting market information may decide to charge for such a service though recently they are
broadcasting freely. For farmers to receive a package of market information intended for them (i.e.
location specific for their produce), costs of collecting information and broadcasting or delivering
are involved. Due to priorities and budget constraints, most African governments are yet to initiate
the establishment of agricultural market information systems. Proving funds to assist in collecting,
storing and disseminating agricultural market information may be relevant to rural communities.
Funds may be provided by governments, development partners, NGOs etc. Funds may be used in
training data collection staff and establishing means of delivering information. Creating awareness,
promoting the program and introducing user fees are very important in ensuring its sustainability.

6.7.5 INPUTS AND OUTPUTS

The overall goal of the framework is to transform the inputs into useful output. Users, processes
and data are considered the inputs to the system. Users can be farmers, traders, retailers, govern-
ment officials etc. Different users have different information needs depending on their activities.
The output of the system may help users to organize, manage, maintain, and govern their activities.

6.8 END USERS

To the small-scale producers, the M4P framework ensures that they have access to markets and that
can overcome any form of market exclusion, can afford in making purchase, have good returns from
selling their produce and labor, have choices, and risks are reduced in their agricultural marketing
activities.

Linking farmers to markets and providing them with agricultural market information is antici-
pated with different benefits. Some of the benefits include greater interaction between farmers and
traders, improvements in productivity, good returns from sales of produce, improvement in rural
livelihood and emerging of strong institution representing farmers. Some benefits are provided by
Tschumi and Hagan (2008) as outlined below:

* Improved delivery (such as increase in access or participation rates, improved quality or
levels of satisfaction)

» Changes in practices, roles and performance of important system players and functions

* Changed attitudes of, and evident ownership by, market players

* Demonstrated dynamism of market players and functions (for example, responsiveness to
changed conditions in the system)

* Independent and continuing activity in the system (i.e. the extent to which changes are
maintained after direct intervention support has ceased)

6.9 CONCLUSION

Among other items, information support is also important for the carrying out of various activities
by farmers and rural areas. As discussed in the chapter, majority of the rural farmers are not having
access to most of the required agricultural information. Therefore, the implementation of information
support systems for agriculture based on ICT is very important for the dissemination of agricultural
knowledge and technical know- by rural farming community. To the betterment of information sys-
tems in agriculture, it is highly recommended to establish communication between farmers, coor-
dinators, agricultural experts, research centers, and community by information technology. The
information must be based on farmers’ needs, the internet is used as a mode to transfer the advanced
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agricultural information to the farming community. Farmers may be analphabets and speak a local
language, and are not supposed to use the program directly. Thus these requirements should also be
taken into account when introducing better information systems for agriculture and rural people. The
analysis of the agricultural information systems can recognize the system’s basic components and
networks. It may be extended to any particular farming systems to examine how the information sys-
tem functions. This approach is also useful in identifying potential defaults and improving the man-
agement of the details. Furthermore, the exchange of information (communication) among system
components through networks is of critical importance for effective technology generation and infor-
mation transfer. The information system analysis indicates that more interactive information sources
are needed. It can inspire older farmers to turn to new farming approaches. More active experts
working with selected local leaders could have accelerated these changes if they had established and
improved ties with the public (especially extension and research) and private sources of knowledge.
The sophistication of the farm information system leads to undervaluation among end-users. Lack
of knowledge of agricultural information will weaken support for funding of public information as a
major agricultural priority. An increase in public information funding would allow farmers to have
more access to public information. For easy access and effective utilization of agricultural informa-
tion in this digital age, there is a need for the establishment of information centers. Such information
centers would be able to provide the rural farmers with the desired agricultural information in a for-
mat that would be comprehensible to them, taking into cognizance the prevailing high illiteracy rate,
cultural differences and limited technology (Aina, 2007). For effective dissemination of agricultural
information in rural communities by extension staff, research institutes and other responsible per-
sons, there is a need for the construction of good access roads that would lead to all the remote rural
communities in the country. Finally, with an effort to tackle the problem of information systems and
improve production, different methods have been proposed and designed. It is observed that most
systems designed for agriculture have not been fully implemented. With a critical review of works
done in this area, we found that most development is centered on programming logic and not on the
clients. For example, the structure used in the design of an IS system for a top business organization
should not be the same structure that is used for industry full of uneducated employees. With this
knowledge, it is appropriate that designers should focus on the human aspect of the design of an
IS system for agriculture to aid in implementation feasibility. Human-computer Interaction (HCI)
guides system analysts/designers in modeling systems that can interact appropriately with humans
(Fakhreddine et al., 2008). Systems are designed for easy adaptation by man. Figure 6.7 describes
HCI approaches that can be used in modeling an IS system. This system will focus as much as pos-
sible to satisfy the following HCI conditions:

» Safety

» Utility

o Effectiveness
 Efficiency

* Usability

e Appeal

This will as much as possible ensure the usability of IS systems. Usable for all classes of farmers:
Ranging from the most educated to the least educated.

Using the HCI approach, developers are more concerned with the way users view and interact
with the system. Cultural differences, languages, and social status/classes are all put into consider-
ation in designing systems. Ease of learning and ease of use are major concerns for developers using
this approach (Fakhreddine et al., 2008). Questions like: Can I use the basic functions of a new sys-
tem without reading the manual? Does the software facilitate us to learn new features quickly? Etc.
are significant questions that must be answered before software is considered Human-friendly. The
poor attitude of farmers in using Information Systems could be enhanced by the complexity of IS
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FIGURE 6.7 HCI approaches in modeling an IS system.

systems compared to the educational level or language of the end users. We believe that if systems
are structured as simple as possible, many of the limitations to the implementation of Information
Systems in agriculture in Africa will be handled (Joshua, 2015).
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7.1 INTRODUCTION

The integration of technological advancements with bio-systems has profited well (Shah et al., 2020;
Patel et al., 2020a; Ahir et al., 2020). One such example is in the management of agricultural pro-
duction systems. Like industrial age brought mechanization and synthesized fertilizers to agricul-
ture, and technology age brought genetic engineering and automation, the industrial age brought the
potential for blending technological progress into Precision Agriculture (PA) (Zhang et al., 2002;
Whelan et al., 1997). Initially known as Site-Specific Management (SSM), Precision Agriculture is
the employment of a comprehensive management approach that includes the administration of farm
information such as fertilizers, herbicides, seed, etc by executing the right practices at the right
place and at the right time (Pierce and Nowak, 1999; Pierce et al., 1994). This is traditionally facili-
tated by utilizing sensor engineering and geo-spatial analysis systems. The key technologies that
enable PA are: (i) Global Positioning System (GPS), (ii) Geographic Information System (GIS), (iii)
Remote Sensing (RS), (iv) Variable rate technology, (v) Computers, and (vi) Information processing.
These technologies are data-intense approaches that perform the task of acquisition and processing
of spatial field data and also aid in the evolution of a novel type of farm tools with computer-aided
controllers and sensors. The combination of these technologies has empowered farmers and their
service providers to accomplish tasks not earlier possible, at levels of accuracy never previously
attainable, and, when executed perfectly, at levels of quality never previously obtained (Fortin and
Pierce, 1997). Other than these key technologies used in precision agriculture, the use of Artificial
Intelligence is a novel approach to attain precision agriculture. The major domains managed under
precision agriculture include crop management, pest management, soil and irrigation management,
disease management, weed management, and agricultural product monitoring and storage control.
The usual steps of the PA system include data collection, field variability mapping, decision mak-
ing, and lastly management practice (Zhang and Kovacs, 2012). The adoption of precision agricul-
ture imparts various benefits such as increased profitability, improved sustainability, increased crop
quality, food safety associated with product traceability, lower management risk (Robert, 2002;
Lowenberg-Deboer and Aghib, 1999), environmental protection, and rural development through
new skills transferable to other activities (Robert, 2002).

The onset of technology in the digital world has encouraged humans to expand their thinking
abilities and thereby strive to integrate the normal brain with an artificial one (Kakkad et al., 2019;
Pandya et al., 2020; Sukhadia et al., 2020). This progressive investigation gave commencement
to a completely innovative field of Artificial intelligence (Jha et al., 2019; Talaviya et al., 2020;
Pathan et al., 2020). The advent of Al gave birth to many innovative logical ideas and hence dif-
ferent methods were identified and developed, which when implemented on machines, make the
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process of problem-solving and decision-making more simple (Patel et al., 2020b; Kundalia et al.,
2020; Jani et al., 2020). The machines are trained on normal behavior and are instructed for learn-
ing and self-improving upon their execution through abnormal behavior. Some of the AI meth-
ods include Machine Learning (e.g. SVM, KNN), Fuzzy logic, Neural Networks (e.g. Artificial
Neural Networks (ANN) and Convolution Neural Networks (CNN)), Multi-Agent Systems, Expert
systems, and Bio-inspired computing (e.g. swarm intelligence and evolutionary methods) (Parekh
et al., 2020; Gandhi et al., 2020; Panchiwala and Shah, 2020). Both ANN and CNN are Deep
Learning methods that involve processing any kind of stimuli using neurons in a layer-wise manner
(Parekh et al., 2020; Shah et al., 2020; Patel et al., 2020b). In ANN, each neuron is connected to
every other neuron, whereas in CNN only the last layer is entirely connected. Both SVM and KNN
are supervised learning algorithms that classify the input data but KNN classifies data based on the
distance metric whereas SVM requires a proper training phase. Both swarm intelligence and evolu-
tionary methods are metaheuristic approaches and come under Nature Inspired Computing (NIC).
Swarm intelligence works on the collective behavior of self-organizing entities and evolutionary
methods are general population-based optimization procedures. With the accelerated technological
improvement and the enormous area of implementation, Al is becoming ubiquitous very quickly
because of its strong capability to resolve difficulties, especially problems that cannot be resolved
accurately by humans and conventional computing (Bannerjee et al., 2018; Rich and Knight, 1991).
The implementations of Al in various fields like agriculture, education, medical science, finance,
security, etc prove to be beneficial.

The utilization of computers in agriculture was initially seen in 1983 (Bannerjee et al., 2018;
Baker et al., 1983). The employment of Al techniques in agriculture can lead to a paragon trans-
formation in agricultural practices as it is witnessing the adoption of such techniques very swiftly.
Precision agriculture is information-intense and could not be accomplished without practicing
immense improvements in networking and computer processing power (Stafford, 2000). Computer
learning is especially proficient in becoming a groundbreaking technology in the field of agricul-
ture (Bagchi, 2018). To resolve the current obstacles that persist in agriculture, various methods
have been proposed beginning from the database (Martiniello, 1988) to decision support systems
(Thorpe et al., 1992). But as far as accuracy and robustness are concerned, Al systems prove to
be the best strategies among all the other methods. This is because Al techniques have allowed
us to achieve the complex aspects of each circumstance and consequently give a solution that is
optimally fit for that particular situation (Bannerjee et al., 2018). The advancement in Al-supported
technology will empower farmers to work more efficiently and enhance the quality of the harvest.
Some of the Al solutions available for the farmers include a chatbot. Chatbots are communicative
virtual assistants which automate interactions with end-users. It helps farmers by providing answers
to their queries, and giving guidance and suggestions on specific farm-related problems (Mokaya,
2019). Thus the farmers can be cognizant of technological advancements and can understand, learn
and respond accordingly to issues related to farming. Other Al approaches employed in improving
agriculture are: (i) Learning techniques- Machines are trained and developed based on traditional
weather patterns, soil quality and the kind of crops that can be grown for increasing the crop yield,
crop quality, and provide better water management techniques, (ii) Image processing- The imple-
mentation of Al techniques can help to interpret the drone captured images of field more efficiently
and thus ensure rapid actions to the farmers, (iii) Prediction models- Cognitive Al solutions can
easily understanding the data generated by Drones and cameras and can produce strong predictions
on weather patterns, soil reports, and pest infestation to increase yield, (iv) Al aided sensors- The
identification of insects that adversely affects the crop health can be done through the derivation
of Vegetation Indices from reflectance spectral data and the damage severity of the crop can be
calculated.

Precision agriculture is intuitively attractive as it provides a medium to enhance crop produc-
tion and environmental quality in agriculture (Pierce and Nowak, 1999; Wolf and Nowak, 2015).
Farmers have constantly been aware of the environmental impacts, but they were deprived of the
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instruments to estimate, outline and control these fluctuations accurately. Thus, precision agricul-
ture can have an impact on crop production facing the challenge of rising environmental variations.
PA is viewed as a medium for the farmers to choose and implement the best inputs at the proper time
and at the precise rate (Stafford, 2000). Crop generation is more specific and requires optimized
inputs for better yield. This entails a reduction in production cost and amelioration of the impacts
of the environment on crop management. Thus the need for proper implementation of Precision
Agriculture is increasing. There are numerous perks of implementing precision farming in agricul-
ture. Some of them are: (i) boosting agricultural fertility, (ii) obviating soil degradation, (iii) reduc-
ing chemical application on crops, (iv) better irrigation practices, (v) controlled use of herbicides
and pesticides, and (vi) improved sustainability.

In this paper, the enabling technologies in Precision Agriculture, i.e., Geospatial technologies
involving GPS, GIS, and Remote Sensing, have been overviewed. Additionally, the barriers per-
taining to their application in precision agriculture have also been mentioned. The main aim of the
paper is to discuss the Artificial Intelligence techniques that improve the management tasks associ-
ated with agriculture and hence aid to accomplish precision agriculture. The paper focuses to study
the AI methods including Neural Networks- Artificial Neural Networks (ANN) and Convolution
Neural Networks (CNN), Machine Learning classifiers- Support Vector Machine (SVM) and
K-Nearest Neighbour (KNN), and Bio-inspired computing- Swarm Intelligence and Evolutionary
methods for Crop management, Soil management, and Water management tasks. Finally, the future
scope and challenges related to the use of Al in PA are presented and necessary conclusions are
drawn.

7.2 GEOSPATIAL TECHNOLOGIES IN PRECISION AGRICULTURE

7.2.1 GLoBAL POSITIONING SYSTEM

Global Positioning System is a satellite-based radio-navigation system that provides highly accurate
direction, time, and three-dimensional location data based on latitude, longitude, and elevation of
anywhere in the world. The system has attained its complete operational ability with a whole set
consisting of at least 24 satellites orbiting the earth in a prudently created pattern (Yousefi and
Razdari, 2015). GPS has transformed the positioning notion, though it began originally as a naviga-
tion system. Depending on the selective tools used, GPS can provide a broad spectrum of accuracy
from tens of meters to centimeters (Lange, 2015). There are two broad types of GPS receivers: (i)
Code based, and (ii) Carrier phase based. The method with which a GPS receiver estimates dis-
tances to the satellites depends on the type of GPS receiver.

7.2.1.1 Role of GPS in PA

With the introduction of the Global Positioning System in agriculture, farmers have obtained the
potential to take the consideration of spatial variability in the form of geographically encoded data.
The fundamental task in precision agriculture includes the acquisition of data, such as soil samples,
on some kind of spatial platform. The precise determination of the location of the acquisition points
of such samples becomes a must to map the variability patterns. The use of GPS technology for such
georeferencing procedures displays great accuracy (Borgelt et al., 1996). The GPS receivers aid to
obtain location information for mapping farm borders, irrigation methods, streets, and problem
domains in crops regarding weeds or disease.

Long et al. (1991) presented the use of GPS in a soil survey. The applied system gave adequately
accurate outcomes in positioning and navigating the agricultural land. It also provided the digita-
lization of soil boundaries and showed greater in-field efficiencies than the traditional techniques.

McGovern et al. (2015) developed an innovative system that collected the field data straight into
a digital database comprising soil, water, road, yield, and contour maps covered on remote sens-
ing imagery. A GPS receiver was connected to a notebook computer that displayed relevant and
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preloaded information panels. The arriving GPS signals were then merged with the displayed data
using a software package. This helped the user to comprehend where they were relative to map
components. Different panels of information could simply be edited and revised in the field and
brand-new data could thus be joined. Additionally, the system also enabled the user to store GPS
data to see and trace field movement at a succeeding stage.

Apart from enabling accurate soil sample collection from specific locations, GPS also allows
the farmers to properly monitor crop health and conditions (Yousefi and Razdari, 2015; Qian and
Zheng, 2006). Considering that the GPS technology in the area of agriculture has generated more
features already available, thus, it contributes to a greater database for users (Tayari et al., 2015). In
the future, the purpose of GPS systems in precision agriculture may help the farmers to harvest the
results of edge technologies without settling for the quality of land and produce.

7.2.1.2 Barriers to Using GPS in PA

The implementation of PA using GPS requires proper correction signals. Though GPS receivers are
easily available for agricultural use, the correction signals are not readily accessible. They require
an expensive annual subscription. Thus PA farmers have to wait for greater precision signals, usu-
ally in centimeter ranges, in order to get a better organization of inputs, quicker applications, and
night services (Robert, 2002). GPS is, however, a continuously evolving technology and thus acts
as a barrier for precision agriculture adopters by imparting uncertain benefits (Boyer et al., 2014).
Also, the primary barrier for PA adopters as well as non-adopters was that the GPS technology was
too expensive to use.

Another limitation is the requirement of a clear ‘line of sight’ between the receiver’s antenna
and various orbiting satellites. Any obstruction lying between the antenna and satellite can block
and weaken the GPS signals, thus, rendering unreliable positioning. Multi-path interference is
another problem wherein the receiver is unable to differentiate between the original signal arriving
directly from the satellite and the signal arriving indirectly after bouncing off from nearby objects
(Lange, 2015). The proper geometric organization of the satellites is also a must for reliable position
measurements.

7.2.2  GEOGRAPHIC INFORMATION SYSTEMS

Geographical Information System is a computer system that aids storage, manipulation, examina-
tion, and visualization of data. GIS is a distinctive type of information system that maintains a
record of situations, actions, and objects in addition to where these situations, actions or objects
occur or exist (Oshunsanya and Aliku, 2016; Longley et al., 2006). The ability of GIS to produce
a quick adaptation to real circumstances and get answers in near-real-time is because GIS enables
the updating of geographical information and its relevant attributes. Being a dynamic product
rather than a static product, GIS offers to update, change, and generate maps easily (Coleman and
Galbraith, 2000). Geographical Information System is a thematic mapping system, which permits
the generation of maps based on subjects such as soils or hydrology (Oshunsanya and Aliku, 2016;
Coleman and Galbraith, 2000).

7.2.2.1 Role of GIS in PA

Geographical information systems have been in occurrence for nearly three decades, but these appli-
cations have extensively been applied for agronomic and natural resource management only in the
last 10years (Burrough, 2015). GIS has been demonstrated to be very advantageous to those working
in the farming sector because of its strength to examine and visualize agricultural settings and work-
flows (Andreo, 2013; Orellana et al., 2006). Data produced by PA are efficiently managed by GIS.
However, the use of some additional software applications to treat the information collected in the
GIS can enable appropriate data interpretation and management-taking decisions (McBratney and
Whelan, 2001). ArcGIS, Manifold GIS, GeoMedia, Maplnfo, etc are some of the examples of GIS
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software. The GIS designed by a computing framework enables the generation of a complex view of
the fields and offers accurate agrotechnological decisions (Neményi et al., 2003; Pecze, 2001).

Using GIS technology, various studies have been performed in the field of agriculture that proved
to be beneficial. These include studies that focused on rendering the optimal or near-optimal nutri-
ent (Neményi et al., 2003; Csizmazia, 1993) and chemical (Neményi et al., 2003; Laszld, 1992;
Mesterhazi et al., 2001) content for crops and appropriate cultivation for the individual part of the
field (Neményi et al., 2003; Jori and Erbach, 1998). Consequently, the judicious use and application
of chemicals and fertilizers on crops can help to conserve capital and prevent the environmental
pollution that is created by the percolation of the nutrient and the overuse of chemicals (Neményi
et al., 2003; Pecze et al., 2001a,b).

Sarantuya et al. (2011) studied GIS techniques in the livestock and crop sector to the improve-
ment of the then existing agricultural conditions in Mongolia. They suggested the utilization of high
resolution: Landsat ETM+ and SPOT and very high resolution: IKONOS and Quickbird satellite
data sets obtained in the visible and near-infrared range of the electro-magnetic spectrum combined
with different other ancillary and attribute information collected within a GIS for (i) reviewing of
the development of different vegetation, (ii) monitoring, and management of other crops, and (iii)
providing more certain spatial decision-making.

Another application of GIS in PA is seen for plantation crops. This can be seen as the develop-
ment of GIS Anchored Integrated Plantation Management for tea in India. It included the production
of a digital map by utilizing the existing map and high-resolution satellite image; the development of
DEM (Digital Elevation Model); the formation of soil, land use, land cover, and drainage map; data
accommodation in a centralized place; acquisition and storage of data into palmtop computers from
the field instrumentation sensors, etc. (Mondal and Basu, 2009).

7.2.2.2 Barriers to Using GIS in PA

The essential GIS functionalities of integration, analysis, and modeling of the data obtained from
diverse sources, cannot be entirely accomplished if the GIS database is incomplete, inaccurate, or
obsolete. The data included in a GIS database are either spatial or thematic. Conventionally, these
data are digitized from current topographic or land-use maps. These maps are secondary in nature
and thus cannot display all the desired characteristics because of map generalization. Also, these
maps may be outdated due to active alterations on the ground.

Though the use of different software for data collection, processing, and analysis in a GIS envi-
ronment has made notable improvements in readiness of use, openness, spatial analysis, and 3D
display, much more is yet required and has to be developed. Decision-making methods and expert
systems are needed to be generated to optimize the utility of multi-layers and multi-years spatial
data (Robert, 2002).

7.2.3 REMOTE SENSING

Remote sensing is the science of acquiring information about any object or any area of interest from
a distance. It refers to non-contact measurements of radiation reflected or emitted from agricul-
tural fields. Normally, remote sensing concerns the measurement of reflected radiation, rather than
transmitted or absorbed radiation (Andreo, 2013). Remote sensing technique can be divided into (i)
Active remote sensing: wherein the signal is emitted by an aircraft or satellite and the sensor detects
its reflection by an object, and (ii) Passive remote sensing: wherein the sensor detects the reflec-
tion of sunlight. Examples of active remote sensing include RADAR and LiDAR, whereas passive
remote sensors include film photography, radiometers, and infrared.

7.2.3.1 Role of RS in PA

The synergy of electromagnetic radiation with soil or plant matter makes the basis for remote sensing
utilization in agriculture. Generally, there are three means of remote sensing data available, that are,
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applied in agriculture: Proximal sensors, Airborne sensors, and Satellite sensors. Thus, Remote sensing
applications in agriculture are naturally categorized according to the kind of platform for the sensor,
including satellite, aerial, and ground-based platforms (Mulla, 2013). The application of a remote sens-
ing system for farm management entails some unique factors. These include (i) Timeliness: to achieve
optimal usefulness, data must be ready and accessible within minutes, and (ii) Frequency of coverage:
the optimum usefulness is accomplished when continuous coverage is available. Plant-related prop-
erties such as canopy architecture, dry material, and leaf area index are best evaluated in the morn-
ing time, whereas stress-related characteristics are best accomplished within an hour following solar
noon, and (iii) Spatial Resolution: these requirements are dependent upon the specific employment for
the data (Jackson, 1984). Based on its features and capabilities, RS provides the possibility of map-
ping, monitoring and examining crop and soil variability and thus consequently renders an efficient
approach to manage the impacts of any circumstances that affect crop health, yield, and quality.

The very first application of remote sensing in precision agriculture was reported when Bhatti
et al. (1991) performed a remote sensing-based study to determine spatial patterns in soil organic
matter content. They utilized Landsat imagery of bare soil to evaluate spatial patterns in soil organic
matter content, which were then employed as auxiliary data simultaneously with ground-based
measurements to determine spatial patterns in soil phosphorus and wheat grain yield. The spatial
resolution of Landsat, SPOT and IRS satellites is somewhat coarse (20-30 m) for prevailing utiliza-
tion in precision agriculture (Andreo, 2013).

Presently, Remote sensing applications in agriculture have contributed to a wide range of
attempts. Hatfield and Pinter (1993) performed a comprehensive and practical review of crop pro-
tection by explaining relevant analysis into remote sensing of crop stress including weeds, water,
diseases, frost, insects, and soil temperature. Other applications include the examination of crop
nutrients and water stress (Clay et al., 2006; Moller et al., 2007; Tilling et al., 2007), crop leaf tem-
perature and associations that could support the scheduling of irrigation followed (Moran, 1994;
Garrot et al., 2003), infestations of weeds (Thorp and Tian, 2004). Baumgardner et al. (1986) stud-
ied soil properties such as particle size distribution, structure, surface roughness, Fe oxides, organic
matter content, moisture content, and abundance of carbonate minerals that influenced reflectance,
and hence, the remote sensing of soils. Other RS applications include the study of crop yield and
biomass (Shanahan et al., 2001; Yang et al., 2000), and soil properties such as organic matter, mois-
ture, clay content, pH (Christy, 2008), or salinity (Corwin and Lesch, 2003).

7.2.3.2 Barriers to Using RS in PA

The utilization of remote sensing, in general, has been depicted to be advantageous and profitable
(Zhang and Kovacs, 2012; Godwin et al, 2003; Seelan et al, 2003; Tenkorang and Lowenberg-DeBoer,
2008), but existing applications in PA are however limited. These limitations include prompt acqui-
sition and transfer of images, the scarcity of necessary spatial resolution data, image interpretation
and data extraction problems; and, the synthesis of these data with agronomic data into expert sys-
tems (Zhang and Kovacs, 2012; Jackson, 1984; Du et al., 2008). Apart from these, some ambiguity
may also arise regarding remote sensing terms. Remote sensing works based on a determination of
energy that is reflected or emitted from the object of concern. An error can occur when the signal
from the object is corrupted by energy arriving from the atmosphere, or some other objects in the
vicinity, or is changed in processing when a film is utilized as the measuring equipment. The data
that is not rectified for any of such intruding energy are called raw data, digital numbers, or just,
DN. Until these raw DN are not calibrated upon some model in the view, they are not useful for
quantitative evaluation or temporal analysis (Frazier et al., 2015). Considering the case of evalua-
tion of crop conditions, remote sensing gives an inadequate image of the root region environment,
because the data signify the reflectance of the surface substance, which might be bare topsoil, crop
material, or a blend of both (Gebbers and Adamchuk, 2010).

Spry et al. (1996) performed a search for the implementation of digital imagery in California.
They discovered that majority of the growers and agronomists were unfamiliar with remote sensing
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and they were unable to easily associate images with obstacles and landscape characteristics found
in the fields (Frazier et al., 2015). Also, TRW led a nationwide survey in 1994 to determine the
extent of remote sensing applications in agribusiness (MacDonald et al., 1996) and obtained an
insignificant presence of remote sensing in agricultural industries (Frazier et al., 2015).

Thus in sum, the use of remote sensing is limited due to the lack of knowledge and understand-
ing of its applications and advantages, expenses, availability of imagery (cloud cover), quality and
resolution of imagery, lag in preparing the imagery, and shortage of skills in rural regions for the
interpretation of imagery (Robert, 2002).

7.3 AI-BASED CROP MANAGEMENT

Crop management refers to the group of precise agricultural practices that aims to optimize the crop
development procedure by managing different crop properties and examining its surrounding envi-
ronmental conditions. This management technique is a comprehensive approach that involves the
administration of various agricultural aspects such as crop yield prediction, disease detection, pest
infestation, weed detection, crop quality, and species recognition. Crop management tasks consist
of a series of events that starts with the sowing of seeds, further proceeding with crop maintenance
during the growth and development stage, and terminate with crop harvest, storage, and distribution
(Madsen, 1995; Tivy, 1990). Such planning procedures can be optimized with the aid of different
Al-driven technologies that can produce more favorable crop yields by determining the best hybrid
seed choices, optimal crop selection, and adequate resource utilization.

7.3.1  NEURrRAL NETS

7.3.1.1 ANN

Robinson and Mort (1997) proposed a neural network system to foretell the rate of frost from the
meteorological data. The neural network system had many feed-forward architectures that consisted
of one or two hidden layers in it. The parameters on which the system works are Wind Speed and
Direction, Humidity, Cloud Cover, Maximum Temperature, Precipitation, Maximum wind speed
and direction and lastly Maximum temperature. From the parameters, the minimum temperature
of the next night is taken as an indication which is then classified for preventive measures. As the
parameters, cloud cover and wind direction are not in the numerical form. So the raw data is coded
into the binary as a part of preprocessing. Feed-Forward network is used for classification whose
weights are modified with the help of a back-propagation network. The outcomes of the study dis-
play the efficiency and advantage of using various parameters in comparison to a single parameter.
Cho et al. (2002) developed a machine vision system employing a device camera for the detection
of weeds on the radish farm. The primary aim of the study was to generate an algorithm for differ-
entiating weeds by employing ANN by recognizing the shape feature for the detection of the weeds.
For the study, a total of 150 images were considered. Further, the images were pre-processed on the
eight different parameters like Roundness, Elongation, Length to perimeter, Perimeter cube to area
by length, Aspect, Compactness, Perimeter to broadness and length to width were considered. For
the classification, the back-propagation network was built using 31 images of radish and 40 images of
weed. All the eight shape features were taken as an input having one hidden layer. The shape features
were examined along with the binary images which were taken from the color images of radish and
weeds. The model was successful with a detection rate of 92% and 98% for radish and weeds respec-
tively. Also, features like Perimeter, Aspect, and Elongation were elected as essential variables.

7.3.1.2 Convolutional Neural Network (CNN)

Barbosa et al. (2020) developed a Convolutional Neural Network to obtain the appropriate spatial
structures of distinct attributes which were then blended into a yield model for the seed rate and
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nutrient management for predictions. The data was taken from nine different cornfields in the
US which were then tested and compared with the proposed model. For the testing of the data
four architectures connecting the input at various layers of the network are estimated and then
compared to the commonly used model. The attributes considered in the model were Elevation
Map, Satellite Images, Nitrogen and seed rate and soil’s electro-conductivity. In a supervised man-
ner, the model was trained and the outcome was compared to Random Forest Regression, Linear
Model, Support Vector Machine and Fully Connected Neural Network. This model displayed a
decrease in the RMSE up to 68% in comparison to the linear regression models and up to 29% in
comparison to the random forest. Also, the advantage of the model is the variability in the spatial
structures.

Oppenheim and Shani (2017) exhibit a disease classification algorithm for the potato. A deep
convolutional neural network is utilized in the algorithm which classifies the tubers into five differ-
ent classes consisting of one healthy potato class and four disease classes. The images utilized in
the study consist of potatoes of various sizes and shapes. Each visual indication of the disease was
noted and labeled. The proposed method was trained with various sizes of the training set for the
classification of the four diseases of the potatoes. For the complete study, the training and testing
phase were repeated nine times over various sizes. A CNN consisting of eight layers from which the
first five were convolutional layers and the remaining three were fully connected layers was used for
the classification. The hyper parameters involved in the training were Stochastic Gradient Descent,
Batch Size, Weight Decay, Learning Rate, and Momentum. The outcome of the study exhibited that
the accuracy for eight of the nine training sets was above 90%. The best training set manifests a
classification accuracy of 96%.

7.3.2  MACHINE LEARNING

7.3.2.1 Support Vector Machine (SVM)

Zheng et al. (2015) examined the power of the Support Vector Machine by distinguishing different
crop types in the crop system. The training set for the model was created adopting the Intelligent
Selection Approach and Stratified Random Approach with the help of local knowledge. The model
was employed in the Landsat Time-Series NDVI (Normalized Difference Vegetation Index). Nine
major crops were taken for the classification. There are a total of four functions in the SVM that is
Polynomial, Sigmoid, Linear and Radial Basis Function (RBF) from which RBF was utilized in this
study as it is capable of controlling the nonlinear relationship between the attribute and the classes.
Also, the parameter of RBF like penalty parameter C and the gamma parameter was considered.
The results displayed that the model was successful in classifying the nine major crops with an over-
all accuracy of 90%. Also, the selected approaches were able to give high classification accuracy
compared to the stratified random approach.

Devadas et al. (2012) developed a technique based on the SVM classifier. The object-based data
produced by the multi-temporal Landsat images were classified using the developed technique. For
the study Landsat area of 352,456 hectares was taken. The pre-processing of the images includes
two parts: Cloud Masking and Image Segmentation. Using the cloud-detection techniques every
image of the data went through the process of cloud detection and masking. This technique also
determines the irregularities in the time series and includes the region growing filters. The images
were divided into objects by applying the multiresolution segmentation algorithm which works on
the principle of the region merging technique. A total of 36 parameters were considered for the
classification which consists of 10 spectral, 3 shape-based and 23 textual parameters. The outcome
of the study was then compared with the traditional methods. The examination showed that the
object-based SVM achieved an overall accuracy of 95% in comparison to the pixel-based technique.
Also, the multi-temporal Landsat images were observed to be having a greater influence on the
accuracy of the SVM model.
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7.3.2.2 K Nearest Neighbor

Rangel et al. (2016) proposed a method to classify and diagnose the grapevine leaves with potassium
deficiency with the help of image processing. A total of 50 images were taken from which 50% were
used for testing the algorithm and rest for the data sampling. Healthy leaves, Leaves with potassium
deficiency, Leaves having other disease or deficiency was the images included in the data. The images
are then pre-processed; a white balance is applied to the images also further the gray scale image is
used for the lighter pixel so that the background appears white. The analysis of potassium deficiency
can be considered the base of the three classes. First, the absolute white background after the prepro-
cessing, Second green tones define the healthy tissue and third the reddish tissues. In this study, the
deficiency is measured as the ratio of the affected region to the entire region. Using the proposed KNN
method rather than the histogram method proved to be beneficial as better results were obtained.
Vaishnnave et al. (2019) developed software for the identification and classification of groundnut leaf
disease using the KNN classifier. The groundnut leaf images having the RGB color perfectly visible
are taken into consideration. Further, the preprocessing is done to remove the unwanted noise from the
images. The image quality is increased by smoothing the image followed by increasing the contrast.
The image is thus converted into a binary masked image. The image is then segmented as the process of
segmentation divides the image into many segments which are easy to study. Hence the binary mask is
converted into an HSV image. The next step is feature extraction, in the study the features such as color,
morphology, texture, and arrangement are utilized for disease detection. Out of 250 images 45 images
were used to train the model and the remaining were used for testing the model. As a result, four types of
groundnut disease: Early leaf spot, Rust, Late leaf spot, early and late spot Bud Necrosis were classified.

7.3.3 Bio-INSPIRED

7.3.3.1 Swarm

Vazquez and Garro (2016) offer an approach for classifying the crops on the bases of GLCM from
the satellite images with the help of the Artificial Bee Colony algorithm. The satellite images were
obtained from the internet which was segmented manually. Each of the segments of the image
defines some class which makes the application of feature extraction easier. The features have been
extracted using the GLCM method. Five different classes have been recognized and from the seg-
mented images, a set of polygons has been drawn out. The dataset consists of 2,752 patterns along
with 24 features. In the testing phase for the validation of the outcomes the proposed method was
performed 30 times using the Manhattan and the Euclidean distance equation. The data set was
divided into two parts, one for the training and another one for the testing model. Both the distance
algorithms have exhibited better results for the few runs but the best result was achieved when the
value of th was 0.5 and 0.9 for Euclidean and Manhattan respectively.

Wan et al. (2017) proposed the use of the Artificial Bee Colony algorithm for the classification
of the images of rice based on remote sensing imagery. The study is divided into two parts the first
part includes the collection of the ancillary information and the NDVI. The second part includes
estimating the efficiency of the information that has been included. A total of 181 data samples
including 46 data of paddy rice and 135 data of non-paddy samples. The approach used for the
classification is clustering. The image fusion improves the image quality. The study examines the
algorithm with one spectral indices, an algorithm with NDVI and texture indices. The factor that
influences the classification is Entropy which depicts the absence of organization among the deci-
sion and the attributes. By adding the ancillary information the classification accuracy for the ABC
classifier increased to 89.5% which outperformed the ACO algorithm.

7.3.3.2  Evolutionary

Singh et al. (2015) exhibited the algorithm for the image segmentation technique for the automatic
detection and classification of plant leaf diseases. For the detection of the disease, various images
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of the leaf are taken for the examination. For that, the image-processing technique is applied to
obtain the features for the analysis of the leaf. Then the affected images are segmented using the
genetic algorithm. Further, these segments are used to classify the disease. The study is carried
out in MATLAB. The leaves of the rose, leaves of Beans, Lemon leaves, Banana leaves, leaves of
Jackfruit, Mango leaves, potato leaves, Tomato leaves, and sapota leaves are the ten leaves on which
the algorithm is tested. The study displayed an optimal result with fewer efforts. Also, the benefit of
using the algorithm is that the disease is identified at an early stage.

Olakulehin and Omidiora (2014) displayed the potentiality of enhancing the production of the
crops and to maintain the fertility of the soil using the Genetic Algorithm. The parameters con-
sidered for the crop yield model are Soil Fertility, Climatic Influence, Weed Competition, Varietal
Choices of Crops, Water Usage, Pests and Diseases, Waste, and Land Use. While the parameters
considered for Soil Fertility are Soil depth, Drainage System, pH, Organic Matter, Availability of
Water, Aeration, Mineral Compositions, and Soil Organisms. Further for the optimized result, vari-
ous operations are carried out on the parameter such as Genetic, Crossover, Mutation, and Local
optimization. The GA parameters that were set for the optimized result are Soil Fertility=100,
Crossover Rate=0.8, Penalty Factor=0.5, Maximum number of crop yields=200, and Mutation
rate=0.1. The algorithm generated 20 solutions having the average yield total production obtained
was 1,315,945 while the range was between 1308954—-1324541.13. The result displayed that for every
change in the soil fertility the other linked factors are able to change the yield up to 42% (Table 7.1).

7.4 Al-BASED SOIL MANAGEMENT

Soil is a heterogeneous natural resource that follows complex processes and has various important
properties. It is the power of such soil properties that enables the researchers to comprehend the
dynamics of ecosystems and understand their impacts on agriculture. Soil management refers to the
accurate determination and control of soil conditions such as soil temperature, organic matter, soil
structure, soil color, moisture content, salinity, etc. Apart from depending on its internal potential,
the crop vitality widely depends on the predominating ambient situations in the soil (Mishra et al.,
2019). For example, soil moisture plays a crucial role in crop yield variability (Liakos et al., 2018).
By applying various artificial intelligence techniques in the administration of soil properties it is
possible to obtain valuable support and insights for appropriate decision-making actions that enable
precision agriculture.

7.4.1 NEUrAL NETS

7.4.1.1 Artificial Neural Network (ANN)

Dai et al. (2011) aimed to discover the relation between crop yield and soil moisture and also to see
the behavior of crop yield to the various saline conditions and soil moisture. For the examination
six soil samples were acquired from five different depths. The content of the soil was predicted with
the help of Electrical Conductivity and Gravimetric Methods. A three-layered Back-Propagation
Network was used in the study. The training of the network was executed by the forward propaga-
tion of the inputs while backpropagation of the errors. Sigmoidal Logistic function was used to
determine the relation. A total of 108 samples were taken for the study in which the samples were
divided into four parts which were used to train the ANN four times with four different samples.
The remaining samples were used for the testing phase. The employed ANN model gave high accu-
racy compared to the Multi-Linear Regression. The model was successful in depicting the relation-
ship between the soil salinity, moisture and sunflower yield.

Arif et al. (2012) developed an ANN model to predict the soil moisture from the meteorologi-
cal data which was then compared to the observed value. The soil moisture was predicted with
the help of the Precipitation and Eva-Transpiration (ETo) which was predicted with the help of the
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parameters like Minimum, Maximum, and Average value of the air temperature. For the study, Two
three-layered ANN models were used in the study. The first model was used to predict the ETo.
Then the predicted ETo and precipitation were given as input in the second model for the prediction
of the soil moisture. The Back Propagation was taken as the training model which used the sigmoi-
dal function. The data set was split into two parts. One part was to train the model while the second
part was used to verify the model with the help of the Coefficient. The First model predicted the
ETo precisely having the value of R? 0.96 and 0.95 as the training and validation stage. The second
model predicted the soil moisture with an R? value of more than 0.72.

7.4.1.2 Convolutional Neural Network

Sobayo et al. (2018) proposed a CNN-based regression model to estimate the Soil Moisture (SM)
content using thermal infrared (TIR) images. The images were captured with the help of thermal
cameras that were mounted on a drone. Each pixel of the TIR image represented the temperature
estimates of the corresponding area. Soil moisture was assumed to be in association with the tem-
peratures of the target crops and such temperatures were reflected on the TIR images through the
colors. The model was trained by the TIR images and the soil moisture values corresponding to
those TIR images obtained by in situ measurements. TIR images that were not utilized during the
training phase were used for testing. The resulting SM estimates were close to manual measure-
ments by the sensors. The model was compared with a DNN-based regression model. The CNN
model avoided overfitting, required fewer resources than the DNN-based one and generated results
much faster using the same hardware resources. SM estimated by CNN was far better than DNN.

Padarian et al. (2019) developed a CNN model for generating Digital Soil Maps (DSM) and
simultaneously predicting soil organic carbon at multiple depths. As data, 485 soil profiles of
Chilean soil were used with soil organic carbon (SOC) content (%) at depths 0-5, 5-15, 15-30,
30-60, and 60—100cm. The input to the model was represented as a 3-D stack of covariates images
that examined spatial contextual information by ascertaining non-linear local spatial relationships
of neighboring pixels. Data augmentation was performed to reduce overfitting. The results revealed
that compared to the conventional techniques that only employed point information of covariates,
the CNN model decreased the error by 30% producing results with less prediction uncertainty.
Also, the model predicted soil carbon at deeper soil layers more precisely. As the CNN model takes
input as the covariate-represented images, it appears to be a simplistic and efficient framework for
future DSM models.

7.4.2  MACHINE LEARNING

7.4.2.1 Support Vector Machine (SVM)

George and Kumar (2015) developed a model to map the different soil salinity classes with the
help of hyperspectral indices that are produced with Hyperion data. Level 1 Radiometric was uti-
lized having 242 bands with a resolution of 10nm. Then a total of 196 bands from the total were
calibrated which refer to the VNIR and SWIR. The data is processed by the EO-1 which is further
corrected radiometrically level 1R. To distinguish the waterlogged areas from the soil NDWTI is uti-
lized. The SVM classifier was used to determine the hyperplane which divides the predefined num-
ber of classes. The division of the classes is done with the help of a decision surface which increases
the boundary between the classes and will reduce misclassification. Different kernels have been
applied in the model that can generate non-linear hyperplanes. The classification accuracy achieved
was 78.13% along with a kappa statistic of 0.71. Also, the performance of the soil with high salinity
outperformed the other classes.

Qiao and Zhang (2012) suggested a method for recommendation for the fertilizer by analyzing
the P, K, and N nutrients of the soil based on Near Infrared Spectroscopy. The soil samples were
acquired with the help of the DGPS for the soybean crop. After that, the sample of particle size
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2mm was obtained through the process like air-dry, and hand ground. As a part of pre-processing,
the removal of the noise from the data was done by computing Smoothing Average. Out of 54 data
samples, 14 were used for the testing phase while 40 were used for the training purpose. After
pre-processing, PCA was used to obtain all the eight principle components. Further, Least Square
Vector SVM was used for the estimation of the soil nutrients in which six Principle Components
were taken as input. Also, hyper parameters like RBF and GAM were obtained. The proposed
method is easy and the correlation between the estimated values and observed value were similar.

7.4.2.2 K Nearest Neighbor

Meng et al. (2014) proposed a novel k-nearest neighbor algorithm to predict soil moisture in the
maize field. One hundred and eighty maize plants in sixteen areas, with different sample capacities
in different areas, are taken as sample datasets. Morphological characteristics having non-negative
values such as maize plant height, leaf area, stem diameter, dry weight, and fresh weight were
used as the features in the estimation of soil moisture. The model was tested on datasets in six
growth stages of maize, likewise seedling, jointing, heading, grain filling, milky, and mature stage.
I-divergence was used as the distance metric. To evaluate the performance of the proposed model
accuracy and macro-F1 measures were used as the evaluation indexes. The results showed that the
proposed model was more effective than the traditional k-nearest neighbor algorithm.

Maniyath et al. (2018) suggested the use of the KNN classifier to detect soil color using digital
image processing. Munsell soil chart images were utilized to create the database. The soil images
for the dataset are collected from different regions. A median filter which is a non-linear spatial
filter is used for filtering processes. Pre-filtering is done to remove noises such as salt, pepper, etc.
Next, the image is first converted from RGB to HSV and the hue component is given an upper and
a lower limit. Then the thresholding method of segmentation was performed on the hue and the
image was converted back into RGB and displayed to see the thresholding results. Post-filtering
was performed to define the boundaries properly. Euclidean was used as the distance metric. KNN
classifier efficiently and accurately classifies the images based upon their RGB values and labels the
images with Munsell soil notation.

7.4.3 Blo-INSPIRED

7.4.3.1 Swarm

Lasisi et al. (2015) examined the CLONALG (Clonal selection algorithm) along with the Artificial
Immune System for the extraction of information about the data of agriculture for crop manage-
ment. For the identification of the information which is the aim of CLONALG, the antibodies play a
vital role that is produced by the B-cells. Also to augment the efficiency of the identification process
two methods namely global search and local search are utilized. In the first stage for the presenta-
tion of the similar B-Cell, Artificial Recognition Ball is utilized in the AIS method. In the second
stage, the antigens are trained. While the third step includes obtaining the memory cell. Further, the
efficiency is enhanced by applying the fuzzy rough set for the selection of the feature. The suggested
AIS method, when compared to the SMO and MLP for the Eucalyptus Soil Conservation data, was
performed accurately. Also, the selection of features enhances the accuracy of the CLONALG.
Zhang et al. (2019) suggested the utilization of the Ant Colony Optimization algorithm for the
estimation of the nitrogen content in the soil with the help of spectral features. Six hundred and
thirty samples were chosen randomly to estimate the nitrogen content. Also to verify the result
two experiments were carried out. In the soil samples, the NIR absorbance was estimated by the
spectrometer. The soil was examined ten times and the overall average was taken as the relative
absorbance. The MI method is used for the pre-processing of the data. It reduces unnecessary data
from spectral information. The ACO algorithm with the help of the evaluation criteria features
variables was selected. The selected criterion represents the relation between the variables and the
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wavebands. The accuracy of the model was estimated based on R?, RPD, and RMSE. The PLS
model, MLR and SVM model were used for the verification of the outcome of the study. All the
eight sensitive wavelengths that were chosen for the ACO-MI model manifest better estimation abil-
ity for the nitrogen content of the soil.

7.4.3.2 Evolutionary

Puente et al. (2009) aim to fabricate a method that produces vegetation indices that identify healthy,
dead and dry vegetation. The study determines the best-fit indices which augment the association of
the data. Genetic Programming is the Evolutionary Computation method that is used to determine
the target function. The proposed method is capable of modifying a number of programs into better
and new ones. The data in the study depicts the analysis of various parameters that determines the
C factors. Afterward, pixels are determined on the LANDSAT Imagery for all 47 samples. The fur-
ther terminal was formed using the analogous band information of each pixel. A total of six indices
were found in the study namely GPVI17, GPVI26, NGPVI13, GPVI25, NGPVI4, and NGPVI17
having the correlation coefficients —0.74, 0.75, 0.73, 0.79, 0.88, and 0.86 respectively. The proposed
methodology manifests that indices that are able to synthesize are rectified using the C factor by
applying the Genetic Programming method.

Mansor et al. (2012) proposed a study for mainly three purposes, firstly to estimate the evalua-
tion of land suitability for Wheat, Almond, and Potato. Secondly, presented water erosion geospatial
pattern to discover the fitness function. Thirdly, to determine the best-fit region by optimizing the
land use by applying the Genetic Algorithm. For the preparation of the data layers, satellite images
were utilized. As a part of the pre-processing nearest neighbor algorithm was performed because it
protects the spectral integrity. The accuracy was determined with the help of the error matrix. Once
it is generated overall accuracy, Kappa Statistics, errors, and user’s accuracy can be acquired. For
the determination of the rate, the number of the parameters considered were Population, Mutation
rate, Determination of each variable. Crossover Rate, The number of variables, and research
domain. The outcome depicted that the implemented methodology executes better for resolving the
multi-objective spatial optimization problem and gives precise decision-making for the optimiza-
tion of the Land Use (Table 7.2).

7.5 AI-BASED WATER MANAGEMENT

Water management is the practice of managing and executing the optimum usage of water resources.
In the agricultural domain, the management of water plays a crucial role in maintaining the bal-
ance between hydrological, climatological, and agronomical cycles (Liakos et al., 2018). The pre-
cise determination of Evapotranspiration, estimation of Daily dew point temperature, generation
of automated irrigation systems, etc, are some of the strategies involved in the water management
practices for agriculture. Such strategies are of high importance in improving crop productivity by
identifying the expected water requirements for crop fecundity. The amount of water utilized for
crop growth influences soil conditions which, in turn, impacts the crop development process. Crop
yield is also affected by weather variations. Determining the rainfall patterns and precipitation
scenarios can also contribute to precision agriculture. Applying Artificial Intelligence methods in
such water management tasks helps in predicting the right quantity of water needed by the crop for
its healthy growth as well as helps in conserving the water resources and enabling its judicious use.

7.5.1 NEUrAL NETS

7.5.1.1 Artificial Neural Network (ANN)

Hinnell et al. (2010) presented a study in which ANN acts as an approximation for the numerical
data of the infiltration from the drip emitters. In the Neuro-Drip approach, the water that has been
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added to the surface during the process of drip irrigation is estimated by ANN. For predicting the
water known numerical data is taken as an input so that the ANN can predict the unknown data
by reproducing infiltration with the help of numeric data for the values of the parameters of soil
hydraulic. The efficiency of the proposed model is estimated using a part of the data that has been
kept for the testing purpose but as there is a relation between the training and the testing phase the
testing becomes a weak test. So completely new data is utilized for the testing which is known as the
blind test. The proposed model gives precise decision-making predictions that are achieved without
any assumptions made as it was done in the current methodology.

Umair and Usman (2010) suggested an intelligent control system for efficient irrigation planning
based on the Artificial Neural Network. The controller used in the study has been developed with
the help of MATLAB. Before the modeling of the data, the inputs are acquired from various param-
eters like Temperature, Radiation, Air Humidity, and Wind Speed. Then the Evapotranspiration
Model is used to transform the parameters of the input into actual soil moisture. The main function-
ality of the controller is to maintain the level of soil moisture of the actual and the required soil so
that accurate results can be obtained about the requirement of the amount of water for the optimi-
zation. The yellow and the red-colored signals in MATLAB depict the required soil moisture and
actual soil moisture respectively while the green-colored signal depicts the outcome. The suggested
approach is an efficient controller implementation. Also, it works by modifying according to the
condition and not like the traditional methods that require prior information.

7.5.1.2 Convolutional Neural Network (CNN)

Zhang et al. (2018) presented a study that has been divided into two sections: first is employing the
CNN classifier for the identification of the Centre Pivot Irrigation System (CPIS) and while the sec-
ond section includes the variance-based method for precisely determining the center of the CPIS.
For the collection of the data Landsat data and Crop Data Layer were utilized. The study has been
As all the images were having circular shape so the images were clipped to a window size of 34 X 34.
For the comparison of the proposed network, three CNN architectures were utilized. The inputs
were given to each network and the training and testing set ratio was 9:1. Then the second section
estimates the value of the variance for each pixel and then the pixel having the lowest variance value
is considered as the center point. The study was efficient, reliable and gives a wide range of solutions
for the long-term benefits. Also, the variance approach proved to be effective for determining the
center of CPIS.

Abbas et al. (2019) proposed an autonomous canal traversal utilizing the Convolutional Neural
Network. The images for training the model were acquired by the MAV controller. The data was
split into two parts: A total of 26,282 images for the training phase and 3,000 images for the testing
phase. The proposed network is built by the ResNet50. The image pixel having three color channels
was taken as an input in the RGB order. After the inputs are given convolution is employed with a
total of 64 filters. Also, the bias is added during each convolution execution. All the inputs were then
normalized to maintain the activation at O the output is an activation at level 1. Further, this activa-
tion is applied in the second layer of the network and as an output activation at level 2 is produced.
The whole process was repeated 12 times. Lastly, MAV was used to obtain the result. The network
was successful to produce higher efficiency in comparison to the other state of art CNN models.

7.5.2  MACHINE LEARNING

7.5.2.1 Support Vector Machine (SVM)

Kisi and Cimen (2009) examine evapotranspiration with the help of the Support Vector Machine.
For the examination, various parameters like Meteorological Data, Air Temperature, Wind Speed,
Solar Radiation, and Relative Humidity were given as input to the SVM. For the measurement of
the various parameters, various tools are utilized. Such as a pyranometer is used to determine the
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solar radiation, Anemometers are used to determine the wind speed, and the thermistor is used to
determine the relative humidity and air temperature. Evapotranspiration is calculated by the CIMIS
Penman approach. It was found that solar radiation and air temperature had the best and second-best
correlation with evapotranspiration. The inputs R, RH, T, U, given to the model are evaluated by
the FAO-56 PM method which is further calibrated using the SVR model. RMSE (Root Mean
Square Errors), MAE (Mean Absolute Errors), and R? (Determination Coefficient) are the statistical
data that are considered based for the comparison. The outcomes when compared exhibit that the
SVM is capable of modeling of the evapotranspiration process.

Suzuki et al. (2013) suggested an irrigation prediction control system based on the Support
Vector Machine which automatically regulates the amount of water using the sensor data. Water for
irrigation depends upon various factors. The proposed model has several functionalities like acquir-
ing the environmental data using a wireless sensor, processing the sensor data, storing the sensor
data, and controlling the sensor data. The data is processed in two parts which are Data Stream
Processing and Data Mining. In the data stream processing, the data acquired from the sensor are
transformed into DBMS. Further, the data is then converted into the format needed for Data Mining.
One part of the data mining using the sensor data and soil moisture determines the quantity of water
required for irrigation. These estimations are then visualized by monitoring them and further are
given as functionalities to the users. The main benefit of the proposed method is that the user even
with no knowledge of irrigation can irrigate properly and more efficiently.

7.5.2.2 K Nearest Neighbor

Sharif and Burn (2007) proposed an improved KNN weather generating model. The model allows
the nearest neighbor to resample the historical data with perturbations to create realistic weather
sequences while preserving the notable statistical features, such as the inter-station correlations.
New values were achieved by adding a random component to the individual resample data points.
Through this approach, the generation of unprecedented precipitation amounts is possible which
is crucial for the realization of extreme cases. Daily weather variables likewise, maximum tem-
perature, minimum temperature, and precipitation were simulated at various stations in and about
the Upper Thames River Basin in Ontario. Results proved the model to be efficient. Among other
benefits, Cross-correlation within the variables was maintained, which is especially significant for
erosion, crop production, and rainfall-runoff models.

Rajagopalan and Lall (1999) developed a multivariate, nonparametric k nearest-neighbor simula-
tor for daily precipitation and other weather variables which proves to be crucial for crop yield. The
approach generated random sequences of daily weather variables that were in accordance with the
statistical attributes of the historical data of the same weather variables at the site. Weather variables
such as solar radiation, maximum temperature, minimum temperature, average dew point tempera-
ture, average wind speed, and precipitation on a particular day were resampled from the historical
data by treating the feature vector on a preceding day. The resampling was done from the k nearest
neighbors in the state scope of the feature vector by utilizing a weight function. The proposed model
displayed to be better at maintaining the cross-dependence and frequency structure than earlier
models. This is useful for crop modeling.

7.5.3 Bio-INSPIRED

7.5.3.1 Swarm

Noory et al. (2012) developed a linear and a mixed-integer linear (MIL) model for optimizing an
irrigation water allocation and a multi-crop planning problem using Continuous Particle Swarm
Optimization (CPSO) and Discrete Particle Swarm Optimization (DPSO) algorithms respectively.
In the linear model, cultivated areas of crops and orchards, which were examined in continuous
as well as discrete states, and monthly released volumes of irrigation water from reservoirs are
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considered as the variables. Optimization was done with the Linear Programming (LP) method and
CPSO. The optimal solution obtained by both of them was comparable but was not straightly suit-
able in real crop planning circumstances. However, the DPSO-based MIL model showed a notable
effect on allotted areas and reservoir control policies. Both CPSO and DPSO algorithms limited the
variations of annual net benefit within the range of 2%. DPSO gave 167,000 numbers of function
evaluations for getting optimal annual net benefit and 0.81 standard deviation of the results whereas
CPSO gave 200,000 and 1.09 respectively.

Reddy and Kumar (2007) presented a nonlinear reservoir model for multi-crop irrigation. The
model is capable of managing non-linear relations. The main objective is to augment the relative crop
yield that is constraint-dependent. Reservoir Level and Farm Level are the main constraints for the
model. The Elitist-Mutated Particle Swarm Optimization technique is utilized for the optimization
of the model. Firstly the inputs of the problem are taken then the population of the particles is ini-
tialized. Further, for each particle fitness values are evaluated and the GBest is calculated. The per-
formance of the model is tested for crop yield sensitivity and various water shortage conditions. The
outcome includes the storage, evaporation losses, Water Allocation, Overflows, Evapotranspiration,
Soil Moisture for every crop for 10days and thus making it more optimized for the decision-making
for usability of the available water resources.

7.5.3.2  Evolutionary

Ines et al. (2006) proposed a Genetic algorithm and remote sensing-based approach to examine
water management alternatives in irrigated agriculture. First, system characterization was done
using a stochastic data assimilation scheme where the irrigation system properties and opera-
tional management practices were determined using RS data. Sowing dates, irrigation application
criteria, soil hydraulic properties, depth to groundwater and water quality were chosen as sto-
chastic variables (distributed data) and a modified-microGA was utilized to estimate the means
and standard deviations for them. They served to be inputted to a soil-water—atmosphere—plant
model (SWAP) for regional modeling. They were estimated by reducing the residuals among
the distributions of field-scale evapotranspiration (ET) affected by the regional employment
of SWAP, and by surface energy balance algorithm for land (SEBAL) utilizing two Landsat7
ETM+ images. Secondly, water management optimization was done under different levels of
water availability. The inputs for the same were the derived distributed data. The genetic algo-
rithm was applied in data assimilation and water management optimizations. Results revealed
that crop productivity could increase when water and crop management occur simultaneously
under limited water conditions.

Raju and Kumar (2004) suggested an application of genetic algorithms for irrigation planning.
The use of GA for forming a cropping pattern that yields maximum benefits for an irrigation project
in India includes continuity equation, land and water requirements, crop diversification and restric-
tions on storage as its constraints. The penalty function approach is applied to convert a constrained
problem into an unconstrained one. Various combinations of population, generations, crossover and
mutation probabilities were considered to fix GA parameters. The 200, 50, 0.6 and 0.01 respectively
were selected as the values for the number of generations, population size, crossover probability,
and mutation. GA results were compared with the Linear Programming solution and were found to
be reasonably close. Thus GA showed to be an effective optimization tool for irrigation planning
(Table 7.3).

7.6 FUTURE SCOPE AND CHALLENGES OF Al IN PRECISION AGRICULTURE

The pace at which Artificial Intelligence technologies are developing and expanding, it would seem
that the farming sector is at the peak of a technological revolution with Al as its driving force. The use
of cognitive technologies such as Al in agriculture, could assist in ascertaining the best crop selection
by analyzing seed types, soil types, and early prediction of pest infestation, disease detection, etc, for
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varying climatic conditions and better suited to farmer’s requirements (Mokaya, 2019; Blackmore
et al., 2005). To serve such purposes, different promising Al technologies are available.

One such is the Machine Learning-based technologies of Drone and Unmanned Aerial Vehicles
(UAV). UAVs can collect information 24 hours a day over the entire field. The amount of data that
these sensors can generate is remarkable. Practical applications of such technologies are continually
progressing and consequently, Drone-enabled solutions for monitoring crop growth and revealing
agricultural-related issues such as irrigation problem, pest invasion, soil variation, etc will possibly
be on the apex over the next few years. Another scope is in the area of Robotic agriculture. It is an
envisioned future still to be fully realized in the next 10—15years. Driverless vehicle technology
is a nice example of autonomous robotic technology for improving agricultural practices. They
have been utilized across a wide range of technological firms. For agriculture, there are driverless
tractors that are implanted with sensors that can execute the expected exercises, monitor barriers
and implement where to apply the farm inputs (Mokaya, 2019; Zhang and Kovacs, 2012). Apart
from benefiting crop growth and maintenance, the use of Al technologies in irrigation systems has
scope for managing environmental resources too. They can indirectly aid to save water resources.
ML.-enabled automated irrigation systems help to predict the desired amount of water needed by the
soil to maintain optimal soil conditions for optimal crop yield. Such judicious use of water can help
conserve water as well as can help to reduce production costs and labor.

Such sophistication in software and machinery is generating new possibilities for energizing
farming. The pressure on workforce and labor will be reduced and farmers will make more land to
be worked on for longer periods.

Although the use of Al is promising but when it comes to farming, the formation of Al algo-
rithms can be challenging in an agricultural context. Precision Agriculture is developing but not as
quickly as predicted 5 years ago. The construction of correct decision-support systems for executing
precision decisions persists to be a significant barrier to its adoption (McBratney et al., 2005).

Another challenge lies, particularly in Indian agriculture, in the non-availability of data from
remote regions and farmlands that don’t satisfy minimum hectare criteria during surveys. As a
result, such fragmented lands are left out from data collection and thus from precise farming.

Due to ever-changing unstable climatic conditions, sometimes the Al technologies are unable
to ascertain the weather conditions in the soil texture. Also, the unprecedented entry of pests and
diseases remains hidden even with adequate protection steps taken. The testing, validation and suc-
cessful rise of such technologies become much more laborious than most other productions as these
operations carried out in one environment cannot be accepted for other environmental conditions;
the problem is that no two environments will be exactly similar anytime (Mokaya, 2019).

7.7 CONCLUSION

Precision farming enables the precise monitoring and management of crop production. The manag-
ing task generates a huge amount of data, and thus considerable work is required to interpret these
data. The foundational enabling technologies in precision agriculture are GIS, GPS, and remote
sensing. The use of these technologies in agriculture, serves to acquire location data of the agricul-
tural field and consequently generate maps that can be analyzed and simulated to devise a decision
support system and aid better resource utilization. But these technologies have limitations in the
form of lack of understanding, orientation of satellites, map generalization, cost, etc. However,
crop productivity can significantly be improved through the employment of Artificial Intelligence.
It relies on a holistic approach from enhancing crop yield to increasing profitability for farmers.
Al methods such as Neural Networks, Machine Learning, and Bio-Inspired computing are seen to
efficiently achieve crop growth by managing soil conditions and water resources. Such tasks can be
realized by employing Al-enabled weather prediction models, cameras, robots, drones, improved
information extraction models from sensing images, etc. The Neural nets methods- ANN and CNN,
ML methods- SVM and KNN, and Bio-inspired computing methods- Swarm Intelligence and
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Evolutionary method were studied for crop yield prediction, nutrient management, disease detec-
tion, identifying crop classes, managing soil moisture content, determining soil type and soil salin-
ity, generating improved, automated and efficient irrigation system. These Al methods have shown
to be a great force that enhanced the tasks related to PA. Al-based precision agriculture proved to
be a promising technique for growing and maintaining crops efficiently. Although some technical
and environmental challenges lie in the utilization of Al in PA, Artificial Intelligence shows a great
potential that can be utilized in enterprising farming and advantaging the farmers in the form of
workforce as well as increased profitability.
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8.1 INTRODUCTION

Microorganisms are ubiquitous in all ecosystems, they are the most abundant of all groups on earth
(Vitorino and Bessa, 2018; Panizzon, et al., 2015; Tsiamis et al., 2014). The advent of biotechnology
has totally changed the way and manner these organisms, which were once thought to be nothing
but pathogens are viewed today. They are being utilized much more today than was once thought
with only a few found usefulness which is their utilization in the production of bread, alcohol and
beverages (Linares et al., 2015) the prehistoric uses. Biotechnology modifies the original organisms
by introducing/deleting new genes, enhancing/tone down already present genes for the benefit of
the end user. Biotechnology heralded several fields including Industrial microbiology for the bulk
production of microbial products.

The list of the application of microbes and microbial product is countless; it is amazing how
these organisms are continuously shaping our world today. Their roles in the civilization of man
and the growth of the world economy are of no small measure. Nowadays the utilization of micro-
organisms and their products is seen in several industries such as food, medicine, pharmacy, waste
management, and agriculture. A more recent discovery of their use as cell factories has opened up
a new dimension of producing several products of immense benefit. Advances in biotechnology and
other molecular tools increasingly open up novel uses for these microbes. In this work, we take a
cursory look at microbial pesticide and their mechanism of action.
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8.2 BENEFICIAL MICROORGANISMS

The application of beneficial microbes is seen in virtually all industries. Great strides have been
achieved with their utilization; moreover, it is becoming increasingly difficult to live without these
microbes.

In the food industries, the age-long technique of fermentation has led to the production of several
foods, food products and beverages. Microbial extract has industrial potential for the formulation of
cosmetics and personal care products (Gupta et al., 2019); in addition, colouring and food additives
have substantially been exploited from microbes for colourants and to impact therapeutic benefits
(Sen et al., 2019; Dufossé, 2018; Yangilar and Yildiz, 2016).

In the pharmaceutical industries, the use of microbes in the production of drugs, vaccines,
enzymes, antibiotics, vitamins and other therapeutic product is of immense cognizance to human
health. Mimicking of beneficial host-microbe interaction in the gut microbiome has led to the dis-
covery and production of some therapeutics such as probiotics and prebiotics which are now gaining
widespread use in health, especially in areas pertaining to the gastrointestinal tract. Probiotics are
live organism that imputes beneficial qualities when administered in appropriate quantity to the
host (FAO/WHO, 2001) and has application in treating and managing inflammatory bowel disease
and diabetes (Neel and Onkar, 2017; Wilkins and Sequoia, 2017). Examples include L. rhamnosus,
L. acidophilus and L. delbrueckii, Bifidobacteria longum, B. breve. The use of microbes as cell
factories has made easier the process of production of several drugs, hormones, vaccines and other
metabolites which were aforetime impossible to obtain.

In the waste industry, microbes are increasingly being used for the bioconversion of waste like
lignocellulose biomass, feathers and animal excreta to less harmful substances and the production
of beneficial products.

In the agricultural sector, great strides have been achieved in the use of microbes for the produc-
tion of limiting nutrients in the feed industries such as lysine, methionine, isoleucine and arginine
(Mukhtar et al., 2017); likewise, products of microbial metabolism such as enzymes, vaccine and
antibiotics have also enhanced sustainable agriculture.

Microbial colonization of the root zone known as the rhizosphere provides a shield against patho-
genic organisms, aids the development of the plant and also supports plant growth in the presence of
abiotic and biotic stress. Synthetic fertilizers overtime impact negatively on soil health and the envi-
ronment; it also disrupts the microbial communities present in the rhizosphere and may predispose
plants to disease thus jeopardizing the overall plant health. Microbiome present in the rhizosphere
categorized as plant growth-promoting bacterial (PGPB), plant growth-promoting rhizobacterial
(PGPR) and ambuscular mycorrhiza (AM) fungi enhances soil health and improves the bioavail-
ability and assimilation of nutrients (Mosa et al., 2016). Nowadays, PGPB, PGPR and AMF are
being exploited as biofertilizers; biofertilizers are active or latent formulations of microbes applied
to induce soil microbial activity so as to enhance production and mobilization of nutrients (Singh
et al., 2016). Biofertilizers are now being produced industrially as alternatives to chemical fertilizers.

Microbes are making a huge difference in the use of biological control agents. Biological control
agents are living organisms such as plants, animals or microbes used to control pest population.
They could be used as biopesticides, bioherbicides, biofungicides and bionematicides.

8.3 BIOPESTICIDES

Pesticides are chemical compounds with deleterious effects on pests; the adverse effects of these
chemical pesticides on the environment, humans, plants and animals are enormous. They have a
nonspecific mode of action and may leave toxic residues on crop plant and the environment which
would also have an effect on humans and other living organisms in the long run. This calls for a
need for other alternatives; moreover, the world is gradually moving away from synthetic to natural
products. One of such is biopesticides.
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Biopesticides are pesticides of natural origin such as plants, animals, bacteria and some minerals
which have direct effects or whose product and byproduct are pathogenic to pest harmful to plants
(EPA, 2016). Biopesticides are specific to target pest, nontoxic to the environment, humans and
other living things. They are also cost-effective with their use being sustainable and when integrated
with other insect pest management systems, results are comparable and could serve as replacements
to the use of synthetic chemicals (Usta, 2013; Koul, 2011). An added advantage of edibility of crops
immediately when harvested in that there is no pre-harvest time for such crops after the application
of biopesticides. In addition, the multiple modes in which they are antagonistic reduces pest resis-
tance common to synthetic pesticide (Hubbard et al., 2014).

The biopesticide market is currently valued at about 4 billion dollars and has been projected to
reach $10.24 Billion by 2025 (Marrone, 2019; Dunham and Trimmer, 2018).

According to EPA (2016), there are three categories of biopesticides based on their active agent.

1. Biochemical pesticides: these are naturally occurring substances that control pests by non-toxic
mechanisms. They do this by attracting insects to traps or by interfering with mating.
ii. Plant Incorporated Protectant: These are pesticides produced from genetically engineered
plants.
iii. Microbial pesticides

8.3.1 MicrosiAL PEesTICIDES

Microbial pesticides consist of a microorganism (e.g., a bacterium, fungus, virus or protozoan) as
the active ingredient and there are over 100 microbial pesticides registered by the EPA.

Quite a lot of microbes and their metabolite have been reported to have active roles in the control
of plant disease, some of which have been developed into microbial products for the control of plant
pest. They are composed of bacteria, viruses, yeast and fungi.

8.3.1.1 Bacteria

Although there is a never-ending war between GMOs and non-GMO?’s, the era of biotechnology
has been of huge benefit to agriculture, especially in pest and disease control. Sub-species and
strains of Bacillus thuringiensis (Bt) have been the most widely used biopesticides as each strain
produces a different blend of proteins that is specific to one or few related species of insect larvae
(EPA, 2016). Other species of bacteria used includes Bacillus sphaericus, B. substilis, B. velezensis,
Serratia marcescens and Pseudomonas taiwanensis. Investigations on the exploitation of bacterial
floral present in insects for the production of biopesticides have also been achieved. A Turkish study
showed high mortality of 98% was recorded for nymphs of Palomena prasina when treated with
Bacillus megaterium isolated from dead male and female P. prasina (Aksoy et al., 2018).

During spore formation, Bacillus thuringiensis (Bt) produces crystals containing the cry pro-
teins encoded by the cry genes. These cry proteins are endotoxins and upon ingestion by insect
forms pores by lysing midgut epithelia cells (Bravo et al., 2007) thus causing cessation of feeding
and death of insects (Raymond et al., 2010). Mixtures of toxins produced are strain-specific, dried
spores and toxins of Bacillus thuringiensis (Bt) are sold in powder form as biopesticides. Other
modes of action include antibiosis, competitive exclusion, antibiotics and toxin production (Ratna
Kumari et al., 2014; Raymond et al., 2010) (Table 8.1).

8.3.1.2 Fungi

Fungal species specific to attacking and killing insect are known as entomopathogenic fungi, most
entomopathogenic fungi belong to the class entomophthorales and hyphomycetes of zygomycota
and deuteromycota respectively. The utilization of species in the genera Beauveria, Metarhizium,
and Isaria as biopesticides is on the increase based on production; Amongst these species Beauveria
bassiana is the most vastly used (Chandler, 2017).
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TABLE 8.1
Bacteria Species and Their Susceptible Insect
S No. Bacterial Species Susceptible Pest References
1 Bacillus Bacillus thuringiensis ~ Fall armyworm Spodoptera frugiperda Fontana Capalbo et al. (2001)
thuringiensis  ssptolworthi
Bacillus thuringiensis  Aedes aegypti Gemma Armengol et al.
ssp; Serovar (2006), Ritchie et al. (2010),
israelensis and Williams et al. (2014)
Bacillus thuringiensis ~ Aphid, Aphis gossypii Glover Wu and Guo (2003)
ssp Berliner
2 Bacillus Pome fruit Fire blight, Erwinia amylovora; Geetha and Manonmani
subtilis Mosquito, Anopheles stephens (2008) and Fan et al. (2017)
3 Pseudomonas Black cut worm, Agrotis ipsilon; Wax Awad (2012), Mahar et al.
moth, Galleria mellonella; Cotton aphid, (2005), and Manjula et al.
Aphis gossypii; Cotton leaf hopper, (2017)

Amrasca devastans; Tea red spider mite,
Oligonychus coffeae

Entomopathogenic fungi produce spores that lyse insect cuticles through the production of an
array of extracellular enzymes such as chymoelastase, chitinase and protease responsible for break-
ing down cuticles of insects, multiplying and invading insect tissues (Ratna Kumari et al., 2014).
Unlike bacteria and viruses which must be ingested, entomopathogenic fungi penetrate the insect’s
cuticle directly to multiply in the hemocoel (Wang et al., 2016).

The mycopesticide Metarhizium anisopliae has a wide host range and is found in moist soil, it
has successfully been used to control the larvae and adult biting midges, the vector of Culicoides in
livestock (Ansari et al., 2011).

Secondary metabolite and biofumigant of some fungi species are also portrayed to be insecticidal
such as chloramphenicol derivatives isolated from Acremonium vitellinum a marine alga-derived
fungi; these derivatives showed insecticidal activity against cotton bollworm, Helicoverpa armigera
(Chen et al., 2018). Extracts of Paecilomyces lilacinus, Penicillium griseofulvum, Beauveria bassi-
ana, Metarhizium anisopliae and Talaromyces pinophilus showed insecticidal activities against
aphids within 72 hours; including an insecticidal azaphilone compound called chlamyphilone which
was isolated from Pochonia chlamydosporia (Lacatena et al., 2019). Other fungi metabolite with
insecticidal activities includes griseofulvin, beauvericin and leucinostatins. Spores and mycotoxin
have also displayed antagonistic action against pest as observed in M. anisopliae which had a high
mortality rate on insect population of C. pavonana (Melanie et al., 2018) (Table 8.2).

8.3.1.3 Virus

Baculovirus is the most represented biopesticide amongst viruses and is host specific. Two genera:
Nucleopolyhedrosis viruses (NPVs) and granuloviruses (GVs) are pesticidal and the most used.
These viruses have an innate ability to control the outbreaks of the larvae of lepidoptera, mosqui-
toes and sawfly (Williams et al., 2017). They are highly pathogenic but must be ingested by insect
larvae to initiate infection; however, infection from insect to insect could also be initiated through
mating and laying of eggs (Pathak et al., 2017; Senthil-Nathan, 2014). Bacuolovirus are able to pro-
duce infectious inclusion bodies which invade nucleus and other insect tissues, causing death and
liquefying the insect cardavers (Szewczyk et al., 2006; Dara, 2017).

Wild strain Baculovirus are being bioengineered to increase the rate of efficiency (Froyd, 1997);
some recombinant Baculovirus are bioengineered to express insect hormones, thus causing hor-
monal imbalance in insect and insect selective toxin (Inceoglu et al., 2001). Recombinant NPV
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TABLE 8.2

Fungal Species and Their Susceptible Insect

S No Fungi Species

1 Beauveria
bassiana

2 Paecilomyces
lilacinus

3 Metarrhizium
anisopliae

4 Lecanicelium
lecanii

5 Verticillium
lecanii

6 Zoophthora
Radicans

Susceptible Insect

Pea leaf miner, Liriomyza huidobrensis

Citrus rust mite, Phyllocoptruta oleivora

Sand fly, Phlebotomuspapatasi

Caterpillar, Pericallia ricini

Moth, Thaumatotibia leucotreta

Mexican fruit fly, Anastrepha ludens

Mosquito, Anopheles stephensi

Cat flee, Ctenocephalides felis

Aphids, Aphis fabae

Ambrosia beetle, Xylosandrus germanus

Striped Rice Stem Borer, Chilo suppressalis

Stored-grain pest, Sitophilus granaries

Mexican fruit fly, Anastrepha ludens; diamondback moth,
Plutella xylostella; Oriental leafworm moth, Spodopteral itura;
greenhouse whitefly, Trialeurodes vaporariorum; glasshouse
red spider mite, Tetranychu surticae; the cotton aphid, Aphis
gossypii; western flower thrips, Frankliniella occidentalis

Coconut rhinoceros beetle, Oryctes rhinoceros; rice citrus rust
mite, Phyllocoptrutao oleivora; Pea leaf miner, Liriomyza
huidobrensis; ambrosia beetle, Xylosandrus germanus; brown
plant hopper, Nilaparvata lugens; False codling moth,
Thaumatotibia leucotreta; Striped rice stemborer, Chilo
suppressalis; Stored-grain pest, Sitophilus granaries

The whitefly, Bemisia tabaci

Green peach aphid, Myzus persicae

Thrips mealy bug, Maconellicoccus hirsutus

Pine bast scale, Matsucoccus matsumurae

Sucking pest of okro, Thrips tabaci; silver leaf whitefly, Bemisia
tabaci; green peach aphid, Myzus persicae

Diamondback moth, Plutella xylostella
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reduced the feeding and increased insecticidal activity of Heliothis virescens (Rajendra et al., 2006)

(Table 8.3).

8.3.1.4 Nematode

Entomopathogenic nematodes are mainly from the families

of Steinernematidae and

Heterorhabditidae, these nematodes are host-specific, pathogenic and symbiots of entomopatho-
genic bacterial Xenorhabdus and Photorhabdus. They act by releasing symbiot bacteria which are
able to cause septicemia. Entomopathogenic nematodes are infectious only at their juvenile stages
which are able to survive in soil for month’s lying in wait for a susceptible host. Pathogenicity for
pest such as weevils, gnats, white grubs have been recorded (Koul, 2011; Abbas et al., 2001) with
results obtained within 24—48 hours (Table 8.4).
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TABLE 8.3

Virus Species and Their Susceptible Insect

S/No. Virus Species Susceptible Insect References

1 Cydia pomonella granulovirus Codling moth, C. pomonella Lacey et al. (2004) and
Motsoeneng et al. (2019)

Nucleopolyhedrovirus (NeabNPV) Balsam fir sawfly, Neodiprion abieti Lucarotti et al. (2007)

3 P. xylostella Granulovirus Diamondback moth, Plutella xylostella ~ Dezianian (2010) and
Parnell et al. (2002)

4 Helicoverpaarmigera Nucleopolyhedrosis ~ Diamondback moth, Plutella xylostella ~ Magholi et al. (2014)

virus (HaNPV)

TABLE 8.4
Nematode Species and Their Susceptible Insect
S No. Active Ingredient Susceptible Insect References
1 Heterorhabditis Tomato leafminer Tuta absoluta; leopard Gozel and Kasap (2015)
bacteriophora moth borer larvae
Black vine weevil, Otiorhynchus sulcatus Susurluk and Ehlers (2008)
Japanese beetle, Popillia japonica Morris and Grewal (2011)
Citrus root weevil Bullock et al. (1999)
2 Steinernema Leopard 